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APPROACH TO A DESCRIPTIVE MODEL OF CHARGE REDUCTION IN
VERMICULITE BY HYDROTHERMAL TREATMENT
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Estado Solido y Catalisis Ambiental (ESCA), Departamento de Quimica, Facultad de Ciencias, Universidad Nacional de
Colombia, AK 30 No. 45-03, Bogota, Colombia

Abstract—Vermiculites have the potential to serve as effective catalysts if pillared with Al, but their high
charge presents an obstacle to the pillaring process. The purpose of this study was to submit natural
vermiculite to thermal treatments in the presence of water vapor in order to effect a reduction in the global
negative charge and thereby to enhance its susceptibility to pillaring. The process of charge reduction in
vermiculite under the conditions selected involved the extraction of 25% of "YAl accompanied by the
extraction of structural Mg and charge-compensating cations (Ca>", Na*, and K*). The results indicate a
reduction of 35% in the global negative charge in vermiculite by the end of the treatment. Some of the VAl
content was not removed during acid washing, and probably remained in the solid in structural positions in

the octahedral sheet.
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INTRODUCTION

The large negative charge generated by the elevated
isomorphic substitutions of silica by Al in the tetrahedral
sheet in vermiculite is an obstacle to the conventional
cationic exchange process, which is the first step to
obtaining a pillared clay. The limited number of attempts
to pillar vermiculite is a result of this problem
(d’Espinose de la Calleire and Fripiat, 1991; Michot et
al., 1994; Campos et al., 2005). Recent development of
efficient methods to achieve charge reduction have
allowed for the pillaring of vermiculite, e.g. acid
treatment (del Rey-Perez-Caballero and Poncelet 2000;
Chmielarz et al., 2008), liquid-phase ultrasonic treat-
ment in the presence of H,O, (Jiménez de Haro et al.,
2005; Wiewiora et al., 2003), and most recently the
application of a hydrothermal treatment (HTT)
(Cristiano et al., 2005).

The immediate consequence of submitting vermicu-
lites to a HTT process is an efficient reduction in the
negative charge, which makes possible a cationic
exchange process and subsequently the pillaring process,
as observed by Cristiano et al. (2005) and by Campos et
al. (2008). In order to study the HTT process, systematic
study of the main parameters involved is essential to
determine their effect on the structural and catalytic
properties of the pillared mineral.

The aim of the study was, therefore, to study the
application of HTT to natural vermiculite, emphasizing
the effects of both the relative humidity and the
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temperature. The particle size of the untreated material
and water-vapor-flow effects on the HTT process were
reported by Campos et al. (2008).

EXPERIMENTAL

The initial material, labeled V, is a natural Colombian
vermiculite (from the Santa Marta region) which has been
fully characterized (Campos et al., 2005; Cristiano et al.,
2005; Campos, 2007). The structural formula for the mineral
is [(Sis.04A10492T1‘0‘04)(A10.11Fe(3),+35Fe%B7Mg2A41Mno.ooz)
019(OH),]Cap21K¢.0sNag.1o  (Campos, 2007).

The V was submitted to HTT under different
conditions selected from a previous study (Campos et
al., 2008) in order to assess the effect of both the relative
humidity and temperature on the negative charge density
and the capacity to generate pillaring structures. To
assess the pillaring process, the solids were pillared with
Al. Evaluation of the thermal effects was achieved
mainly through use of X-ray diffraction (XRD), and of
the catalytic performance by heptane hydro-conversion.

Some solids were selected for detailed characteriza-
tion by means of cation exchange capacity (CEC), X-ray
fluorescence (XRF), N, adsorption/desorption isotherms,
Al nuclear magnetic resonance 2’Al-NMR, X-ray
photoelectron spectroscopy (XPS), and diffuse reflec-
tance infrared spectroscopy (DRIFT).

Hydrothermal treatment

In the HTT process the material was loaded into a
fixed-bed reactor (15 g of clay) and submitted to the
desired temperature at a heating speed of 5°C min~'.
Once the temperature had been reached, a N, flow with
water vapor, generated through a saturator filled with
distilled water at a temperature required to obtain the

desired relative humidity in nitrogen, was circulated for
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6 h (Cristiano et al. 2005). In all cases, the removal of
species that could be extracted from the clay layers and
retained on the surface of the solid during the HTT
process was carried out with 0.25 M nitric acid
(10 mL g~' clay) under constant stirring for 1 h at
80°C. The solids were finally washed with distilled water
and dried at 60°C.

Relative humidity and temperature

In order to assess the effect of the temperature and
relative humidity in N,, a statistical model was proposed
in which the parameters to cover extreme conditions for
the evaluation of the HTT process could be combined.
Temperatures of 200, 300, and 400°C and relative
humidity in N, of 25, 50, and 75% were used. Use of
these six parameters allowed for nine possible experi-
mental combinations.

The experiments were carried using the <150 pm
fraction with a constant-weight hourly space velocity
(WHSV) of 60 g water g~' catalyst h™', with values
selected from the results obtained previously (Campos et
al., 2008).

Naming of the solids corresponded to the tempera-
ture-name of the clay-water-relative humidity; i.e. solid
400V50 corresponds to the solid obtained from vermi-
culite submitted to the HTT process at 400°C and with
relative humidity of 50% in N,. The solids obtained after
acid washing are distinguished by the prefix H, so
H400V75 corresponds to the solid originating from the
HTT process in 400V75 conditions, and then washed
with acid.

Selection of solids

In order to establish an approximation to the
descriptive model for the reduction of the interlayer
charge in the vermiculite through the HTT treatment, a
complementary analysis in four catalysts (200V25,
300V50, 400V75, and H400V75) was carried out, as
they were considered to be representative of the behavior
of the experimental conditions selected.

Pillaring with Al

The Al polymer solutions were prepared to obtain
12 mmol of Al g~' clay (del Rey-Perez-Caballero and
Poncelet, 2000) by dropwise addition of a 0.4 M solution
of NaOH to an AICl; 0.4 M solution while the
temperature of the solution was increased to 80°C, and
by using a molar OH:Al ratio of 2. After aging for 36 h
at room temperature, the pillaring solution was slowly
added to a clay suspension (2 wt.%) under vigorous
stirring. The temperature during the exchange was 80°C
and was maintained for 4 h at the end of the addition.
The final suspension (clay and pillaring solution) was
aged for 12 h. Finally, excess salt was reduced through
washing with distilled water. The clays were dried at
60°C and calcined at 400°C (5°C min™"), maintaining
this temperature for 2 h. The solids obtained after
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pillaring are referred to as AI-PILV, and the particular
nomenclature was a function of the different treatments
to which they were submitted.

Characterization

The CEC was determined on clays previously
exchanged with ammonia acetate solution under reflux
conditions, by means of the micro-Kjeldahl method
(Chapman, 1965). The chemical analysis was carried out
by means of X-ray fluorescence (XRF) using an FRX
Philips Magix Pro PW 2440.

X-ray diffraction was carried out on powders after the
HTT process using a Philips PW 1820 diffractometer
(CuKa radiation, A = 1.54056 /OX, 40 mA, 40 kV) in °20
geometry and Bragg-Brentano configuration using a step
size of 0.05°20 and a step time of 2 s.

The specific surface area was determined from the
N,-adsorption isotherm at the temperature of liquid
nitrogen by means of a Micromeritics Tristar 3000
instrument. Before the measurements, the samples were
outgassed by heating to 400°C under a residual vacuum
of 0.01 Pa. The data were recorded at P/P, between
0.0005 and 0.99.

The ?’Al nuclear magnetic resonance spectra were
obtained using a Bruker Advance spectrometer 400. The
solids were placed in 2.5 mm rotors, while 1200 sweeps
were accumulated in a time of 100 ms of recycling. The
rotor speed was 5000 Hz.

X-ray photoelectron spectroscopy was performed by
means of a Kratos Axis Ultra spectrometer (Kratos
Analytical, Manchester, UK), with a monochromatic Al
source. The analysis pressure in the chamber was 10~° Pa.
The angle between the sample surface and the direction of
the photoelectrons was 0°. The energy range scanned was
fixed at 160 eV for a wide sweep and at 40 eV for a
narrow sweep. Under these conditions, the FHWM (full
width at half maximum) for the standard Ag 3ds/, signal
was 1.0 eV. The following photoelectron energies were
observed: Cls, Ols, Mg2s, Si2p, Al2p, Fe2p, Nals, K2p,
and Cls. The spectra were calibrated using the Cls signal
at 284.8 eV as an internal standard. Elemental molar
fractions (%) were calculated on the basis of acquisition
parameters after a linear background subtraction of
experimental sensitivity factors (Wagner, 1990) and
transmission function provided by the manufacturer.

The DRIFT spectra were recorded in the middle-IR
region (4000—400 cm™') using a Bruker Equinox55
spectrometer with a DTGS KBr detector (resolution
4 cm™ ', 32 scans) at ambient conditions on previously
degassed clay powders purged with N, at 10 mL min ™'
for 1 h at 400°C.

Catalytic evaluation

The catalytic behavior of the different solids was
assessed by means of heptane hydro-conversion. Taking
into account the bifunctional nature of the reaction and
the ‘ideal’ metal/acid balance reported (Moreno et al.,
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1996, 1997), catalysts were impregnated with a solution
of tetraamine platinum(II) chloride, using the volume of
the solution required to obtain 1 wt.%. The clays were
then compressed to pellets. Particles with average
diameters between 125 pm and 250 pm were selected.
Activation of the solid and the catalytic test were
performed in a fixed-bed reactor at atmospheric pressure
following conditions reported previously (Cristiano et
al., 2005; Hernandez et al., 2008a, 2008b; Campos et al.,
2008). With this purpose, the solid (0.2 g) was raised to a
temperature of 400°C at a speed of 10°C min~' with a
flow of dry air for 2 h; then the circuit was purged with
N, for 15 min. Later, reduction of metal was performed
by purging with H, (pure hydrogen) at the same
temperature for 2 h. The reactor was then cooled and
stabilized at 150°C. The flow of heptane was generated
by the passing of H, through a saturator containing the
reagent at 27°C. The total flow of hydrogen/heptane was
10 mL min~! and the WHSV of 1.2 g of heptane g~
catalyst h™'. The reaction was performed over the
temperature range 150°C to 400°C at a heating rate of
0.9°C min~'. Analysis of the reaction products was
performed by gas chromatography with GC-17 equip-
ment, fitted with a HP-1 (5 m x 0.53 mm x 0.52 pum)
column and an FID detector.

RESULTS AND DISCUSSION

A systematic study of the global effects of charge
reduction in vermiculites by the application of the HTT
process was performed, starting from the experimental
conditions selected in previous studies (Cristiano et al.
2005; Campos et al. 2008), which were temperatures
between 200 and 400°C and a relative humidity of 50%
in I\Iz.

Charge reduction in vermiculite by hydrothermal treatment
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The effect of relative humidity and temperature

The effect of the HTT process as a function of the
temperature on untreated vermiculite, V, keeping the
relative humidity constant (Figure 1) indicated that the
solid subjected to HTT at 50% relative humidity
exhibited typical behavior. In the first step of the
charge-reduction treatment, the HTT clearly revealed
no significant changes in the starting vermiculite, as the
basal reflection characterizing the clay mineral was
preserved (Campos et al., 2008). The most notable effect
observed was the reduction in intensity and broadening
of the reflections, particularly those of first order, and a
slight shift of the dyo; peak to 1.41 nm in the 400V50
solid with respect to the natural vermiculite, located at
1.43 nm (Campos et al., 2007). The shift may be related
to a reduction in negative charge, which is accompanied
by a reduction in the interlayer spacing (Komadel et al.,
2005) and disturbs the layer stacking in vermiculite
(Tunega and Lischka, 2003).

Acid washing can cause particle-size reduction,
dissolution of layers, large surface areas (Maqueda et
al. 2008), or selective Al extraction (del Rey-Perez-
Caballero and Poncelet 2000), depending on the condi-
tions (e.g. acid concentration, temperature, and time of
washing) during the treatment. The behavior of all solids
(clays 200V50 to H200V50) before and after acid
washing (Figure 2) confirmed these expectations. The
apparent slight broadening of the dyy; peak could also
imply a decrease in negative charge. After acid washing,
an increase in the HTT temperature led to more
broadening of the dyy; peak and a more noticeable
reduction in the remaining reflections (Figure 3). For an
increase in the relative humidity when the HTT
temperature was constant (400°C), the effect was not
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Figure 1. XRD patterns of natural vermiculite after the HTT process at 50% relative humidity and different temperatures.
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Figure 2. XRD patterns of vermiculites 200V50 and H200VS5.

substantial, as suggested by the slight reduction in the
intensity of the signals and unchanging basal spacings of
the materials (Figure 3).

Simultaneously, and in order to verify the negative
charge reduction in vermiculite, the total CEC was
determined and a chemical analysis (XRF) was per-
formed after each of the steps for the charge reduction of
the initial clay. Results (Table 1) revealed a modifica-
tion in the CEC, indicating a reduction in negative
charge with respect to the natural clay mineral. At the
end of the HTT process and after acid washing, charge
reduction of between 30 and 45% with respect to the
untreated V was observed.

The reduction in CEC was consistent with a
permanent reduction in the global negative charge
(Komadel et al., 2005). The effect of temperature was
revealed by a more significant reduction in the CEC at
the largest value (400°C). With respect to the relative

Table 1. CEC of natural vermiculite, vermiculites after the
HTT process, and acid washing

Clay CEC
(meq 100 g™")

\% 110

H200V25 81.2
H200V50 80.1
H200V75 79.2
H300V25 81.1
H300V50 79.4
H300V75 82.9
H400V25 76.2
H400V50 65.4
H400V75 61.7
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humidity, the differences among solids were less
significant with the largest reduction in CEC being
achieved in solid H400V75.

XRF analysis performed on the V sample after the
HTT and acid washing (Table 2) found a reduction in the
Al content (an increase in the Si:Al ratio) with respect to
the natural V, which proves that the extraction of this
element during the HTT process was the most relevant
factor in the reduction of charge. The reduction in the Al
and Mg contents (Table 2) indicates that the process
probably involved the breaking of O—Mg—OH bonds in
the octahedral sheet, and of Si—O—Al bonds in the
tetrahedral sheets, and some of the structural elements
(Al, Mg) can be completely extracted in the acid
solution, as has been proposed for acid-treated vermi-
culites (del Rey-Perez-Caballero and Poncelet, 2000).
The SiO, and Fe,O3 contents increased after the HTT
process and acid washing with respect to the untreated
samples, possibly because they are less soluble.

On the other hand, the increase in temperature and
relative humidity led to the smallest reduction in the Al
content and, as a result, to a larger Si:Al ratio, which
accounts for the change in the solid H400V75 being the
most significant with respect to the initial clay mineral (V).

The effect of relative humidity and temperature in the
HTT process on the pillaring (AI-PILV)

The XRD patterns for the pillared samples Al-PILV,
obtained from vermiculites submitted to HTT at
different temperatures and with the same relative
humidity (75%) (Figure 4) revealed that an increase in
temperature increases the intensity of the reflection
corresponding to the basal spacing of vermiculites which
were successfully pillared with Al, indicating the more
crystalline nature and/or distribution of the pillars in the
interlayer spacing (Moreno et al., 1996).
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Figure 3. XRD patterns of vermiculites after HTT and acid washing, selected at different temperatures and 50% relative
humidity (a); and at a temperature of 400°C with different relative humidities (b).

Table 2. Chemical analysis of the vermiculites by X-ray fluorescence (wt.%) after the HTT process and acid washing.

Clay A1203 SlOz CaO Fe203 K20 MgO NaZO P205 T102 Si/Al
v 13.1 45.4 2.9 8.1 0.6 24.1 0.2 0.3 0.7 2.94
H200V25 11.7 46.3 23 8.8 0.4 22.9 0.2 0.1 0.7 3.36
H200V50 11.2 47.1 2.6 8.7 0.4 22.7 0.2 0.1 0.7 3.56
H200V75 11.2 46.9 2.7 8.7 0.4 22.8 0.2 0.2 0.7 3.54
H300V25 11.1 479 3.0 8.9 0.4 22.7 0.3 0.2 0.8 3.65
H300V50 10.9 46.3 2.8 8.6 0.4 22.2 0.2 0.2 0.7 3.60
H300V75 10.8 46.9 2.9 8.7 0.4 22.3 0.3 0.2 0.8 3.69
H400V25 11.1 47.0 2.7 8.7 0.4 22.5 0.2 0.2 0.7 3.59
H400V50 10.8 47.5 2.9 8.7 0.4 22.5 0.3 0.2 0.8 3.73
H400V75 10.6 47.8 2.2 8.4 0.4 20.8 0.2 0.1 0.7 3.80
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Figure 4. XRD patterns of Al-pillared vermiculites, starting from vermiculites subjected to the HTT process at 75% relative

humidity and different temperatures after acid washing.

An increase in the relative humidity (25%, 50%, and
75%) in the HTT process for pillared samples Al-PILV,
evaluated at 400°C, clearly favors the pillaring process,
as indicated by a greater intensity in the XRD pattern of
the doo; peak obtained at 75% (Figure 5).

With reference to the catalytic behavior of heptane
conversion (Figure 6), the general tendency suggested
that an increase in the temperature of the HTT improved
the charge reduction and, therefore, led to a better pillar
distribution between the layers. Better catalytic perfor-
mance in a pillared clay is the result of such a
characteristic (Moreno et al., 1996). The parameters of
catalytic activity in heptane conversion on Al-vermicu-
lites obtained after the HTT process at different
conditions (Table 3) clearly revealed the beneficial
effects of increasing the relative humidity and tempera-

ture, initially through a reduction in the 7' g50 and Tax
in the 300 and 400°C series. The parameters indicated
greater accessibility to active acid sites (Moreno et al.,
1997), favoring the conversion at lower temperatures.
Such behavior may also be related to different degrees of
dealumination achieved during the HTT, which may
generate a greater quantity of strong acid sites of the
Bronsted type remaining in the Si—O—Al units asso-
ciated with the tetrahedral sheets (Tunega and Lischka,
2003).

Finally, the best structural and catalytic properties
were observed in the pillared sample AI-PILV from the
H400V75 conditions. The solid was characterized by a
greater reduction in CEC and a greater Si:Al ratio,
suggesting a more efficient charge reduction and,
consequently, a more successful pillaring process.
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Figure 5. XRD patterns of Al-pillared vermiculites after the HTT process at 25%, 50%, and 75% relative humidity, a temperature of

400°C, and after acid washing.
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Figure 6. Heptane conversion on Pt/Al-vermiculites after the HTT process at different temperatures and a constant relative humidity

(75%).

Complementary structural characterizations

Once the optimal parameters for the HTT application
had been selected (400V75), complementary analyses
were carried out on the sequence of conditions V,
400V75, and H400V75. In addition, the solids 200V25,
300V50, and 400V75 were selected as representative of
the behavior of solids submitted to the HTT process.

27 .
Al Nuclear magnetic resonance

The clays selected for complementary analysis were
examined using 2’Al MAS-NMR spectroscopy in order
to examine the coordination of Al during the HTT
process. The NMR spectra of the initial vermiculite, V,
(Figure 7) show two signals at 0 and 60 ppm, due to VAl
and VAl respectively (Klinowski, 1999).

After hydrothermal treatment, an increase in the
0 ppm signal and a reduction of the 60 ppm signal were
observed in sample 400V75, evidence of the increase in

VIAl and confirming the extraction of Al from the
tetrahedral sheet. The same effect was not noted for
solids 200V25 or 300V50. The mathematical composi-
tions of the spectra (Table 4) confirmed the extraction of
Al, with an increase in the Y'AL:'VAI ratio in solid
400V75.

In sample H400V75, the increase in the “V'Al signal
was more significant with respect to the initial clay, V,
as confirmed by the area of this species (Table 4). On
the other hand, the Y'Al signal was shifted slightly (by
4 ppm), suggesting the presence of different extra-
framework species (del Rey-Perez-Caballero and
Poncelet, 2000) or a different chemical environment
for the Al located in the octahedral sheet (Figure 7)
(Komadel et al., 2005).

The increase in the Y'Al species after acid washing was
unexpected, since its solubility in this medium is widely
acknowledged (Giudici et al, 2000). Although Y'Al

Table 3. Parameters of catalytic evaluation of heptane hydro-isomerization of Al-vermiculites after the HTT process.

HTT conditions TlOISOa Tmaxb Conv® YCRC Y[SOC Sellsoc
®) ®) (%) (%) (%) (%)
200V25 250 325 48.5 7.1 41.3 85.2
200V50 250 325 57.4 15.2 41,2 71.8
200V75 250 325 60.8 6.5 543 89.3
300V25 250 325 53.6 10.3 432 80.6
300V50 245 300 54.2 6.21 47.9 88.4
300V75 245 300 55.7 5.01 50.7 91.0
400V25 245 300 523 6.4 46.5 88.9
400V50 235 300 63.8 6.4 49.0 76.8
400V75 225 300 71.9 14.7 57.3 79.7

? The temperature at which the catalyst reaches 10% isomerization.

b . . . .
The maximum isomerization temperature.

¢ Total conversion Conv, cracking yield Ycg, isomer yield, Yigo, and the selectivity to heptane isomers Seliso at Tiax.
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Figure 7. 2’ AI-NMR spectra of natural vermiculite (V), vermiculites after the HTT process under the conditions 400V75, 300V50,
and 200V25, and vermiculite with acid washing after HTT under conditions 400V75 (H400V75).

species can remain on the solid surfaces after acid
washing (del Rey-Perez-Caballero and Poncelet, 2000;
Triantafillidis et al.,, 2000), Al extracted from the
tetrahedral sheet could have migrated during the HTT
process (del Rey-Perez-Caballero and Poncelet, 2000)
towards the closest vacant sites in the octahedral sheet,
thanks to their small ionic radius (Tunega and Lischka,
2003; Chorom and Rengasamy, 1996). The present
technique does not allow the framework or extra-frame-
work quality of the Y'Al species of the clay to be defined.

The results strongly indicate that charge reduction in
vermiculite is caused by the extraction of as much as
25.4% of "VAL; but, at the end of the treatment, some of
the Al remains in the clay structure in spite of the acid
washing.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy results of vermi-
culites after the HTT process (Table 5) revealed deal-
umination through an increase in the Al content in the

Table 4. Areas of ™Al and Y'Al peaks in the *’Al-NMR
spectrum for natural vermiculite and for vermiculites after the
HTT process.

Clay VIAL VAL Ratio
VALLVIAL
\ 8.8 91.2 10.4
200V25 8.9 91.1 10.2
300V50 8.7 91.3 10.5
400V75 12.6 87.4 6.9
H400V75 24.6 75.4 3.1
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sample surface layers with respect to the starting clay, V.
Enrichment of Fe in the surface layers indicated that it
also may have been extracted during the HTT process
but remained on the sample surface.

With respect to Al 2p binding energy, an average
increase of ~0.4 eV was observed with respect to the
untreated clay mineral, V (Table 5). If most of the Al
corresponds to VAl according to NMR analysis, the
behavior suggests that the increase in the Si content
gives rise to an increase in the ionic nature of the A1-O
bonds remaining in the tetrahedral sheet (Barr et al.,
1997) and, as a consequence, the XPS signal was shifted.

For material after the HTT process and acid washing
(H400V75), an increase was observed in the Si:Al,
Si:Mg, and Si:Fe ratios (Table 5) compared with the
unwashed material (400V75), indicating the extraction
of these ions from their structural positions in the clay
after the acid washing.

The effect of dealumination on the vermiculite
structure was also revealed in the Si 2p signal. The
values of the binding energies for Si 2p and the O 1s
(Figure 8) for the solids V, 400V75, and H400V75
revealed a good correlation, indicating a common origin
for the shift in these two photoelectron energies. The
behavior was also evident in “laminar silicates”
(Gonzalez et al., 1988), and suggests that the SiOj~
units were sensitive to changes in the electron density
expected during the HTT process in vermiculite.

The shift in the Mg 2s signal (0.6 eV) in sample
H400V75 compared with V suggests that a modification
in the organization of the octahedral sheet was clearly
generated by the HTT process, which may modify the
chemical environment of the principal cation in the
sheet.
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Table 5. XPS data and relative atomic ratios for natural vermiculite and samples after the HTT process.

Signal Clay
\% 200V25 300V50 400V75 H400V75

% 0.2 0.1 0.1 0.1 0.1
Nals BE (eV) 1072.6 1073.0 1072.9 1072.5 1072.1
% 2.8 35 3.4 3.8 35
Fe2ps BE (eV) 712.2 712.3 712.5 712.6 712.5
% 54.8 56.8 57.2 57.8 57.5
Ols BE (eV) 531.6 531.9 531.9 532.0 532.3
% 0.1 0.2 02 0.2 0.2
K2p BE (eV) 293.1 293.4 294.0 293.2 293.6
. % 16.6 16.6 17.8 174 18.8
Si2p BE (eV) 102.6 102.8 103.1 102.8 103.1
% 4.1 5.0 49 5.0 48
Al2p BE (eV) 74.1 74.5 74.7 74.2 74.5
% 7.4 7.7 7.5 73 6.8
Mg2s BE (eV) 88.7 88.8 89.2 89.0 89.3
Si:Al 4.0 33 3.6 3.5 3.9
Ratios Si:Mg 22 22 24 24 2.8
Si:Fe 5.9 47 52 4.6 5.4

BE: binding energy

Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFT)

Study of DRIFT spectra during the HTT process
helps determine changes in vermiculite by observing the
featured vibrations of minerals in the IR region,
especially in the intense Si-O vibrational bands
(1200—1100 cm™ ") (Marques et al. 2005).

The DRIFT spectra of the V, 400V75, and H400V75
(Figure 9) showed a decrease in the intensity of the
914 cm™' peak. A shift in the Si—O vibration from
1200 cm ™" in V to 1236 em ™ in the solid H400V75 was
also observed. The behavior of the Si—O vibration is
directly related to the process of dealumination in the
clay tetrahedral sheet, as reported by other authors
(Kitajima et al., 1991; Madejova et al., 2000) who

* H4oov7s

532 *
40075

0 15 BE (V)

531

1z 103 104
Si 2p BE (eV)

Figure 8. Relation between the binding energy (BE) of Si2p and
Ols in the samples V, 400V75, and 550 H400V75.
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concluded that a reduction in the laminar charge in
smectites occurred because of the fixing of cations such
as Li'". The general conclusion has been that the Si—O
vibrations reflect structural aspects of the SiO,* units,
which are influenced by the magnitude of the laminar
charge and its location (Madejova et al., 2000). In the
case of vermiculite, the shifting of this vibration
provides additional evidence for the extraction of IVAl,
modifying the environment for SiOf~ units (Si:Al ratio)
and, consequently, reducing the laminar charge.

The considerable reduction in the intensities of the
bands located in the 914 and 630 cm™' regions may be
related to changes occurring in the octahedral sheet
during HTT, due to the fact that this region derives from
the perpendicular vibrations of the octahedral ions, i.e.
of the R—O—Al (R = Fe or Mg) groups (Madejova et al.,
1998).

With respect to vibrational stretching of hydroxyl
groups, the appearance of a peak at 3720 cm™ ' is mainly
observed in the solid H400V75, which has been assigned
to new Si—OH groups (Moreno et al., 1997).

Nitrogen absorption/desorption

Nitrogen adsorption/desorption isotherms (Figure 10)
clearly reveal significant changes in the textural proper-
ties of natural clay when submitted to the HTT process.
Clay V shows a type II isotherm according to the IUPAC
classification (Sing et al., 1985), with a type 4 hysteresis
which is often given by aggregates of platy particles or
adsorbents containing slit-shaped pores. The same
behavior was observed in the clay after the HTT process
(400V75).
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Figure 9. DRIFT spectra of samples of initial vermiculite (V), 400V75, and H400V75.

After acid washing, a larger capacity for adsorption
as a consequence of the generation of microporosity was
revealed in the adsorption isotherm for the solid
H400V75 (Table 6), which corresponds to a type I
isotherm and a type 4 hysteresis (Sing et al., 1985).

The increase in the adsorption may be related to the
charge reduction which generates expansion in the
interlayer space and, therefore, enhances the adsorption
power of the clay. The results confirm the significant
effect of the textural properties of vermiculite at the end
of the HTT (Table 6).

Approach to a descriptive model of charge reduction by
the HTT process in vermiculite

The results show that during treatment, the most
significant effect is the extraction of Al, evident from an
increase in the Si:Al ratio and from the shift in the Si—O
vibration from 1200 cm™' in the untreated clay mineral
to 1236 cm™' in the H400V75 solid. A reduction in the
negative charge of vermiculite was confirmed by the
~35% reduction in its CEC.

Reduction of Al and Mg according to elemental
analysis suggests that the process probably started with
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Figure 10. Adsorption isotherms of nitrogen on the vermiculites V, 400V75, and H400V75.
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Table 6. Textural data in natural vermiculite and samples
after the HTT process.

Clay SBET V micro Area micro
m> g (em’g)  (m’gh)
\% 7.4 0.001 43
400V75 7.5 0.002 4.1
H400V75 44.6 0.016 29.4

breaking of the O—Mg—O bonds in the octahedral sheet
and in the Si—O—Al units of the tetrahedral sheet due to
the migration of protons at high temperature in a way
that can be compared with the effect proposed for
vermiculite when it is submitted to acid washing and
then to calcination (del Rey-Perez-Caballero and
Poncelet, 2000).

Structural elements extracted during hydrolysis are
expected to be eliminated through acid washing. Some
may remain in the clay, however, as extra-framework
species (del Rey-Perez-Caballero and Poncelet, 2000) at
exchange positions (del Rey-Perez-Caballero and
Poncelet, 2000) or in vacant spaces in the structure
(Komadel ez al. 2005). The increase observed in the “'Al
species by NMR after acid washing is evidence of such
behavior. Although the species may remain on the
surface of the solid after acid washing (del Rey-Perez-
Caballero and Poncelet, 2000; Triantafillidis, 2000), the
Al extracted from tetrahedral positions during the HTT
process may also migrate, due to its small ionic radius,
toward the nearest surface. In the present case, they
migrate to the vacancies in the octahedral sheet
(Komadel et al., 2005). This characteristic could be
related to the Tamman temperature of Al (350°C)
(Wachs, 2005), as, under the optimal HTT conditions,
the temperature selected (400°C) would allow Al to
overcome this condition of mobility in the solid state and
to be disseminated through the vacant spaces available.
The result above could also explain the stability found in
the "™AI:Y'Al ratio in solids submitted to the HTT
process at lower temperatures (Table 4).

v
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The distribution of structural ions at the end of the
treatment for solid H400V75 (Figure 11), which was
calculated from the XRF composition described by
Newman and Brown (1987), shows an "VAI:V'AI ratio
of 2.9, which is very close to that predicted by ’Al
NMR, indicating that the Al must be occupying
structural positions and not extra-framework positions.
If this distribution were different, the charge balance
between the structural ions and the interlayer cations
would be inadequate (Komadel et al., 2005).

The structural effect of the extraction of laminar ions
in vermiculite after the HTT process was also revealed in
the XPS analysis of the H400V75 solid with respect to
the starting mineral (Table 5): in the tetrahedral sheet
due to the shifts in the Si binding energies (0.53 eV) and
in the octahedral sheet because of the Mg (0.63 eV),
revealing a different chemical environment for these
cations in the octahedral sheet.

These results lead to the proposal that the charge-
reduction mechanism in vermiculite in the conditions
selected is caused by the extraction of up to 25.4% of
'VAl, accompanied by an extraction of up to 11% of the
Mg and 36% of the charge compensating cations (Ca",
Na®, and K") in natural vermiculite. The reduction of the
negative global charge in vermiculite by 35% is caused
by the HTT process and acid washing. In addition, some
of the YAl species at the end of the treatment probably
remain in structural positions in the octahedral sheet,
with the distribution shown in Figure 11.

CONCLUSIONS

The results allow a first approximation of a model for
charge-reduction by hydrothermal treatment in vermi-
culite.

Under the HTT process at optimal conditions (400°C
and relative humidity of 75% in N,) a reduction of ~35%
in negative charge in the vermiculite was achieved by
the extraction of both VAl (25.4%) and Mg (11%) and of
the charge compensators in vermiculite (36%).

The process probably started with the breakup of the
O—Mg—O bonds in the octahedral sheet and in the

[(Si5 04ALy 55 Tig 04) (Al y Fe*g 35F e ;Mg 41 Mg 03)01o(OH),]1Cag 51Ky 0sNag 1
0.57e/0,,(OH),

H400V75

[(Si5 1ALy 65 Tig 04)(Alg 1, Fe** 37F €2 ;Mg 1 sMing 493)01o(OH),] Cag 16Ky 03N 03
0.37e/0,,(0H),

Figure 11. Structural formula and total charge, obtained by XRF analysis, of the initial vermiculite (V), and for the sample subjected

to the HTT process under the conditions H400V75.
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Si—O—Al units of the tetrahedral sheet. During acid
washing, some of the structural elements extracted were
eliminated. However, at the end of the treatment some of
the Y'Al species probably remained in the solid in
structural positions of the clay in the octahedral sheet.
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