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Abstract. The properties of the materials determine their potential applications. The aim of this article is to study the
properties of the organoclays using simple and rapid technologies. Organoclays with different surfactant loadings (SL) were
synthesized using an Argentine bentonite with a high content of montmorillonite (Bent) and hexadecyltrimethylammonium
bromide as cationic surfactant. The samples were characterized using thermal techniques. The results revealed that the
hydrophilicity of the organoclays decreases with increasing SL until the SL reaches 0.8 times the cation exchange capacity
of the clay; and remains constant at a higher surfactant load. The stability of organoclays was inversely proportional to the
SL of each sample. The layers showed a stabilization of approximately 40°C for their structural transformation temperature,
caused by the presence of the surfactant. In addition, at a SL <1.0 the surfactant presented a ‘liquid-like’ structure in the
interlayer space, whereas at a SL >1.0 the structure was ‘solid-like’.
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1. Introduction

Recently, organoclays have been widely studied because of
their great academic and technological interest [1-3]. This
material is obtained by interaction between a clay and a gen-
erally cationic, organic component. The most commonly used
clays in the synthesis of organoclays are smectites and within
this group, montmorillonites.

In general, the presence of organic components grants the
material organophylic characteristics [4—7] and this is one of
the most important properties. Although some studies have
reported an increase in hydrophilicity [8—10], these have been
very particular cases.

The main applications of these materials arise because of
the increase in organophylicity of the organoclays compared
with the original clay. Some of the most common applications
are adsorption of organic and anionic components in aqueous
solution [11-16] and synthesis of polymer nanocomposites
[17-19]. In the latter case one of the desired effects is that the
presence of organoclay generates an increase in the thermal
stability of the polymer.

The principal components of an organoclay sample are:
cationic surfactants, clay layers and water molecules. Caused
by the notable difference in the properties of these compo-
nents, it is relatively easy to identify independently the data
corresponding to each component.

Cationic surfactant; montmorillonite; organoclay; thermal techniques.

X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectroscopy, ther-
mogravimetric analysis (TG), thermal differential analysis
(DTA) and differential scanning calorimetry (DSC) tech-
niques are widely used in the characterization of organoclays
[3,20-26]. Particularly the thermal techniques provide a
wealth of information [5,27-31].

In this study the characterization of organoclays, with spe-
cial emphasis on the behaviour of the individual components,
is presented. The behaviour of the clay layers, the cationic sur-
factant and the water molecules present in the material were
assayed using TG, DTA and DSC thermal techniques. On
the basis of the information provided by these studies, organ-
oclays with specific properties can be designed according to
their application.

2. Materials and methods

2.1 Materials

Natural Castiglione clay, mainly composed of montmoril-
lonite (84% montmorillonite, 12% feldspar and 4% quartz),
was used as starting material. This material presented a cation
exchange capacity (CEC) of 83.7 mmol per 100 g and it
was determined by using the Cu(EDA)%Jr technique [32].
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Hexadecyltrimethylammonium bromide (Br-HDTMA), was
purchased from Merck (Argentina), was used as a cationic
surfactant. All solutions were prepared using deionized water
obtained through inverse osmosis using an SQC 3 Reverse
Osmosis system from 3M Purification Inc.

2.2 Preparation of organoclays

Organoclays were prepared with a surfactant loading (SL)
between 0.2 and 4.0 times the CEC. Preparations were car-
ried out in batches by bringing 50 ml of a suspension of
approximately 3% w/v of the original clay in contact with
different volumes of a 5 x 10~ M HDTMA solution at a
final volume of 500 ml. This suspension was agitated for
2 h without controlled temperature. Later, the solid fraction
(organoclay) was separated from the supernatant fraction by
centrifugation at 10,000 rpm. The solid fraction was washed
with distilled water until complete elimination of the Br~
(this was confirmed by testing negative with AgNO; solu-
tion). The different organoclays thus obtained were dried at
60°C, ground and kept in a desiccator for posterior character-
ization; samples were expressed as Bent, followed by the SL
(Bent-0.4, Bent-0.8, etc.).

2.3 Characterization of the samples

Thermogravimetric analysis and DTA were carried out using
a Rigaku TAS 1100 equipment. The equipment was operated
between room temperature and 1200°C with a temperature
gradient of 20°C min~", using 20 mg of sample under a static
air atmosphere.

Characterization by DSC was carried out using a
DSCQ200V24.4 Build 116 equipment. The following heat-
ing/cooling down/heating process was used: rmear = Fcool =

5°C min~! with an N, flow of 50 ml min~".

3. Results and discussion

3.1 Thermogravimetric analysis and differential thermal
analysis

The TG-DTA studies revealed that the original clay pre-
sented a mass loss corresponding to the elimination of
physisorbed water until approximately 120°C and another
mass loss between 500 and 700°C, corresponding to dehy-
droxylation of the layers. Both thermal events were associated
with endothermic peaks observed in the DTA curves. The
curves corresponding to the organoclays showed a loss in
mass between room temperature and approximately 120°C,
related to the elimination of physisorbed water. Another mass
loss was observed between 180 and 700°C and it was asso-
ciated with a series of exothermic events that correspond to
the phenomena of the combustion of the surfactant and dehy-
droxylation of the layers.
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Figure 1. Physisorbed water content (%) vs. surfactant loading.
The water content is expressed as the percentage of the total mass of
organoclay (square) and as the percentage of the clay mass present in
each organoclay (circle). Solid lines are only for better visualization.

According to several authors, the amount of water that
the organoclays absorb on the surface is related to their
hydrophilicity [4—-6]. To study this behaviour, the percentage
of water loss can be analysed as measured in the TG studies.

The content of physisorbed water, which evaporates bet-
ween room temperature and 120°C, is shown with respect
to the total mass of the organoclays (that is to say: mass of
clay + mass of surfactant + mass of water) (figure 1). The
percentage of clay diminished with increasing percentage of
the surfactant in the organoclay. This produced a decrease in
the percentage of the water content in the organoclay, which
not necessarily correlates with a decrease in hydrophilicity. To
eliminate this shielding effect, the percentage of physisorbed
water was recalculated with regard to the mass of dry clay.

The hydrophilicity diminished with increasing SL until
about 1.0 CEC and after that it remained constant. As a conse-
quence the samples could be arranged as follows, according
to their decreasing hydrophilicity:

Bent > Bent-0.2 > Bent-0.4 > Bent-0.8 ~ Bent-1.0

and so on

Thermal differential analysis studies reveal the thermal sta-
bility of a material, measuring the temperature that produces
some kind of process that affects its stability. The higher the
initial temperature of the degradation process, the more ther-
mally stable a material will be.

Similar to the fact that a chain is as strong as the weakest
of its links, thermal stability of a composite material is deter-
mined by the thermal stability of the weakest constituent. In
the case of an organoclay, this is the cationic surfactant.

The samples showed a tendency towards a diminution in
onset combustion temperature of the surfactant with increas-
ing SL in the organoclays (figure 2). Values tend towards the
onset combustion temperature of the pure surfactant (97%

purity).
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Figure 2. Onset combustion temperature of the surfactant vs. the
surfactant loading (%). The solid line is only for better visualization.

Previously published studies have shown that alkyl ammo-
nium salts adsorb to smectites mainly through two mech-
anisms: cation exchange and Van der Waals interactions
between the carbon chains of the surfactants [3,25]. Atlow SL,
the main clay—surfactant interaction mechanism is a cation
exchange. This mechanism is highly energetic and provides
great stability to the surfactant, as can be observed in figure 2.
The fraction of surfactant absorbed through Van der Waals
forces increases with increasing SL, thus decreasing the ther-
mal stability and the onset combustion temperature becomes
close to that of the pure surfactant.

Inthe DTA curves of the organoclays (figure 3), exothermic
peaks could be observed in the range between 200 and 500°C,
which were associated with mass loss (TG is not shown).
These mass losses correspond to the combustion of the sur-
factant. For organoclays with a SL <1, a peak above 300°C
could be observed with a shoulder at 330-350°C. In the case
of organoclays with a SL >1, a new peak appeared between
235 and 270°C. This reaffirms the hypothesis that the first
intercalated surfactant fractions are adsorbed through strong
interactions and when the CEC is exceeded, weak interac-
tions are detected both among the surfactant molecules and
between the surfactant molecules and the clay layers.

The thermal stability of the clay layers was analysed by
comparing a series of endo-exothermic peaks present in the
DTA curves (figure 4). These peaks are related to the structural
rearrangement (SR) (crystalline transformations) of the layers
as mentioned earlier and/or formation of new phases such as
spinel, cristobalite or mullite [31,33,34].

One of them was an S-shaped endo-exothermic peak cen-
tred between 900 and 920°C, which corresponds to a SR and
identified as SR1. The other peak was exothermic and centred
between 1150 and 1190°C and related to a second structural
rearrangement, identified as SR2.

The temperature at which SR1 is produced (7sg;) remains
constant for all SL values assayed (figure 5). This could be
confirmed by the straight line adjusted to the experimen-
tal values through least square regression. The value of the
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Figure 3. DTA curves of original clay and organoclays are indi-
cated. The number of peaks increases at lower temperature when the
SL becomes higher than 1.
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Figure 4. ATD curve showing the SR1 and SR2 thermal events.
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Figure 5. Structural rearrangement temperature of the clay layers
as a function of the SL: SR1 (circle) and SR2 (square).

‘slope + standard deviation’ includes zero and RI%EL ~ 0,
which indicates the lack of correlation between Tsg; and the
SL. In contrast, the temperature at which SR2 was produced
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(Tsgr2), increased with increasing SL until SL ~ 1, after which
it maintains constant (in the latter case the solid line is only
for guidance).

This indicated that the two SR processes are independent
because they behave differently with respect to the surfac-
tant load. On the other hand, it could be observed that the
surfactant molecules generated a structural stabilization of
approximately 40°C in the clay layers (from 1150 to 1190°C).

The surfactant molecules were eliminated through combus-
tion at a temperature below 800°C. Therefore, thermal stabi-
lization was observed even though the surfactant molecules
were not present in the solid material.

Under certain conditions, some small cations could be
incorporated into the empty octahedral sites of the dioctahe-
dral clays, which produce structural modifications [35]. Given
this fact, it is possible that the observed structural stabilization
was related to the incorporation of cations in the structure of
layers, probably H* or K, which were released during the
combustion of the surfactant molecules or were part of the
components of the raw clay mineral (feldspars).

3.2 Differential scanning calorimetry

The DSC curve of the original clay showed a sharp endother-
mic peak centred around 145°C. Before the first heating cycle
was completed, approximately at 170°C, the cap of the sample
holder came off probably due to the excessive pressure caused
by the vapour of the water released from the clay. Therefore,
it was not possible to finish the analysis of this sample.

All organoclays presented a peak between 135 and 170°C,
which is similar to the one at 145°C of the original clay, cor-
responding to the elimination of evaporated water.

The pure surfactant presented a large reversible endother-
mic peak during the heating process. During both heating
cycles this peak was centred at 105°C, preceded by a shoulder
at 90°C and in the cooling down cycle it was centred around
85°C, followed by a shoulder at 80°C (figure 6¢). There was
also a second reversible peak with lower intensity, centred
between 70 and 75°C during the heating cycles and between
65 and 70°C during the cooling down cycle (graph inserted
in figure 6¢).

The peaks corresponding to the surfactant (between 65 and
105°C) and the clay (between 145 and 170°C) do not overlap.
This is an advantage, because it allows independent analysis
of both DSC curve regions of the organoclays.

In organoclays with a SL > 1, peaks were centred between
61 and 62°C and 55 and 56°C during the heating cycles and
the cooling down cycle, respectively (figure 6a and b). These
peaks corresponded to transitions in the surfactant molecules
ranging from highly ordered pseudo-crystalline structures to
less ordered conformational structures of a liquid crystal type
[36]. In other words, these transitions would correspond to a
‘fusion’ of the adsorbed surfactant.

The ‘fusion-solidification’ of the adsorbed surfactant was
not observed in the DSC curves of the organoclays with a
SL <1 (not presented in this study). The areas of the peaks
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Figure 6. DSC curves in the range of 40-120°C of the organoclays
with a SL of (a) 2.0, (b) 4.0 and (c¢) of the pure surfactant. The 50—
80°C range of the pure surfactant is enlarged.

assigned to surfactant transitions, both in organoclays with
SL >1 and in the pure surfactant, are shown in table 1. The
areas represent the heat transferred per mass unit.

The percentage of surfactant present in each organoclay
(obtained through TG curves) and the amount of heat trans-
ferred during the ‘“fusion’ of the surfactant (obtained through
DSC) were compared with the pure surfactant (table 2). In
the case of organoclays with a SL. >1 the amount of heat
transferred was not proportional to the surfactant mass.

According to Osman [37], when cylindrical molecules
undergo an increase in temperature they gradually lose their
structure, generating different mesophases. Starting from a
crystalline solid state and with increasing temperature, var-
ious transition states were produced before a completely
dis-ordered liquid state was reached. The temperatures at
which these transitions took place could be observed through
DSC, as they appear with heat transfer.

Working with organoclays prepared with mica and octade-
cyltrimethylammonium bromide (ODTMA) and with SL
between 0.5 and 0.8 times the CEC, Osman [37] observed two
endothermic peaks during the heating cycles, at 43 and 69°C.
IR and XRD techniques carried out at different temperatures
attributed the first peak to a solid—solid transition between two
crystalline states and the second peak to a solid-liquid tran-
sition state (fusion of the surfactant). The author proposes
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Table 1. Positions (°C) and areas (J g~!) of peaks of DSC curves for organoclays with SL > 1 and for the pure surfactant.

Ist Heating cycle 2nd Heating cycle Peak area during heating cycles Cooling down cycle
Solid material Position Area Position Area Average Standard deviation Position Area
Bent-2.0 61.6 5.1 61.4 5.1 5.1 0.01 55.8 7.1
Bent-4.0 61.8 6.6 61.6 6.9 6.8 0.2 56.1 8.8
HDTMA 104.8 137.4 103.8 136.5 137.0 0.6 86.3 141.2

Table 2. Mass percentages (obtained through TG) and the amount
of heat transferred (obtained through DSC) of the different organ-
oclays compared with pure surfactant.

Percentages with respect to pure surfactant

Solid

material Mass (%) Heat transferred
Bent-0.4 11 0
Bent-0.8 16 0
Bent-2.0 28 3.7%
Bent-4.0 36 5.0%
HDTMA 100 100%

that the behaviour of ODTMA adsorbed to the mica by the
cation exchange could be compared with that of nonadecane.
Nonadecane and ODTMA presented similar solid—solid and
solid-liquid transitions, although the cationic surfactant pre-
sented these transitions at temperatures between 20 and 35°C
above that of nonadecane. According to Osman [37], this shift
toward higher temperatures was caused by the fact that one of
the extremes of the ODTMA was linked to the mica, which
limits its translational freedom.

In this study, the pure surfactant presented three endother-
mic peaks during the heating stages and afterwards the
corresponding exothermic peaks during the cooling down
stage. At the same time, the organoclays with a SL <1 did
not present any peaks corresponding to transition states of the
surfactant, whereas samples with a SL >1 presented a single
peak.

The peaks of the organoclays were found between 30 and
45°C below those of the pure surfactant during heating and
cooling, respectively (table 1). This result seems contrary to
findings by Osman [37], as in this study the surfactant—clay
bond produced a decrease in the temperature of the peak.
Osman compared the ODTMA-Mica system with that of non-
adecane, while in this study a more real comparison was
carried out by comparing the HDTMA-Montmorillonite with
the HDTMA system.

Corroborating the results obtained with FTIR [3,25,34,38,
39], the DSC peak corresponding to the ‘fusion’ was not
observed at low SL values because the adsorbed surfactant
presented a liquid-like arrangement, i.e., a ‘molten’ state. On
the other hand, at a SL > 1 the adsorbed surfactant presented a
solid-like arrangement and hence it showed the ‘fusion’ peak

at the corresponding temperature in the DSC curve. Previous
studies show that ata SL > 1 the surfactant fills the mesopores
of the sample as well, in addition to the surfactant intercalated
at the interlayer space of the clay mineral [3,25]. However,
it is not clear enough if the solid-like arrangement was pro-
duced at the interlayer space or inside the mesopores. Further
investigations are necessary for the complete understanding
of the real structure developed.

4. Conclusions

Organoclays with different surfactant loads were synthesized.
Hydrophilicity, thermal stability and thermal stability of the
original clay were assayed using thermal techniques.

Stability of the organoclays as a whole was studied by
assaying the lowest temperature that produced any irreversible
change in the sample detected in the DTA curves. It was found
that the thermal stability of the organoclays was inversely pro-
portional to the surfactant load.

Thermal stability of the original clay was assayed by
analysing two endo-exothermic peaks characteristic of struc-
tural transformations in clay samples. It was found that the
two peaks corresponded to independent structural transfor-
mations and that one of the transformations was not affected
by the SL, while the presence of the surfactant stabilized the
clay with regard to the structural transformation produced at
about 1150°C.

The structure of the surfactant in the interlayer space
depended on the SL. At a SL <1 the surfactant molecules
were found to be in a liquid-like environment, while at a SL
>1 the environment was solid-like. Further studies are nec-
essary to confirm in which place of the material the solid-like
structure is developed, that is to say if the solid-like arrange-
ment is developed only at the mesopores between the clay
layers or in both places.
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