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treatment. In this study, the effects of these treatments on MMTs homoionized with mono (Na*, Li* or
K*) or polyvalent (Ca2* or AI**) cations were analyzed by the combination of a set of techniques that can
- - reveal the difference of bulk phenomena from those produced on the surface of the particles. The thermal
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Zeta potential the interlayer cations is primarily due to the oxidation state and, to the size of the cations, which also
influenced the disappearance of aluminum in the MMT tetrahedral sheet. These treatments caused a
decrease in the surface area and an increase in the particle agglomeration and the isoelectric point. Both
treatments caused the leaching of the framework aluminum. Furthermore, the mechanical treatment
induced structural defects, such as the breakup of the particles, which favored the dehydroxylation and
the increase of the isoelectric points of the montmorillonites.
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because of their applicability in technological, environmental and
industrial processes [1-4].

Montmorillonite (MMT), which has an ideal structural formula
of Sig(Al1.67Mgg 33)029 (OH)4 [Nag 33-H, 0], is a smectite composed
of hydrated cations sandwiched between the 2:1 (tetrahedral and
octahedral) negatively charged layers.

These hydrated cations are able to modify the properties of
MMT, such as its surface charge [5-6], hydroxylation capacity [7],
thermal behavior [8-9], physical properties, and consequently the
retention of heavy metals [10-11], dyes [12-15], herbicides [16],
toxins [17-19], etc.

In 1958, Kulbicki [20] highlighted the possibility that primary
exchange cations play an important role in thermal transformations
of these minerals. Other changes in the behavior and propri-
eties of montmorillonite were also associated with the exchange
cations, i.e., exchanged Na* and K*-MMT neutralized the perma-
nent charges and reduced the temperature for the production of
cristobalite [21] and the migration of different cations into the
MMT structure after thermal treatment caused a reduction in the
swelling and adsorption capacity and increased the mean particle
diameter [22,8]. Due to the improvement of their surface structures
with respect to raw MMT, exchanging the cations in montmoril-
lonites with AI3*, Cu?*, etc. allowed them to be used as adsorption
catalysts [23-28]. In addition, studies have been performed to
obtain exchanged clay for industrial uses as alternative coatings
for brittle-matrix fibers [29].

In previous works, [5-6,30] it was shown that both thermal and
grinding treatments affect the MMT structure and that interlayer
cations play an important role in the degradation of the structure,
primarily after mechanical treatments. Specifically, the analysis of
X-ray diffraction patterns of MMT exchanged with different cations
revealed different shifts of the d (00 1) interlayer spacing as a con-
sequence of the water molecules associated with each of the cations
[31-32]. The thermal treatment changed the interlayer spacing of
homoionized MMT to approximately 0.93 nm, and the mechanical
treatment destroyed the lamellar packing to a greater extent for the
mono- than for the polyvalent exchanged cations, due to a greater
electrostatic attraction of the latter to the surface of MMT. More-
over, the values of the isoelectric point (IEP), which were obtained
through measurements of the diffusion potential, indicate that the
damaged structure produced by the mechanical treatment of Na*,
Li*,and K* and the thermal treatment of Ca2* exchanged MMT sam-
ples causes a surface charge behavior similar to that of an oxide
mixture with an equivalent composition [33]. The IEP of homoionic-
exchanged MMTs with different interlayer cations [6] exhibited a
similar behavior to those obtained using the coagulation method
[23].

The greater IEP pH values obtained for thermally treated MMT
exchanged with Na*, Li*, and K* than for those exchanged with
CaZ* and AI?* and also for all the mechanical treated samples was
attributed to the greater amounts of Al released from the struc-
ture, which produces a greater Al coating of the MMT surface
[5].

Previous studies performed on thermal or mechanically treated
kaolin indicated an enhancement of the reactivity for zeolite syn-
thesis, which was attributed to a better extraction of Al and Si ions
from the collapsed structure that originated in the Al (IV) to (VI)
modification, as revealed by XPS analysis [34-35].

The purpose of this study is to determine the effect of thermal or
mechanical treatments on the structure of MMT homoionized with
mono- and polyvalent cations through the combination of total spe-
cific surface and apparent diameter (Dapp), Zeta potential curves,
differential thermal analysis and single-pulse (SP) MAS-NMR mea-
surements. The employed techniques can reveal the difference
between the bulk phenomena from those produced on the surfaces
of the particles.

Table 1
Chemical analysis of the Vy sample.

Si0, Al,03 Fe;03 MgO  CaO Na,0 K0 Li,O H,0

59.09 19.63 3.65 2.30 1.21 2.14 048  <0.01 10.62

2. Materials and methods

The raw smectite sample (from Volclay, Wyoming, USA) named
Vo contains 95% montmorillonite with quartz and feldspar as impu-
rities and a cationic exchange capacity (CEC) of 63.5 meq /100 g. The
results of the chemical analysis [5] of the purified montmorillonite
sample are presented in Table 1.

The homoionized montmorillonites (named Vg, Vi, Vk, Vca and
Va1) were obtained by three consecutive treatments with 2 N aque-
ous chloride solutions of the respective cations. The excess salt
was removed by several washings with distilled water following by
centrifuging (15,000 rpm) until the filtrate was free of CI~ (AgNO3
test).

These samples were mechanically treated in an oscillating mill
(Herzog HSM 100) with a rotational frequency of 12.5Hz for 300s.
The resulting materials will be referenced in this work using sub-
scripts that represent the cation followed by the grinding time
(VLi300s» Vca3oos, etc.). The thermal treatments consisted of calcining
the samples in air at 600 °C for 1h, and the products were named
as follows: Vkeooc, Vcasooc, etc.

The external specific surface area (ESSA) was determined by
nitrogen adsorption at 77K (SN2) using a Micromeritics model
Gemini V, and all samples were dried at 100 °C for 12 h under high
vacuum before the nitrogen sorption measurements.

The total specific surface area (TSSA) was determined from
the adsorption of water vapor at a relative humidity of 0.56, as
described elsewhere [36].

The apparent equivalent sphere diameter (Dapp) was obtained
by dynamic light scattering (DLS) measurements using a
Brookhaven 90Plus/Bi-MAS with the Multi Angle Particle Sizing
Option, which was operated at A =635 nm with a 15 mW solid state
laser, scattering angle of 90°, and a temperature of 2540.1°C. All
sample suspensions (1% w/w) were prepared using water with
10-2 M MCly (M=Na, Li, K, Ca or Al) or with 10~3 M KCl solutions
and sonicated for 5 min, and then the particle size determinations
were conducted.

Electrokinetic potentials were determined in same Brookhaven
equipment (electrophoretic mobility function) utilized for Dapp
measurement. The electrophoretic mobility was converted into
zeta potential values using the Smoluchowski equation. For each
determination, 0.05g of sample was dispersed in 100 mL of a
10-3 M KCl solution, and the slurry was stirred. To generate zeta
potential versus pH curves, the pH of the slurry was adjusted using
dilute HCI and KOH solutions followed by magnetic stirring until
equilibrium was attained (10 min).

TG/DTA experiments were conducted using a NETZSCH STA 409
PC/PG with alumina as a reference. The samples were placed in Pt
crucibles and maintained under an air atmosphere throughout the
heating period. The temperature was increased at a constant rate
of 10°C/min.

Single-pulse (SP) MAS-NMR experiments were performed using
a Bruker DRX400 spectrometer equipped with a multinuclear
probe. Powdered samples were packed in 4 mm zirconia rotors
and spun at 10kHz. 29Si MAS NMR spectra were acquired at a
frequency of 79.49 MHz using a pulse width of 2.7 s (/2 pulse
length=7.1 ws) and a delay time of 3 s. 27 Al MAS-NMR spectra were
recorded at 104.26 MHz with a pulse width of 0.92 s (/2 pulse
length=9.25 ps) and a delay time of 0.1 s. The chemical shift values
are reported in ppm from tetramethylsilane for 29Si and from 0.1 M
AICl; solution for 27Al.



M. Ferndndez et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 423 (2013) 1-10 3

3. Results
3.1. Apparent diameter and total specific surface area

From the chemical composition (Table 1) and following the pro-
cedure proposed by Siguin et al. [37], the structural formula of the
raw montmorillonite was determined to be [Sig399 Algo1] (Al158
Fe3*0.186 Mg0233) O20 (OH); M*233-H,0.

The structural formula indicated a low charge montmorillonite
(M*g233), and a substitution of octahedral Al with 9.3% Fe and
11.65% Mg was observed. The amount of Mg allowed the sample
to be classified as Cheto-type (1.38% MgO), in which the high iron
content would modify the Cheto-type montmorillonite behavior
[38].

An accurate determination of the specific surface area (SSA) of
swelling clay minerals, such as montmorillonite, is not straightfor-
ward using nitrogen. Specific interactions generated between the
probe molecule and the polar surface sites indicate that nitrogen
is not the best probe molecule to use for this purpose [39]; there-
fore, the use of nitrogen only allows the external specific surface
area (ESSA) of the clay to be determined [40-41], which can range
between 5 and 10% of the total specific surface area (TSSA) depend-
ing on the particle size and primarily on the amount of stacked
sheets that form the tactoids [42].

The water molecules penetrate the interlayer space, and the
TSSA value resulting from its adsorption included the inner surface
and allowed the TSSA to be determined. Because water adsorption
induces swelling of the clay, TSSA determination by water adsorp-
tion may be used with the precaution of similar initial outgassing
conditions, the use of a relative humidity >54% and considering
that the residual water content strongly depends on the nature of
the cation [39,43,44]. The TSSA and ESSA of the homoionized and
treated samples are summarized in Table 2.

For smectite clays in general, thermal treatments produce a
decrease in the ESSA value [45-46], whereas mechanical treat-
ments generate an increase in this value [45,47]. Because natural
smectites generally have a high content of Na, the Vy, sample fol-
lowed the previously mentioned assumption for the ESSA values
obtained after each treatment (Table 2). The presence of different
exchangeable cations strongly modifies the ESSA value and pore
volumes for the dried montmorillonite samples ([39] and refer-
ences therein) without following a unique behavior with thermal
or mechanical treatments.

The TSSA values obtained (Table 2) for the homoionized samples
are consistent with those deduced from the unit cell parameters
[39-40], and particularly that of the Vy, sample was similar to the
values obtained with a similar method from Argentine MMT sam-
ples with a high Na content and a Wyoming MMT sample [18,40].

The lower TSSA value of the Vi sample among the monovalent
interlayer cations would be explained by the striking stability of
the single layer hydrate, which inhibits further swelling of the clay
[48-49] in contrast to Li*, which tends to hydrate [49] and produce
a TSSA value that is 20 % greater than that for the Vi sample.

The higher TSSA values obtained for the V, and V¢, samples
with respect to monovalent interlayer cations can be due to their

Table 2
External (ESSA) and total (TSSA) specific surface areas of indicated samples.
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Fig. 1. Dapp values of indicated samples in: (ll ) aqueous and ionic strength sus-

pensions (A ) 10-2 M MCI (chloride of the respective cations) and (. Y103 M
KCL.

capacity to form up to three interlayer sheets of water [50]. How-
ever, primarily compared to the Vy, sample, the V5 and V; samples
have a slower swelling capacity that is generated by the greater
interplatelet attraction produced by the polyvalent cations [51-52].

The thermal treatment of all samples generated approximately a
90% decrease of the initial TSSA values depending on the exchanged
cations [53] and changes in the porosity system [43]. Chorom and
Rengasamy [8] attributed this behavior to different bonding char-
acteristics and migration between small (Li and Al with ionic radii
<0.7A) and large (Na, Ca and K) cations after thermal treatment
(up to 400°C) and the observed swelling and dispersion capacity
behavior.

The similar TSSA values obtained for the thermally treated V;
and V) samples can be attributed to the migration of the respective
cations to hexagonal cavities with a layer charge reduction [7] and
consequently the surface area hydration capacity [40]. For the Vya,
Vi and V¢, samples, the thermal treatment reduced their hydration
[8] and consequently their TSSA values.

Mechanical treatment produced a ca. 50% decrease of the TSSA
values, which was primarily due to greater structural damage [54]
than that produced by thermal treatment. A high correlation value
(R%2=0.99) between the TSSA values for the thermally and mechan-
ically treated samples was observed without considering the Vy;
sample. The lower structural damage of V,; after both treatments
among all the samples studied (Vi < Vca < Vi < Vi < VnNa; [5]) could
be partially responsible for its different decrease in the TSSA value,
which was primarily attributed to the migration of Al to hexagonal
cavities and to different electrostatic bonds with respect to that of
Li[8].

The particle size aggregation was followed by Dapp measure-
ments in an aqueous suspension and in suspensions with ionic
strength (102 MCl and 103 M KCI) (Fig. 1).

In a water suspension, a decrease in the agglomerate size was
observed for the homoionized samples that followed the order of

Sample Raw (m?g!) Mechanically treated (m? g—') Thermally treated (m2g~1)

TSSA ESSA TSSA ESSA TSSA SN,
VNa 855 + 20 38.78 + 2.02 301 £ 11 45.23 + 2.31 66 + 5 15.34 + 1.65
Vk 508 + 15 16.42 + 1.62 206 + 10 2227 +£1.02 44 4+ 3 22.85 +£ 1.50
Vi 637 + 17 32.14 £ 213 299 + 12 27.38 +£ 1.78 61 +£6 23.89 + 0.87
Vea 757 + 19 14.15 + 1.61 504 + 14 2995 + 1.27 105 + 8 16.32 + 2.01
Val 959 + 24 13.04 + 0.98 454 + 14 36.63 + 1.82 51+4 23.03 £ 243
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Fig. 2. Ratio of (A) Dapp thermal/raw and (B) mechanical/raw samples. Red dashed
lines and (M, O ) correspond to ionic strength =102 M (Chloride of the respective
cations) and black solid lines and (. , O ) correspond to the aqueous suspension.

Va1 > Vea > Vna & Vi & Vi, which was related to the increase from
mono to polyvalent cations and consequently to a stronger chemi-
cal binding from the cation to the surface of the MMT.

In presence of 102 M MCI (M =the same cation exchanged),
the obtained Dapp values were higher and followed a similar order
to that observed in the aqueous suspension. The higher Dapp val-
ues observed in presence of ionic strength solutions indicated the
influence of surface electrostatic interactions generated by the
exchanged cations, as in the aqueous suspension, and double layer
thickness compression generated by the different valences of the
utilized cations.

The presence of 10~3 M KCl must generate an electric double
layer compression less than 10~2 M and consequently an increase
of the Dapp values. However, a greater increase of the Dapp values
was obtained in 103 M KCl for all the samples and was attributed to
the exchange of each interlayer cation for K* coming from the solu-
tion. Considering that 10~3 M is a two-order of magnitude greater
concentration than that obtained from considering the amount of
cations that can be exchanged (CEC 63.5 meq/100 g), the exchange
with K* from the solution can be produced by modifying the electric
double layer compression.

Thermal treatment of the samples generated increased Dapp
values (Fig. 2) for the respective raw MMTs that are consistent with
results reported by Chorom and Rengasamy [8], with the exception
of the V5, sample, in which a similar behavior could be assigned as
that observed for the TSSA values.

Alinear trend between the Dapp and TSSA values was observed
for the raw samples, which improved for the thermally treated
samples and even worsened for the mechanically treated sam-
ples, which was related to the meso- and micro-porous changes
associated with both treatments [44,54].

In the aqueous suspension, the influence of surface electro-
static interactions on the agglomeration behavior was evidenced
by graphing (not shown) the correlation between the Dapp and
IEP values (determined elsewhere, [5]). For the raw homoionized
samples, a linear trend for the Dapp (obtained in aqueous suspen-
sion or 103 M KCl) and IEP values was observed, and the linear
trend improved when the Dapp values in chlorides of the respective
cation suspensions were considered.

Similarly, the linear correlation of the values of mean particle
diameter and zeta potential, which were measured elsewhere [8]
without ionic strength control and at different pH values (range
4.87-6.47) for a Wyoming MMT (CEC=80meq/100¢g), yielded a
R%2=0.92.

In aqueous or in ionic strength (10-2 M) suspensions, the Dapp
values of the thermally and mechanically treated samples revealed
different agglomeration behavior than those obtained for the raw
homoionized samples. For a better comparison of the Dapp values
among samples and treatments in both suspensions, the rela-
tionship between thermal/raw and mechanical/raw samples in
aqueous and ionic strength (102 M chloride of the respective
cations) suspension is presented in Fig. 2A and B.

For the thermally and mechanically treated samples, Dapp cor-
relations with TSSA cannot be considered due to the leaching of
octahedral Al after both treatments (up to 16.9 mg/g clay, [43])
and different behavior of the aluminum with the remnant MMT
surface, formation of hydroxoaluminum species [5], the enrich-
ment of aluminum ions at the edges and/or to the face (+) edge
(—) contacts [44], and/or the migration of Al cations from the orig-
inal trans-octahedral sites to formerly unoccupied five-fold prisms
[55].

As previously indicated for the raw samples, the effects that
influence the size of the agglomerates in the treated samples
include the valence of the exchanged cation, which modifies the
external surface electric charge (interlayer does not change its
charge [56]), the valence of the cation used to maintain the ionic
strength of the suspension, which compresses the electrical dou-
ble layer as function of its valence (Li<Ca<Al) and the different
leachings of octahedral Al after each treatment (from 0.02 to 0.06
and from 0.01 to 0.03 mg/g for monovalent mechanically and ther-
mally treated samples, and from 0.002 to 0.006 mg/g and from 0.021
to 0.024 mg/g for polyvalent mechanically and thermally treated
samples), which modifies the IEP.

The relationships between the size of agglomerates in the ther-
mal/raw or mechanical/raw samples in ionic strength and water
suspensions follow a similar shape, which indicates the influence
of the valence of the cation-exchanged that modifies the external
surface electric charge.

The size of the agglomerates in the thermal/raw samples was
greater in the ionic strength suspension (10~2 M) than in water
suspensions, whereas the opposite behavior was observed for the
size of agglomerates in the mechanical/raw samples. This result
must indicate both the influence of ionic strength and the different
releases of structural Al after each treatment.

Fig. 3 presents the IEP obtained for the same samples and
treatments determined by the diffusion potential in 103 M KCl
extracted from [5].

Fig. 3 revealed higher pH values for the IEP obtained by the
greater amount of structural Al released generated for monovalent
respect to bi- or tri-valent cations exchanged MMTs in presence of
a 1073 M KClI suspension, which generated the same double layer
compression for all samples. The slight difference in the IEP values
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Fig. 3. IEP for (M) raw; (. ) thermal and (A ) mechanical treated samples (data
extracted from [5]).

for the V; and V¢, samples was attributed to a reinforcement of the
clay structure to a greater extent than monovalent cations against
mechanical or thermal treatments [5].

3.2. Zeta potential curves

The two different types of charges (permanent negative charge
on the face and the charge of the edge changing from negative to
positive with decreasing pH) of the montmorillonite surface deter-
mine the zeta potential. The predominance of the negative charges
on the faces of the particles compared to the positive charge on the

edges generates a negative net charge in all the investigated pH
values [56], as shown in Fig. 4A.

For the Vy,, Vi and Vi samples, the zeta potential values
(approximately —20mV) exhibit flat curves without significant
changes over a wide range of pH values (from pH 2-8), which is
similar to previous reports [45,57-59].

The zeta potential curves (Fig. 4A) indicate some ordering
among the homoionized samples and decreasing of the zeta poten-
tial by higher double layer compression from di- an trivalent
respect to monovalent cations [60]: V4 &~ V¢, > Vi ~ Vi >Vy,, but
a zero potential cannot be observed for any of the investigated
samples. The use of the potential diffusion method allowed deter-
mination of the isoelectric point (IEP) of the same samples (Fig. 3),
whose ordering among the samples follows a similar order to that
observed in Fig. 4A.

The thermally treated samples (Fig. 4B) exhibited an increase of
the negative zeta potential with respect to the raw homoionized
samples, which is consistent with that observed by Thomas et al.
[57] for low layer charge montmorillonite. Among the thermally
treated samples, the di- and trivalent samples strongly decreased
the negative zeta potential with respect to their corresponding
raw homoionized samples; however, for the monovalent thermally
treated samples, only the Vy, sample exhibited a strong increase of
the negative zeta potential with respect to the raw homoionized
sample.

The mechanically treated di- and trivalent samples (Fig. 4C)
exhibited a similar increase of the negative zeta potential with
respect to the raw homoionized samples as that observed for
the thermally treated samples, whereas the mechanically treated
monovalent samples exhibited a significant increase in the nega-
tive zeta potential compared to the respective raw homoionized
samples.

A 0 B 0 T T T T 1
p 2
: 4 6 8 10 pH 12
104 =10 1
S s
5-20- 5_20_
s =
E 20 -
g %0 $ 30
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3 £ 40
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Fig. 4. Zeta potential curves (A) raw; (B) thermally treated and (C) Mechanically treated samples. Symbols indicate: (A ) Vai; (@) Vea; (’ ) Vi; (M) Vy; and (V ) VNa

samples.
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Sondi and Pravdic [45] indicated that the breakup of the particles
by milling creates new edge planes without changing the charac-
ter of the basal planes and influences the adsorption of ions and
other charged species. These new edge planes and the octahedral
aluminum loss by mechanical treatment had been reported to con-
tribute to the increase of the IEP (Fig. 3) [43] and consequently to
the observed decrease of the negative zeta potential of the treated
samples.

3.3. Thermal analysis

Thermal analyses of the raw and treated samples were con-
ducted to analyze the dehydration and dehydroxylation processes.
Fig. 5 presents the DTA curves obtained from the raw MMTs from
room temperature to 950°C. The primary process observed from
the products corresponds to several endothermic peaks that may
reflect water molecules with different bonded strengths to the
structureaccompanied by a weight loss at temperatures below
250°C. This process can be ascribed to the dehydration of the
external surface and of the interlayer space of the montmoril-
lonites. From this temperature, the samples exhibit a loss of weight
accompanied by several endothermic peaks, which are most likely
due to the dehydration of hydroxyl groups, and accumulative
weight loss values at 900°C being ca. 5%. The dehydroxylation

Table 4
Weight losses for the raw and after thermal or mechanical treatment of the samples.

T—
/*_\

‘ 100 200 300 400 500 600 700 800 900
Temperature (°C)

Q \c- (3}

Fig. 6. DTA curves of the a) Vy;, b) V13005 and, c) Vi;g00c Samples.

Table 3
Weight losses for the dehydration process between 25°C and 250°C.

Sample Loss weight (%) Water (mol/cation) AH°yq (kJ/mol)
Vi 11.5 16.3 -515
VNa 9.9 13.9 —405
Vk 7.2 9.9 -321
Vea 13.3 38.7 —1592
Val 13.7 59.8 —4660

temperature depends on the cation nature and follows the
sequence Al<Li<Na<K<Ca. Smaller interlayer cations favor the
dehydroxylation, which was observed by the decreasing of the
dehydroxylation temperature. With the exception of Ca, the dehy-
droxylation process was favored when the surface area increased.

Fig. 6 presents the DTA curves of the Vj; sample andthose of
the sample after the mechanical and thermal treatments; sim-
ilar curves are observed for the remainder of the samples. No
endothermic peak in the dehydration process is observed after
the thermal treatment; however, the dehydration of the sample
occurs at a higher temperature after the mechanical treatment.
Regarding the dehydroxylation process, the temperature decreases
after the mechanical treatment and the loss weight increases in
the lower temperature range with respect to the higher temper-
ature range (Table 4). This behavior cannot be explained by the
observed decrease of the surface area after the treatment but can be
explained by considering, as previously reported for the IEP values,
that the mechanical treatment provokes the breakup of the par-
ticles by milling, which creates new edge planes that favored the
dehydroxylation of the samples. No change is observed in the dehy-
droxylation temperature after the thermal treatment, although the
loss weight decreases between 12% for Vi, and 50% for Va.

Table 3 summarizes the weight loss that occurred during the
dehydration processes, and the amount of water molecules per
cation increases as the hydration enthalpy becomes more negative.
The number of water molecules per cation is directly correlated to

Sample Raw Mechanical treatment Thermal treatment
250-500 (°C) 500-900 (°C) 250-500 (°C) 500-900 (°C) 250-500 (°C) 500-900 (°C)
Vi 1.1 42 2.9 1.9 0.4 3.2
VNa 0.9 3.2 3.6 23 0.8 2.8
Vk 0.7 4.2 2.0 2.7 0.5 3.0
Vea 0.9 3.8 2.7 2.5 0.9 2.0
Vai 1.6 35 2.9 25 1.2 15
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the hydration enthalpy of those cations in aqueous solution and is
consistent with the low influence of the electrostatic field on the
interlayer space in low charged montmorillonites. Table 4 presents
the weight loss for the raw samples and the samples after thermal
or mechanical treatment.

3.4. NMR measurements

The 29Si MAS NMR spectra of the MMTs homoionized with dif-
ferent cations (Fig. 6 left) are characterized by two sets of signals.
One signalis at ca. —108 ppm, which was attributed to silicon atoms
in the three-dimensional silica network (Q* state) [61], and it is
consistent with the presence of quartz as an impurity [30,62]. The
other broad signal is in the range between —105 and —80 ppm
and it is the convolution of three overlapped signals (Supplemen-
tary Tables 6-10). The signal at ca. —100 ppm is due to a feldspar
impurity [30], and the two other signals at ca. —94 ppm and ca.
—87 ppm were attributed to silicon atoms in the Q3 (0Al) and
Q3 (1Al) environments of MMT, respectively [63-64]. When the
interlayer sodium is replaced by the other cations, the 29Si MAS
NMR spectra exhibit similar features, but the Q3 (mAl) signals shift
towards lower frequencies. Weiss et al. [65] observed that the dioc-
tahedral micas with similar tetrahedral Al substitution and overall
layer charge have slightly different 29Si chemical shifts (up to 1.6
ppm) for their Q3 (0AI) sites. This behavior was explained on the
basis of tetrahedral rotation (a) within the crystallographic a-b
plane, which is caused by differences in the radii of the interlayer
cations.

The 27Al MAS NMR spectra (Fig. 7right) exhibit a large peak
at ca. 0 ppm, which indicates that a considerable amount of the
aluminum is in the octahedral Al environments and is consistent
with the octahedral character of the MMT [66-68]. Additionally,
two poorly resolved peaks at ca. 58 and 67 ppm were attributed to
four-coordinate tetrahedral aluminum [66,69]. The shoulder at ca.
67 ppm corresponds to a small amount of tetrahedral aluminum in

e

-60 -70 -80 -90
29Si/ppm

T T 1
-100  -110 -120

(2]

o

a

o e
80 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60
27AI/ppm

Fig. 8. 27 Al MAS NMR spectra of: a) Vna, b) VNasooc, and, ¢) Vna 300s samples.

the MMT, and the peak at ca. 58 ppm corresponds to aluminum in
the impurity phase of feldspar [66].

The thermal and mechanical treatments caused impor-
tant changes at short-order range. Tables 5-9 (Supplementary

-ty

50 40 30 20 10 0O -10-20-30-40-50-60
27AI/ppm

80 70 60

Fig. 7. 2°Si and 27 Al MAS NMR of the a) Vna, b) Vi, ¢) Vi, d) Vca, and, e) Vi samples.
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Fig. 9. 27 Al MAS NMR spectra of montmorillonite Volclay: raw (red) mechanically treated (left, black) and heated at 600 °C (right, black).

Material) summarized the contribution of the Si sites to the 29Si
MAS NMR spectra. In general, the thermal treatment caused a small
shift of the Q3 (0Al) peak and the disappearance of the Q3 (1Al)
environment. Similar changes were observed by Dékany et al. [70]
during acid treatment of sepiolite, which provoked its dealumi-
nation. These changes were more evident after the mechanical
treatment, in which an increase of the peak at —100 ppm parallel
to a decrease of the Q3 (0Al) Si environment was observed. No clear
relationship between the thermal changes and interlayer cations
was observed, but, the interlayer cations influenced the short-order
changes after the mechanical treatment. Specifically, the contribu-
tion of the Si site at —100 ppm is inversely proportional to the total
weight loss in the temperature range of 250-900 °C measured by
TG; the only exception was Li. The loss of interlayer water after the
thermal treatment (see TG results) produces a broadening of the Si
Q3 (0Al) peak.

Considerable rearrangement of the octahedral layer of the
VNa sample was observed upon dehydroxylation of the structure
(Fig. 7). The 27 Al MAS NMR spectrum of the untreated Vy, sample
(Fig. 7 left) contains a prominent peak at ca. 0 ppm, which indicates
that most of the detectable aluminum atoms are in octahedral sites.
Upon heating the Vy, sample at 600 °C, no changes in the octahe-
dral signal were observed, but the mechanical treatment provoked
a drastic decrease of the 27 Al octahedral signal without observable
5-coordinated aluminum that was most likely due to the forma-
tion of a quite distorted coordination sphere, which causes a high
quadrupolar broadening. Both treatments caused the disappear-
ance of the signal at ca. 67 ppm that corresponds to aluminum in
the MMT tetrahedral sheet, which is consistent with the observed
disappearance of the 295i Q3 (1Al) site (Table 5). These changes are
also evident in the 27 Al MAS NMR spectra of the MMT intercalated
with the other alkali cations, including Li and K (Fig. 8), and the
only difference is that the decrease of octahedral Al after mechan-
ical treatment follows the order of Li>Na>K>Ca> Al (Fig. 9left).
For cations with an oxidation state equal to +1, smaller interlayer

cations favor the dehydroxylation process, as was observed by the
dehydroxylation temperature (see DTA results), which causes a
decrease of the six-coordinated aluminum. The V¢, and V4, samples
exhibit less drastic changes on octahedral Al after the mechani-
cal treatment; these changes decrease as the oxidation state of the
cation increases (Fig. 9left). The trend in the decrease of the alu-
minum coordination is in good agreement with the increase in the
Dapp value, which the V}; sample being an exception.

After the thermal treatment, the decrease in the octahedrally
coordinated aluminum is less noticeable (Fig. 9right) and it does
not have a direct implication in the changes of the Dapp val-
ues.

The NMR data revealed the presence of tetra-, penta-, and octa-
hedrally coordinated Al forms in the mechanically treated samples
and only tetra- and octahedrally coordinated Al in the 500 and
900 °C kaolinite transformation, respectively [34].

4. Conclusions

In general, a structural and compositional effect on MMT is
observed after a thermal or mechanical treatment. The latter treat-
ment produces a major effect, which depends on the nature of the
interlayer cation. The effect of the interlayer cations is mainly due
to their oxidation state and, to a lesser extent, the size of the cations.

As expected, a quasi-linear correlation was observed between
the surface area and the agglomeration of the particles. Both
treatments caused a leaching of the framework aluminum, which
caused an increase in the particle agglomeration and a consequent
decrease in the surface area. The leaching of the framework alu-
minum was also responsible for the increase of the isoelectric point
and the decrease of the negative zeta potential.

Additionally, the mechanical treatment induces structural
defects, such as breakup of the particles, which favored the
dehydroxylation and the increase of the isoelectric point of the
montmorillonites.
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