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Abstract

Two natural smectite clays named BC and AC were thermal and chemically treated. Apart from smectite, quartz and kaolinite, BC clay also contains
calcite, whereas illite and higher quartz content is found in AC. Treatment at 823 K leads to a collapse of the smectite structure. Treating with
H,S0, or NaOH also leads to the elimination of calcite and Al and Si ions. The higher swelling capacity of BC clay is in accordance with its higher

cation exchange capacity.

¢ values for both smectites decreases with the applied treatments. The surface acid—base constants determined for BC clay are higher than those
obtained for AC independently of the applied treatment. This result together with the higher nanorugosity index, has been attributed to the higher
quartz of the AC clay. Moreover, it has been observed that the cationic exchange capacity increases in both clays with the acidity of the surface.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Clays and clay minerals have a wide and extensive variety of
environmental applications, for example, as low-cost and effi-
cient sorbents of heavy metal ions and organic compounds from
water and wastewater. Also, clay barriers play a key role in the
concept of long-term disposal of radioactive waste. The most
commonly used clay minerals are kaolinites, illites and smectites
(mainly montmorillonite and beidellite). Mixed layered clay
variations also exist consisting of an arrangement of different
layers of the clays from the above groups (e.g. smectite/illite)’
or even in polymer/clay systems.>* Clay minerals occur very
often as fine-grained sedimentary rocks such as bentonites, shale
and mudstone.

The 2:1 structure of smectites is formed by two tetrahedral
sheets bonded to an octahedral layer. The tetrahedral sheets,
built of T,Os5 units, normally contain Si, Al or Fe as the
central atom. Two types of octahedral sheets occur in smec-
tites: the dioctahedral type, where two-thirds of the octahedral
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sites are occupied mainly by trivalent cations, e.g. AI(III) or
Fe(IIl), and the trioctahedral type, with most of the sites occu-
pied by divalent cations, e.g. Mg(II). The negative charge
of the layers is balanced by hydrated exchangeable cations
in the interlayers (mostly Ca**, Mg?*, Na*).* The structure,
chemical composition, exchangeable ion type and small crys-
tallite size of smectite clays are responsible for several of
their unique properties, including large chemically active sur-
face area, high cation exchange capacity (CEC), interlamellar
surfaces with unusual hydration characteristics, and some-
times the ability to modify strongly the flow behaviour of
liquids.

In spite of the layered structure, general chemical com-
position and size, which are typical characteristics of clay
minerals, the heterogeneous character of the clays and clay
minerals is strongly affected by the mineral impurities and,
therefore, their surface properties will vary upon the geologi-
cal environment of the clay deposit. The surface energy of a
solid surface is a complex function of its components at the
molecular level. The existence of several types of active sites
including Bronsted and Lewis sites and ionic exchange sites
provides good expectations for using clays as selective sor-
bents. Heterogeneities may also play an important role upon
the interaction capacity of the clays with the cationic solution,
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and the high-energy sites, related with the lateral surface of the
clay structure, are particularly active sites for various types of
interactions.”

It is also long known that the surface properties of clays may
be also modified supplying different characteristics. Modify-
ing, by thermal or chemical (acid or alkaline) treatments and
activation with surfactants, is common in the clay-based pro-
duction of adsorbents, catalysts or catalyst supports with the
aim of increasing the surface area, porosity and sorption capac-
ity of the clays. The improvement of the quality of the clay in
terms of metals absorption may be carried out either by inter-
calation techniques or acid activation.®” Treatment in acidic
conditions may lead to the replacement of exchangeable cations
with H* ions increasing the surface area and acidity of the clay.
The modified forms of clays have been attracting interest for
uses as adsorbents for metallic ions because of their availabil-
ity and competitive price. Acid activated bentonites are mainly
used for purification, bleaching and stabilization of mineral oils
while treatment in basic conditions may increase the reactivity
of the surface groups and consequently the overall adsorption
capacity.®?

In some other applications, such as powder catalysis or the
ceramic industry, the clays may be heat treated up to relatively
high temperatures. Dehydroxylation and dehydration processes
occurring during any applied thermal treatment may lead to the
collapse of the clay structure and, consequently, the interlayer
spacing reduction.!® This interlayer distance influences the dis-
persive component of the smectite surfaces whereas the specific
interaction can be correlated with their cationic exchange capa-
bility (CEC)."" Moreover, the amount of available acidic sites
is directly related with the CEC that is defined as the equiva-
lent amount of exchangeable cations per kilogram of smectite
and depends upon the basal spacing, type and valence of the
cations.

In this paper, the effects of heat (523K and 823 K) and
chemical treatments on the physical and chemical properties
of two clays, smectite and mixed layer smectite/illite, are ana-
lyzed. The natural and modified materials were characterized by
using X-ray diffraction (XRD), energy dispersive X-ray spec-
troscopy (ED-XRF) and infrared spectroscopy (FTIR). Their
surface properties have been analyzed by means of cationic
exchange capacity (CEC), nitrogen adsorption—desorption at
77K and Inverse Gas Chromatography at Infinite Dilution
(IGC-ID). Inverse gas chromatography and adsorption tech-
niques have been long exploded for the characterization of the
specific and dispersive components of the surface of natural
fillers since conventional nitrogen or carbon dioxide adsorp-
tion characterization does not take into account the specific
surface chemistry effects.! =14 However, from our knowledge,
there are no published works in which a relationship between
the cationic exchange capacity of the clays and their disper-
sive or specific component of the surface energy has been
found. Here we report on the study of two natural smec-
tites by inverse gas chromatography evidencing the correlation
between the dispersive and specific properties of the clay
surface and their potential use as effective heavy metal adsor-
bents.

2. Experimental procedure
2.1. Materials

Two natural clays from brown coal deposits in Central
Poland were studied: smectite from the Belchatow Lignite Mine
(named BC clay sample) and mixed layer smectite/illite from the
Adamow Lignite Mine (named AC clay sample). The air-dried,
mechanically ground and homogenized samples of clays were
sieved through a 0.5 mm mesh before the examinations.

2.2. Modification of clays

Heat activation and chemical (acid and alkaline) treatment
were applied to both BC and AC samples. For the heat activation,
the natural clay samples were placed in small ceramic crucibles
and heated at 523K and 823K for 5h.! In the treatment in
acid conditions, both natural clays were heated 369K in 16%
H>SO4 (Merck, analysis grade) at a 1/5 (w/w) solid/solution
ratio for 8 h. After 2 h, the used acid was replaced by new one
to avoid precipitation of CaSO4, MgSO4 and FeSOy salts. The
samples were then cooled, pre-washed with distilled water until
receiving a negative sulfate ion test with BaCl, and finally dried
at 378 K.1%:17 On the other side, for the alkaline procedure, the
natural clays were treated at 368§ K in 5M NaOH (Probus) by
using a 1/5 (w/w) solid/solution ratio. Afterwards, the samples
were pre-washed and filtered until receiving a negative Na* ion
test. Finally, samples were dried at 378 K.!819

2.3. Methods of clay characterization

The pore size was determined by using a mercury intrusion
porosimeter (Carlo Erba model 2000). The specific surface areas
(SSA) were obtained from the nitrogen adsorption isotherms
at 77K and water adsorption isotherms at room temperature
(Fisons, Sorptomatic 1990). In both cases the BET equation was
used for the calculations.?” The mineral content of the clay sam-
ples was determined by using X-ray diffraction (XRD, Phillips
APD, Cu anode, Ni filter, A =0.154178 nm).

Diffraction measurements were conducted within the 20
angle of 3—-80° at the scanning rate of 0.5°. This analysis, also
applied to both natural and glycolated clays,?! allowed dis-
tinguishing the presence of smectite and illite phases in both
materials. The infrared (IR) spectra of the clays were obtained
on a Fourier transform infrared spectrometer (FTIR, transmit-
tance mode, the 400-4000cm™! spectral range) by applying
the KBr disc technique (0.4 mg of sample and 200 mg of KBr).
The chemical composition of the clays was determined by using
XRF spectroscopy (Epsylon 5 spectrometer). Free iron oxides
(nonsilicate or easily reducible Feq) were determined by using
the citrate—bicarbonate—dithionate (CBD) method. The propor-
tion SiO,/Al,03 was computed to illustrate the changes in the
chemical composition.

Cation exchange capacity (CEC) was determined in 1 M
NH4OAc at pH="7. The pH values of the clays were measured
in deionized water at the suspension ratio 1:2.5 (w/w).21
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Table 1

Probes used to characterize the surface energy of hybrid materials. It is speci-
fied the Gutmann’s acceptor (AN) and donnor (DN) numbers and their specific
character.

Probe Name AN* (kJmol~!) DN (kJmol~!) Character
n-Pentane C5 0 0 Neutral
n-Hexane Co6 0 0 Neutral
n-Heptane C7 0 0 Neutral
n-Octane C8 0 0 Neutral
n-Nonane (6 0 0 Neutral
Cyclo octane Cy8 0 0 Neutral
Chloroform CL 22.6 0 Acidic
Benzene BZ 0.71 0.42 Acidic
Acetone AC 10.4 70.72 Amphoteric
Ethyl acetate EA 6.24 71.14 Amphoteric
Diethyl ether DE 59 80.3 Basic
Tetrahydrofuran ~ THF 2.1 83.7 Basic

Finally, surface energies and nanorugosity indexes of the
natural and treated clays were investigated by IGC-ID. A gas
chromatograph (Perkin Elmer, Autosystem) fitted with a flame
ionization detector (FID) was used for the IGC-ID measure-
ments. Chromatographic columns of 30 cm long and 2 mm of
internal diameter were filled with about 1 g of smectite particles
of 0.2-0.3 mm for avoiding pressure drops along the column.
Columns were conditioned at 463 K overnight and the FID tem-
perature was fixed to 523K to avoid gas condensation. The
flow rate of the carrier gas (He) was fixed to 20 cm? min~!.
FID signals were analyzed by using a GC integrator (Perkin
Elmer Nelson). IGC experimental measurement temperatures
were 403, 413 and 423 K.

Different organic probes (Merck, high-purity-grade) have
been used for the surface physic chemical characterization.
These probes are selected in accordance with their chemical
interaction character with solid surfaces. Table 1 summarizes
the properties of the probes considered for our purpose.

In order to acquire infinite dilution chromatography,
air—probe vapour mixtures were injected manually with a 1 pl
Hamilton syringe. Previously, 1 pl of the corresponding liquid
was injected in a 1000 ml vessel that was closed and heated
up to 100 °C. This procedure assured us that all injections con-
tained the same quantity of each vapour probe being lower than
1x 1073 pl.

For all smectite samples at least four injections were made
for each probe and the data taken for the calculations were the
corresponding arithmetic mean of the retention time. While n-
alkane probes gave symmetrical (Gaussian) peaks confirming
that they were in the Henry’s law region, specific probes gave
asymmetric elution peaks due to the acid—base interactions with
the smectite surfaces. For n-alkane probes the retention times
were calculated from the maximum of the peak and the calcu-
lated error between different peaks was below 3% in all cases.
On the other hand, for specific probes retention times were com-
puted from the first moment of the peak and the calculated errors
were lower than 5%.%2

The surface analysis of clays through Inverse Gas Chro-
matography at Infinite Dilution (IGC-ID) has been carried out
as described below.

The surface energy (ys) of asolid can be expressed as a sum of
two components: the dispersive component (ygl ) which describes
the London type of interactions and the specific component
(ng ) which includes all other types of interactions (H-bonding,
polar, acid-base, etc.):

ys =v§ +vif (1

Both ygl and yg P surface characters can be investigated by IGC-
ID taken into account that they are related to the free energy
change, AGjy, of different non-specific and specific organic
probes adsorbed on the solid surface. Then Eq. (1) can be rewrit-
ten as:

AGy = —AGY — AGSF )

where AG‘If‘ and AGf‘P are the dispersive and specific interac-
tion contributions to AGjy, respectively.

The dispersive component of the surface free energy, ygi, can
be determined by the injection of a series of n-alkane probes
into the chromatographic column packed with smectite clay par-
ticles. The slope of the n-alkane retention line gives the free
energy of adsorption of a —CH,— group, AG% (—CH,—)- Then,

ygl is calculated according to?3:

1 AG A—ctr— \ 2
v§ = ( A )) 3)
4(y(—cH,—) \ Nacn,

where N is the Avogadro number, a(—cH,-) is the area occupied
by a methylene (—CH>—) group (0.06 nm?), and Y(—CH,—) 18 the
surface energy of a solid entirely made of —CH,— groups. The
variation of y(—cH,—) with temperature is given by y(—cH,—) =
35.6 — 0.058(T — 293) (inmJm—2 K~ 1).

For determining the acid-base (specific) surface properties
it is necessary to inject polar probes into the chromatographic
column. Here, both dispersive and specific interactions are estab-
lished with the solid surface, and then the adsorption free energy,
AGy, is defined by Eq. (2). In order to determine AGiP in Eq.
(2), it is necessary to eliminate the contribution of AGi’4 for
any polar probe used. This procedure is carried out by plotting
AGy, versus a given molecular probe property which does not
depend on its specific character. This property can be expressed
as (hvp)?ar,?* a term that contains the molecular deformation
polarizability, ar,, of the injected probes.

In this case all n-alkanes fall on a same line whereas specific
probes fall at a given distance to the alkane-line. The difference
in ordinates of any polar probe and the n-alkane line corre-
spond to the specific interaction contribution and is considered
as AGSP 2

A

Taken into account that A fo is temperature dependent since
it contains the entropic contributions ( ASf‘P ), it is necessary its
elimination being this carried out by plotting AGf\P versus T
using the following Eq. (4):

AGSF = AHSP — TASSP “)

Here, AH ASP is enthalpic specific energy that it is related to
donor—acceptor interactions between the probe and the solid
surface where neither dispersive nor entropic contributions exist.
The acid (k4) and base (kp) characteristics of the solid surface
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Fig. 1. XRD diffractograms of BC clay sample (left) and AC clay sample (AC) with the assignation of the main components (Sm, smectite, Ka, Kaolinite, Q, Quartz,

C, Calcite).

are then obtained by Eq. (5), where it is supposed that the acidic
part of the specific probe interacts with the base part of the solid
surface and vice versa.??

AHS?Y = kaDN + kgAN* ®)

Here, DN and AN* are the Gutmann’s donor and acceptor
numbers of the probe molecules, respectively?® modified by
Riddle-Fowkes.?’

Finally, if linear and branched alkanes are used as chro-
matographic probes, IGC-ID has also been proved to be useful
for determining the nanomorphological index (Ijs) of the solid
surface.?® Differences of surface interactions between linear and
branched alkane molecules give a quantitative description of
the surface accessibility of such molecules to the solid sur-
face. Therefore, Ij; informs on the solid surface morphology
at the molecular scale. According to Brendlé and Papirer”® the
definition of Iy is determined by:

(Xexp — X1)
XT

In = 100 (©6)

where the index y7 corresponding to a branched alkane molecule
represents the interaction of a hypothetical linear alkane with a
given but non-integer number of C atoms that would interact
with a solid surface in the same way as the branched alkane, and
Xexp Tepresents the interaction of a linear alkane molecule which
posses the same xr of a branched alkane molecule. In summary,
Iy is an indication of nanorugosity.

The theory of IGC-ID for measurement of surface energy
divided solids assumes that at infinite dilution the Henry’s law
applies and, the retention volume (Vn) of any probe is related to
the variation of the standard free energy of adsorption AGy, as:

AGyg=—RThV, @)
Then, by using the above mentioned probes listed in Table 1

and Eqs. (3)—(6), the surface energies and morphological indexes
of the studied clays can be determined.

3. Results and discussion

3.1. Mineral composition and structural characterization
of natural and treated clays

To calculate the mineral content, XRD diffractograms for BC
and AC clays have been normalized to the intensity of the main
peak of quartz present in all samples. From this preliminar result
it must be concluded that the concentration of quartz mineral is
lower in the BC clay sample than in the AC sample. As observed,
the main mineral component of BC was smectite (beidellite)
but also quartz, calcite and kaolinite are present. As we will
show in Section 3.2, this result will have strong influence in
the adsorption properties. On the other hand, the main mineral
components of AC were smectite, illite, kaolinite and quartz
(Fig. 1).

Table 2 gives the chemical analysis of natural and treated
clays. SiO; is the main constituent of both clays followed by
Al,O3, being the Si02/A1203 ratio slightly higher in the AC
sample than BC. After treatment in acid conditions, this ratio
significantly increases whereas it is reduced after the caustic
treatment. These results are in accordance with the XRD char-
acterization.

Fig. 1 shows their mineral constituents, and Fig. 2 shows the
corresponding FT-IR spectra.

As expected, it has been found a correlation between the
chemical composition of clays obtained by XRF spectroscopy
(Table 2) and the mineral containing estimated by XRD analysis
(Fig. 1); silica and alumina as major constituents along with
traces of calcium, magnesium and potassium oxides were also
present. The Fe, O3 content of BC clay sample was 6.45%, being
the dominating form of iron, iron bound in the silicate lattice
(96% of total iron) and the rest occurred as free iron oxides. The
chemical composition of AC clay sample and its related mineral
one concludes that the content of silica, alumina, calcium and
magnesium oxides is lower than BC. Potassium oxides were
1.49% of the total and they dominated among the interlayer
cations. These differences resulted from the presence of illite
with most of the sites occupied by potassium. The Fe; O3 content
was 4.37% and, as occurred in the BC sample, the dominating
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Table 2
Chemical composition of natural and pre-treated clays (all results given in %).
Samples SiOZ A1203 F‘6203 CaO MgO Nazo Kzo Si02/A1203
BC 55.81 15.25 6.45 2.82 1.74 0.042 0.566 3.66
BC 523K 56.65 16.57 7.65 3.23 2.32 1.11 1.321 342
BC 823K 57.69 17.12 9.87 5.98 3.87 3.11 4.65 3.37
BC+H,S04 92.11 5.34 0.34 0.56 0.67 0.011 0.21 17.25
BC+NaOH 32.11 40.17 1.11 223 2.94 20.63 0.78 0.82
AC 64.70 13.65 4.37 0.99 1.37 0.109 1.49 4.74
AC 523K 65.52 14.36 5.18 1.81 2.11 0.921 2.12 4.56
AC 823K 66.81 15.54 6.43 2.85 2.52 1.982 3.52 4.30
AC +HS04 94.21 4.76 0.16 0.12 0.41 0.21 0.26 19.79
AC +NaOH 37.12 23.12 6.11 4.74 3.211 22.100 4421 1.61

form of iron was iron bound in the silicate lattice (94.4% of total
iron) and the rest occurred as free iron oxides.

The IR spectra of BC (Fig. 2) present several bands around
1054 and 474 cm™!, attributed to the Si—O stretching vibrations
of the tetrahedral layer, and two bands at 536 and 466 cm~!, due
to the Si—O—Al (where Al is an octahedral cation) and Si—O—Si
bending vibrations, respectively. Moreover, the doublet centred
around 800cm™~! and the bands at 711, 873 and 1448 cm™!
indicate, respectively, the quartz and calcite mixtures. In the
hydroxyl bending region, together with the out of plane bending
of calcite, it can be distinguish the AIFeOH deformation while
AlyOH appears at 921 cm™. This partial substitution of octahe-
dral Al by Fe is also reflected in the spectra in the weak bands
located at 3567 y 3588 cm~ !, characteristic of Fe ions in the
octahedral sheets.

The multiple peaks of the band at 3623 cm™! corresponding
to the stretching band of OH groups, indicate presence of smec-
tite and kaolinite minerals, either with OH groups lying between
the octahedral and tetrahedral layers or the outer surface of the
octahedral. Moreover, the bands at 3430 and 1654 cm™! are due
to stretching and bending vibration, respectively, of the H-O—H
water vibrations adsorbed in smectite minerals.?’

The FTIR spectrum of AC is characteristic of illite minerals,
with the bands attributed to the Si—O vibrations of the tetrahedral
layer, Si—O—Al, Si—O—Si and Al,OH. The peaks in the region
at 792 cm™! with the doublet at 800 and 802 cm™" indicate the
presence of quartz in the illite structure.

S
o

H,SO

fl

823 K

523 K

3.1.1. Effect of temperature activation

Heating of the clays at 523 K caused only small changes in
the XRD diffractograms, being the BC peaks corresponding to
the smectite structure slightly shifted towards higher values of
26 in the heated samples. However, heating of both clays at
823 K caused the collapse of smectite, as demonstrated by the
shift of the peak to about 10 A, and the absence of the kaolinite
peaks in the clay diffractograms (Fig. 1). The collapse consists
in the irreversible closure of the sheets making about 80% of the
mineral active surface unavailable to reagents.

The structural changes occurring due to smectite dehydration
can be also detected in the FT-IR spectra of the studied samples.
The elimination of water molecules is reflected in the FT-IR
spectra of BC clays as a decrease of the intensity of the IR bands
located at 3623 and 1654 cm™! but not so clearly observed in
the spectra of the heat-treated AC clay samples because of its
mineral composition (Fig. 2). Moreover, dehydration of smectite
in BC clay samples causes the decrease of the bands centred
around 3421, 1654 and 696 cm~! while this effect is observed
in the bands located at 3417 and 1668 cm™! for AC.

After heating the samples, the spectra show a significant
decrease in the intensities of the bands at 3623 cm™! for BC
and at 3631 cm~! for AC, as a result of the dehydroxylation
of smectite, illite and kaolinite. The disappearance of the peaks
at 921cm™!, for BC and, at 917 cm™! for AC, indicates the
destruction of the octahedral layer and decay of the kaolinite
structure.
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Fig. 2. FT-IR spectra of BC (left) and AC (right) clay samples.
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3.1.2. Effect of acid activation

During the acid attack protons penetrate into the clay min-
eral layer and attack the structural OH groups. The resulting
dehydroxylation is connected with the successive release of
the octahedrally coordinated atoms occurring together with the
elimination of the Al atoms from the tetrahedral sheets. The
structural changes due to the treatment of the clays with HySO4
cause the shift towards lower d-spacing with diminishing of the
intensity and smoothing of the main smectite peaks in the diffrac-
tograms as an indication of the reduction in the structured areas
(Fig. 1). The acid activation was more destructive to AC than
to BC because AC was built of much smaller crystallites and
its structure was not so well ordered as that of BC. In the XRD
diffractogram of the BC clay, the peaks attributed to kaolin-
ite remain unchanged while the calcite peak disappears. On the
other hand, the modification of AC enhances the visibility of the
peak corresponding to illite structure since the acid activation
affects only the smectite mineral.

As an effect of dehydroxylation due to the acid treatment, the
relative intensity of the band around 3421 cm~! in the IR spec-
trum of BC clay has diminished markedly. In the acid-treated AC
clay, the dehydroxilation causes the decrease of the intensity of
the band centred at 3417 cm™!. It is also noticed the decom-
position of the octahedral layer because of the disappearance
of the band centred at 873 cm™! attributed to AIFeOH and the
decrease in the intensity of the Al;OH bands at 921 in BC and at
917 cm™! in AC clay and the band centred at 536 cm™! in both
samples. The iron cations, with lower ion potential, are easier
to remove since they are more weakly linked in the smectite
structure than the aluminium cations, which possess high ion
potential and creates therefore the strongest bonds with oxygen
and OH groups. Also, it is observed the decrease in the intensity
of the vibrations centred at 1054 and 1051 cm™! in BC and AC
clays, respectively, and the band at 474 cm™! due to degradation
of the tetrahedral layers. No evidence of the formation of CaSO4
from precipitating is observed since it has been prevented dur-
ing acid treatment by replacing at certain time the used HySO4
for a new one. These results are comparable with the previously
reported experiments in bentonites in which it has been stated
that the acid activation of the clays leads to the dissolution of
Ca?*, Na*, Mg2+, Fe?* and Fe3* when present, being the APt
the more retained cations, whereas K*, and Si** cations are not
removed during the treatment in acidic conditions.3°

3.1.3. Effect of alkaline activation

The XRD diffractograms reflected similarity of the effects
of the alkaline and acid activations. However, the softening and
lowering of the smectite peak was more evident for the AC clay
sample (Fig. 1).

In the FTIR spectra, the intensity of bands at 1054 and
476cm™! for BC clay and at 1051 and 474cm~! for AC
clay due to vibrations of the Si—O—Si groups in the tetra-
hedral layer, dropped (Fig. 2). In BC, the calcite band
(1448 cm™") disappeared. Calcite was decomposed in the reac-
tion CaCOs3 +2NaOH — Na;CO3 + CaO| + H,O.

3.2. Surface area and adsorption properties of natural and
treated clays

Table 3 gives the surface properties of natural and treated
clays. Here it is observed that both natural clays present simi-
lar nitrogen SSA, pore sizes and porosities, but high differences
appear when water SSA and CEC values are compared. This
result is also valid for treated samples although major discrep-
ancies appear for the BC clay. These results must be attributed to
the different mineral and chemical constituents of both samples.

Normally, SSA calculated form water-adsorption isotherms
are higher than those found by nitrogen adsorption. This gen-
eral fact is due to the swelling character that presents the lattice
of the clay minerals. The ratio R of water vapour to nitrogen
surface areas for both clay samples indicate the marked differ-
ences existing in the mineralogical and chemical compositions
of the studied clays.31 This ratio, R, is also given in Table 3. It
is clear that R increases with CEC, indicating that the clay with
the higher swelling degree presents the higher CEC. At the same
time, BC clay presents lower concentration of quartz than AC
(Table 2), and the former one does not contains illite while AC
clay does (Fig. 1). Therefore, it is clear that the minerals and
their contents influence in CEC results, but the depopulation of
the octahedral layers described in Section 3.1.2 seems to make
a significant contribution to the catalytic activity and CEC of
chemically activated smectites.3>

Heating the studied clays at 523 K causes the water release
from the smectite structure as shown in the FT-IR spectra of
Fig. 2. The dehydration increases the nitrogen SSA of BC
and AC clays from 41.38 to 70.94 m?/g and from 45.56 to
53.52m?/g, respectively, while the water SSA increases from
141.83 to 150.20 m?/g in BC clay and from 70.47 to 77.56 m?/g
in the AC clay sample. These results are also reproduced in
the determination of the porosity by means of mercury intru-
sion porosimetry, leading in an increase of the % porosity after
dehydration in both samples. However, the effects of this low-
temperature heating of clay samples are not so evident when
compared the chemical composition (Table 2) and CEC (Table 3)
of both heated and non-heated samples. The reversible dehydra-
tion process upon heating clays at mild temperature has been
observed in other layered materials such as bentonites in which
the surface area, cristallinity and porosity changes irreversibly
after heating at higher temperature.

Further heating of the samples, when BC and AC clays are
treated at 823 K, nitrogen and water SSA show an important
decrease due to the irreversible collapse of the smectite struc-
ture. Porosity increases by 150% for BC and 390% for AC, the
acidity increases up to pH lower than 7, and the CEC reaches
its lowest value experimenting a decrease of ca. 25%, respect
to the initial value. Moreover, from Table 2 it is clear that the
chemical composition was not significantly changed, indicating
that the heating treatment effects mainly occurs in the surface
properties of both clays.

After acid activation, the porosity increase is marked in both
samples. The nitrogen SSA increases up to 64% in AC and 87%
in BC, while water SSA do not experiment a significant change
(Table 3). The saturation of the sorption complex with H* caused
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Properties obtained from textural characterization (where SSA is the specific surface area from nitrogen adsorption and R the water to nitrogen surface area ratio),

Cationic Exchange Capacity (CEC) and clay surface acidity.

Sample SSA (mzlg) R (Semo/Senn) Pore size (m) Porosity (%) CEC (cmol(4)/kg) pH
N, H,0

BC 41.38 141.83 343 0.018 1.28 82.39 7.85
BC 523 70.94 150.20 2.12 0.032 5.32 80.4 7.83
BC 823 32.76 32.49 0.99 6.055 6.89 62.8 6.98
BC+H;S04 77.44 143.21 1.85 2.107 40.11 78.55 3.39
BC + NaOH 50.09 214.09 4.27 0.636 48.21 96.57 10.28
AC 45.56 70.47 1.55 0.023 2.11 31.58 7.53
AC 523 53.52 77.56 1.45 0.038 9.23 29.05 7.67
AC 823 20.37 20.97 1.03 6.755 18.72 24.1 6.88
AC+H,S0y4 74.83 77.98 1.04 2.764 55.12 27.98 3.29
AC +NaOH 47.07 50.92 1.08 0.901 40.07 27.39 9.95

a pH drop to about 3.5 and a decrease of CEC reaching the
value of 78.55 cmol(y)/kg and 27.98 cmol4y/kg for BC and AC,
respectively. Regarding the chemical composition (Table 2), the
proportion of silica to aluminium oxide content grows to 17.25
and 19.79, for BC and AC, respectively. The rise in percentage
of silica content observed in both clay samples is attributed to
the effect of acid leaching and dissolution of octahedral layers.

Finally, the alkaline treatment gives an increase in porosity
of 48% and 52% for AC and BC clays, respectively. Nitrogen
and water SSA increase for BC clay and remains practically
invariable for AC clay due to the presence of illite and quartz in
the sample. The measured pH reaches a value of 10.28 for BC
and 9.95 for AC. Besides, it is also observed the dissolving of
the tetrahedral layers and free silica as well, as extracted from
the results presented in Table 2, where it is observed a decrease
in the concentration of SiO5 and in the silica to aluminium oxide
content ratio.

3.3. Surface energy properties of natural and treated clays

The surface energy properties of the studied clays have been
analyzed by means of IGC-ID. First, the dispersive surface ener-
gies and morphological indexes have been determined for both
clays by injecting into the chromatographic column a series of
n-alkane probes and, after that, the retention time of the polar

probes allows the calculation of the specific or acid—base surface
properties.

Fig. 3 shows the variation of AGp as a function of the carbon
number of the n-alkane chain for both natural clays. Fig. 4 shows
the corresponding plot for treated clays. In all cases straight lines
are obtained with regression coefficients of 0.999. ygi values are
obtained from the slopes of these lines by using Eq. (1) and
they are given in Table 4 at the three experimental measurement
temperatures.

From these data it is clear that yfgl decreases with the mea-
surement temperature. The same trend has been observed in
different works when studying montmorillonite samples.>* In
Table 4 it is observed that both natural clays present high disper-
sive surface energies, similarly to the results found for different
clay materials.'>1%34 This high surface energy is due to the par-
tial insertion of the n-alkane molecules into structural defects
existing on the border layers of the clays.!*

The effect of the heat treatment temperature also shows a sim-
ilar variation for BC and AC clays. Differences between both
heat-treated smectites are more clearly observed as increases
the IGC measurement temperature. This is due to the effect of
high surface energy sites existing in such clays which lead to
high surface energy values. At high measurement temperatures
the effect of such high energy sites are minimized and differ-
ences between surface energies are better distinguishable.>> For
both BC and AC smectites, heat treated at 525 and 823 °C, the
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Fig. 3. Plots of —RTLn(Vn) versus carbon number for BC (left) and AC (right) natural clays.
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Table 4
Surface properties of natural and treated clays. The correlation coefficient, r, of the fitting curves is also reported.
v r () ka ks r (kakp) In
T=403K T=413K T=423K
BC 128.15 119.53 110.91 0.998 5.33 3.26 0.92 —23.18
BC 523 128.51 119.09 109.67 0.997 4.62 1.42 0.94 —12.57
BC 823 125.51 114.51 103.96 0.997 6.15 1.36 0.94 —7.18
BC H,S04 120.45 111.57 102.69 0.998 2.86 2.59 0.96 —9.69
BC NaOH 124.63 117.51 108.64 0.997 5.30 1.56 0.97 —15.86
AC 118.29 111.38 103.50 0.999 3.59 1.43 0.96 —11.52
AC 523 103.15 92.00 85.73 0.998 1.83 1.38 0.92 —10.15
AC 823 100.82 89.46 72.18 0.999 4.40 2.08 0.93 —6.30
AC H,SO4 97.77 93.25 70.96 0.989 2.58 0.81 0.98 —10.36
AC NaOH 123.47 112.15 99.83 0.998 4.69 1.33 0.95 —11.31

calculation of yg values results in a decrease of the dispersive
surface energy when increasing the heating temperature. This
decrease is more marked in the AC clay sample than in BC.
These results correspond to the reduction of the interlayer dis-
tances and microstructural modification as observed by XRD
and FT-IR analysis (Figs. 1 and 2). Heat-treated clays present
similar evolution of yg values with temperature to bentonite,3°
modified silicas®” and lamellar silicas.®

The acid and base treatments produce different variations in
ygl values but both samples present similar behaviour. Table 4
shows that while HySOy4 treatment gives a decrease in yg, for
the NaOH treated samples yg is very close the non-treated clays.
Either the destruction of the smectite structure due to the HySO4
treatment and the elimination of most part of the aluminium
atoms have been observed to produce the determined decrease
in the surface energy.>® However, a small variation in ygl values
after NaOH treatment occurs in spite of the fact that the smec-
tite structure has been highly modified as it has been discussed
by XRD and FT-IR results (Figs. 1 and 2). Taken into account
that after NaOH treatment the SiO,/Al,O3 ratio presents a high
decrease, the slight ygi variation must be associated to the dis-
solution of quartz form the clay sample and the decomposition
of the calcite into calcium oxide.

The attempts to determine the correlation between CEC and
any clay surface property such as SSA, R, pore size, porosity or
ygi (Tables 3 and 4) concluded that, in any case normal curve
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fittings can be achieved. Just as illite and kaolinite clays this
result indicates that no significant correlation exists.'* There-
fore, further characterization is oriented on the analysis of the
acid—base properties of the clay surface. As it was detailed
before, contrary to the AC clay sample, the BC clay does not
contain illite and the lowest quartz concentration therefore, dif-
ferent acid—base behaviour should be expected. Moreover, the R
value, related with the nitrogen and water adsorption isotherms,
presents the larger variations along the processes, being in any
case higher than 1 due to its higher swelling property.

The presence of acid and base active sites on the clay surface
increases the possibility of specific intermolecular interactions
with any compound. Then such interactions could be related with
CEC values. Fig. 5 shows the variation of AG4 for both disper-
sive and specific probes as a function of a given probe property.
Here it is observed that non-specific n-alkane molecules fall in
a straight line because they only interchange dispersive inter-
actions with the clay surface. However, specific probes are
separated from the n-alkane line due to the presence of spe-
cific interactions. The specific surface energy, AGSF, for any
specific probe has then been obtained by Eq. (2), and afterwards
Eq. (4) has been used for calculating A HS? through linear fit-
tings. These values are used for obtaining the acid and base
properties (ka, kp) of the clay surface by using Eq. (5) as it
is presented in Fig. 6. It must be taken into account that ben-
zene gave AH ;fp values that cannot be well-fitted with the rest
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Fig. 4. Plots of —RTLn(Vn) versus carbon number for BC and AC treated clays.
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Fig. 5. Variation of AG4 of all studied probes as function of [(hv)2 o] for the
BC clay at 423 K. AGiP is calculated from the deviation of the injected polar
probes from the straight line drawn for non-polar probes.

of the probes. A similar result has been observed for benzene
when used for characterizing molecular sieve zeolites, being
this fact tentatively attributed to the interaction of the benzene
molecules with both kinds of adsorption sites, i.e. acid or base
Lewis sites.’>*? By using the rest of the probes linear fittings
gave correlation coefficients higher than 0.92 in all cases. The
obtained ka and kg values are collected in Table 4.

This Table 4 shows that all studied samples present mean-
ingful k4 and kp values, a result that indicates the presence of
both Lewis acid and base surface sites in such montmorillonites.
Therefore the surface of these materials can be considered as
amphoteric. k4 and kp values for natural and treated clay sam-
ples are found to be slightly higher to those reported by Cordeiro
etal.!> and Bilgic et al.*! for natural montmorillonite clays. Sim-
ilarly to Bilgic etal.*! the acidity constant acquires a higher value
than the basicity constant independently of the type of treatment
carried out. These results indicate that the surfaces of such nat-
ural and treated montmorillonites present Lewis acid character.
k4 and kp values for natural BC clay are higher than those of
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AC one, a result that could be due to the presence of quartz in
the AC sample. This result is also maintained for the rest of the
treatments carried out in both montmorillonites.

Results of Table 4 also indicate that whatever the treat-
ment applied in both samples, k4 and kp values show the same
trend. Thus, at 523 K both constants decrease and at 823 K they
experiment an increase in their respective values, moreover the
chemical treatment with H>SO4 leads to the higher decrease in
the k4 and kp values, but when treating with NaOH they reach
similar values to those of natural samples. IGC experimental
results indicate that the surface character of these samples is
mainly directed by the presence of all the minerals existing in
their compositions.

The successful attempt to correlate k4 and kp with CEC gives
as a result an increase of CEC with k4 as is presented in Fig. 7.
In this plot we have used a reduced CEC value by dividing the
measured CEC by the corresponding SSA values, i.e. CEC/SSA.
This procedure has been used in order to eliminate the effect of
the different surface area of both samples. Then, when CEC/SSA
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Fig. 6. Experimental determination of the acid—base properties for the natural and treated clays.
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is plotted versus k4 the observed behaviour is an increase of the
CEC with the acidity of the surface.

Finally, the morphological index Ij; has been also calcu-
lated for the natural and treated clays. The results are also
collected in Table 4. In accordance with the Brendle—Papirer
method,”® the negative values can be associated with surface
nano-roughness and the more negative Ij; values correspond to
the roughest surfaces. I); values between —5 and O are gen-
erally found for smooth surfaces, while layered silicates like
H-magadiite, illites, etc., could give Iy, values between —35 and
_90.38,42,43

Results of Table 4 show that both smectites are rough mate-
rials being the BC sample the roughest one. When applying the
heat treatment the nanoroughness of both clays decreases due
either by the removing of water molecules and the increase in
the pore size (Table 2). After HySO4 and NaOH treatment, the
Iy indexes decrease respect to those of natural clays, a result that
also correspond to the destruction of the smectite clay structure.
No correlation has been also found between Ij; and CEC in this
study.

4. Conclusions

In this study two natural smectite clays have been analyzed
by different methods. These clays have then been thermal and
chemical treated and also analyzed for comparing with natural
ones. The main mineral components of both clays are smec-
tite, quartz and kaolinite, and whereas BC clay contains calcite,
it has been found illite structures into the AC clay. Moreover,
quartz relative amount is higher in AC clay than in BC one.
At moderate thermal treatment (523 K) the smectite structure
remains unaltered for both clays while some water desorption
occurs. Treating at higher temperature (823 K) leads to a col-
lapse followed by dehydroxylation of layered sheets. At this
temperature the structures of quartz, illite and kaolinite remain
with some alteration. Chemical treatments with H,SO4 or NaOH
also give a destruction of the smectite structure, with the elimi-
nation of calcite when present and dissolution of tetrahedrically
coordinated Al and Si ions.

The surface adsorption and energy properties of these natu-
ral and treated clays have been also analyzed. BC clay presents
higher CEC than AC clay, a result that can be due to its higher
swelling property as it has observed by its higher water surface
area. Pore sizes and porosities are very close for both materials
and such surface properties vary in a similar form when they
are thermal or chemical treated. The results obtained from the
determination of the surface energy (dispersive and acid—base)
indicate the similarity between the surfaces of the layers in both
clays. The evolution of this surface property after any applied
treatment follows a similar trend. However, from the 1), deter-
mination, it has been demonstrated that BC smectite presents
higher nanorugosity than AC, a result that can be due to the
higher quartz content of the AC clay. It is concluded that no
correlation can be found between CEC and the surface energy
or nanorugosity, however it has been observed an increase in the
reduced CEC capacity with the acidity constant of both clays.

This indicates that as the acid surface energy increases the CEC
also does for a given surface area value.
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