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Abstract The cetyltrimethylammonium hydroxide
(C16TMAOH) solution was proposed for the preparation of
organoclays. Montmorillonite clay was acid activated at
different acid/clay (a/c) (in mass) ratios, then treated with
alkaline (sodium hydroxide) solution before being reacted
with C1I6TMAOH solution. The acid activation caused a
reduction in the number of cation exchange sites, and hence
improved the exfoliation of the silicate sheets at higher pH
values. The basal spacing increased significantly from 2.20
to 4.01 nm, and depended on the a/c ratios. The acid-acti-
vated clays with a/c ratios greater than 0.3 adsorbed sig-
nificant amounts of CI6TMA cations with a basal spacing of
4.01 nm compared with the non-acid-activated montmoril-
lonite (2.51 nm). Meanwhile, the treatment of NaOH solu-
tion yielded clays with similar properties to that of the raw
used clay. The XRF data, FT-IR, and ?°Si MAS-NMR
techniques confirmed that the resulting amorphous silica
during the acid activation was dissolved, and accompanied
by a dramatical reduction in the surface areas. Similar
amounts of CI6TMA cations were adsorbed, i.e., close to
1 mmol g™, with a single basal spacing of 2.52 nm, inde-
pendently of the treated acid-activated clays. The in-situ
powder XRD studies revealed that an increase of the basal
spacing to 4.20 nm was observed at intermediate tempera-
tures ranging from 50 to 150 °C for organo-acid-activated
clays with basal spacing of 4.01 nm, while a continuous
decrease of the basal spacing was observed for organoclays
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with a basal spacing of 2.52 nm. At higher temperatures
greater than 250 °C, the decomposition of the surfactant
occurs, and the basal spacing decreases to a value of about
1.4 nm.
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Introduction

The modification of the clay minerals with organic mole-
cules leads to a new type of materials with organophilic
properties [1]. These organoclays have found many appli-
cations in the preparation of nanocomposites [2], adsorp-
tion of nonpolar molecules from contaminated waters [3],
the preparation of porous materials [4], sensors, which are
used as electrode modifiers, and in catalysis [5, 6]. Clay
minerals are layer-lattice silicates, and the layer-lattice
silicates are made up of combinations of two structural
units: a silicon oxygen tetrahedron, and an aluminum
oxygen—hydroxyl octahedron. The clay mineral structure is
based on the combination of tetrahedral and octahedral
sheets, i.e., 2:1 type consists of one octahedral sheet
sandwiched between two tetrahedral sheets; among this
kind of family members is montmorillonite clay which was
widely used as received without treatment, before their
modification with organic cations. However, a chemical
treatment of the parent clay minerals could modify the
properties of the resulting clays and thereby their organic
modification properties [7, 8]. One of the chemical treat-
ment consisted of reacting the clays with inorganic acids
(normally HCI or H,SO,) at different conditions and con-
centrations, which is known as acid-activation process [9].
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This process resulted in significant changes of chemical
composition because of the dissolution of metals ions from
the clay structure, and is accompanied by a decrease in the
intensity of the basal reflections, as indicated by X-ray
diffraction (XRD) techniques [8]. Improvements of the
textural and acidic properties of the acid-activated clays
were also achieved, with increases in the surface areas,
pore volumes, and Bronsted acid sites. Thus, the resulting
acid-activated clays exhibited different properties com-
pared with nontreated clay minerals, and they were used
extensively in catalysis, as bleaching and decolorizing
agents, and adsorbents of inorganic and organic contami-
nants from polluted waters [10, 11]. However, the reaction
of clay minerals with alkaline solution does not lead to the
dissolution of the mineral structures [11], and it was used to
clean the clay minerals by dissolving the amorphous
impurities and phases. Indeed, a Wyoming-type bentonite
with pH 13.5 solutions at 35 and 60 °C did not alter the
stability of the octahedral sheet along with the composition
and the structure of the smectite sheets [12].

The combination of acid treatment of clays and their
organic modification provided a potential enhancement in
the properties of the clay. The clay mineral presents a
proton-rich environment when presented to organic mole-
cules. These organo-acid-activated clays were used as
catalysts in some catalytic reactions, and they exhibited
higher catalytic yields in the isomerization of alpha-pinene
to camphene and limonene [13].

The most studied organoclays were prepared from
montmorillonite and cetyltrimethylammonium (C16TMA)
cations from its bromide solution. The uptake amounts
were controlled by the initial concentration values, means
of the ratios of C16TMA moles, and the cation exchange
capacity (CEC) of clays [14]. In case of acid-activated
clays, the uptake amounts of CI6TMA cations from bro-
mide solution decreased with the severity of the acid
activation. This fact was related to the decrease of the CEC
of the starting clay during the acid activation [15]. The
adsorption of C16TMA cations on negatively charged
mineral was strongly dependent on pH, because of pH-
dependent degree of dissociation of the surfactant itself and
on solid phase charge [16]. In fact, when acid-activated
clay was reacted with CI6TMABT solution, an interlayer
spacing of 1.85 nm was obtained. However, by adding
NaOH solution during the reaction with C16TMABr, a
twofold increase of the interlayer spacing was achieved
[17].

Another way to modify the pH of the exchange reaction
medium consisted of using the CI6TMAOH solution,
instead of adding NaOH to C16TMABr solution. In this
case, when the acid-activated clays were reacted with the
organic solution, different results were obtained, and the
organo-acid-activated clays exhibited an interlayer spacing
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of 42 nm with a maximum of 1.20 mmol g~' being
intercalated [7]. The expansion of the interlayer spacing
was related to the exfoliation properties of acid-activated
clay sheets at higher pHs of the CI6TMAOH solution [18].
In addition, the use of C1I6TMAOH solution will decrease
the bromide impurities in the organoclays which were
found to decrease the thermal stability of quaternary alkyl
ammonium-modified clays, and additional purification
procedures were needed to remove the bromide anions
completely [19].

In this study, we propose to modify the pH of the solid
acid-activated clays by a treatment in alkaline solution, i.e.,
NaOH solution before the reaction with CI6TMAOH. The
acid-activated materials were fully characterized before
and after treatment with NaOH solutions. The adsorption
isotherms of CI6TMA cations were investigated, and the
characterization of the obtained organoclays was reported
by different techniques. The chemical stability of the
intercalated surfactants and the thermal stability of the
organoclays in air atmosphere were also reported.

Experimental

The used montmorillonite clay was received from Nanocor
company (USA) under the brand name “polymer grade
(PG) montmotmorillonite.” The clay mineral exhibited a
CEC of 1.42 meq g~ ' as provided by the supplier. Two
procedures for modification of PG clay were followed
before the surfactant adsorption or intercalation:

Acid-activation process

A mixture of PG clay and sulfuric acid solution was pre-
pared and kept at 90 °C for overnight. The acid/clay (a/c)
ratio calculated was based on dry mass of PG and H,SO,4
(98 %, as received), and varied between 0.1 and 0.5 [7].
These acid-activated clays were then repeatedly washed
with distilled water and dried at room temperature. The
samples are noted as APG-X where X indicates the a/c
ratio values.

Alkaline (NaOH) treatment

A mixture of 1 gram of raw or acid-activated clay and
25 mL of NaOH solution (3 M) was prepared and stirred at
90 °C overnight. The solid phase was collected by filtration
and washed many times with distilled water and then dried
at room temperature. The sample will be assigned as
BAPG-X, where X corresponds to a/c ratio values. The raw
PG clay mineral treated with NaOH solution will be
identified as B-PG.
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Adsorption of C16TMAOH

The adsorption isotherms of Cl16TMAOH onto some
selected treated clay minerals were obtained from batch
experiments, to determine the initial concentration value,
leading to higher adsorbed amount of C16TMA cations.
0.1 g of the clay was mixed with 10 mL of surfactant
solutions with different initial concentrations. The tubes
were placed into mechanical shaker at 120 rpm, and at
25 °C for 18 h. The suspensions were centrifuged for
10 min, and the supernatant was analyzed using UV-Vis
spectrophotometer at a wavelength of 195 nm.

Preparation of organoclays

The organoclay-derived APG-X and the BAPG-X clays
were prepared by adding 1 gram of clay mineral into 25 mL
of C16TMAOH solution with a concentration of 10.2 mM.
The exchange reaction was performed at room temperature
overnight. The solid phase was separated by filtration and
washed with deionized water for several times, and then air
dried at room temperature. The samples will be identified
as C16TMA-APG-X or C16TMA-BAPG-X.

Characterization techniques

The powder XRD (PXRD) patterns of PG and its deriva-
tives were recorded using Advance 8§ diffractometer, from
Bruker, with Cu-Ko radiation). The contents of carbon,
nitrogen, and hydrogen in the organoclays were estimated
using EURO EA elemental analyzer. The x-ray fluores-
cence (XRF Bruker S4 explorer) was used to determine the
chemical composition of PG and its derivatives in terms of
percentage of metal oxides. The CECs of the different
clays were measured by the micro-Kjedahl method [15].
The modification of PG clay upon acid activation followed
by alkaline treatment was investigated by solid NMR and
FT-IR spectroscopy. The solid-state nuclear magnetic res-
onance (NMR) experiments were performed on a Bruker
400 spectrometer operating at 2°Si NMR frequency of
78 MHz. A 4-mm magic-angle spinning (MAS) probehead
was used with sample-rotation rates of 4.0 kHz for *’Si
NMR experiments. Scans numbering 80-100 were accu-
mulated with the recycle delay of 200 s. The *°Si chemical
shift is reported with tetramethylsilane (TMS) taken as
reference. The FT-IR spectra were collected using a Dig-
ilab Excalibur FTS 3000 series spectrometer, the samples
were diluted in KBr pellets. The surface area and pore
volume of the acid-activated clays and alkaline-treated
derivatives were measured by nitrogen sorption using a
quantachrome Autosorb 6 instrument. Before analysis, the
samples were degassed under vacuum at 120 °C, overnight.
Thermogravimetric analysis (TG) features were recorded

on a TA Instruments, SDT2960. The measurements were
carried out in air flow 100 mL min~"' heated from 25 to
800 °C, at a heating rate of 5 °C min~'. The thermal stability
of the some selected clays and organoclays was investigated
in-situ at real temperatures using Anton Parr heating stage
KT450, under air atmosphere, from 25 to 425 °C, and
attached to XRD diffractometer described above.

Results and discussion

The first part will describe the modification of starting clay
with acid and base solutions.

XRF analysis

The acid treatment of PG clay resulted in two major out-
comes: the substitution of the exchangeable cations and the
dissolution of metals ions from the clay structure (Table 1).
We noticed that Na™ cations were the most removed cat-
ions, because these elements were present in the interlayer
spacing and easily exchanged by protons. While Mg*",
Fe*", and AI*" were not leached easily because they existed
in the octahedral sheets of montmorillonite [8]. According
to the data presented in Table 1, the dissolution amounts of
MgO and Fe,O; occurred to a lesser extent compared with
Al,O3. The SiO, content and the SiO,/Al,O; ratios
increased as a result of dissolution of the other ions.

After treatment of APG-X clays with NaOH solution,
significant changes in the XRF data were observed
(Table 1). The percentage of Na'tcations in the B-APG-
treated clays increased because of the exchange of protons
by Na®t cations from NaOH solution. We noted also a
decrease of the percentage of SiO,, due to the dissolution of
amorphous silica, existed in APG clays during the NaOH
treatment. This decrease of Si0, phase was accompanied by
increases in the percentages of MgO and Al,Oj3 in the treated
clays. The ratio of SiO, to Al,O3 was lower compared with
APG-X clays, and an average value of 3 was obtained. This
value was close to the starting PG clay.

Powder XRD analysis

The PXRD patterns of the PG and its acid-activated
counterparts are depicted in Fig. 1. The PG clay mineral
was not stable during the acid activation. The PXRD pat-
terns showed a change in crystallinity of smectite phase,
the intensity of 001 (ca. 1.54 nm) reflection for APG-X
clays decreased and became weaker and broader with the
increase of as a/c ratios greater than 0.2 [8]. We noted also
that the intensity of 110 and 020 reflection (ca. 0.44 nm)
decreased (denoted by an arrow in Fig. 1), indicating that a
complete destruction of the clay structure did not occur,
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Table 1 The chemical composition (mass %) of the PG clay after acid activation and NaOH solution treatment

Samples Na,O MgO Al,O3 SiO, Si0,/Al,05 CEC/meq gf1
PG 5.4 (4.05)* 3.1 (2.19) 21.4 (18.1) 59.7 (51.2) 2.79 (2.82) 1.40
APG-0.1 0.0 (4.34) 2.6 (2.73) 18.2 (21.2) 54.7 (43.8) 3.00 (3.00) 1.20
APG-0.2 0.0 (3.65) 2.3 (1.48) 16.6 (10.8) 58.9 (32.4) 3.54 (3.00) 1.02
APG-0.3 0.0 (4.82) 2.0 (2.46) 14.5 (16.9) 66.5 (48.9) 4.58 (2.91) 0.89
APG-0.4 0.0 (6.25) 1.8 (1.81) 12.7 (13.8)) 72.1 (42.1) 5.67 (3.05) 0.78
APG-0.5 0.0 (7.48) 1.0 (1.54) 8.1 (12.7) 83.6 (46.7) 10.32 (3.62) 0.65

* Values between brackets corresponds to APG-X clays treated with NaOH solution
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Fig. 1 Powder XRD patterns of PG clay acid activated at selected a/c
ratios followed by NaOH treatment. Asterisk indicates those corre-
sponding quartz impurities

which is consistent with the chemical compositional data
presented in Table 1. The increase in basal spacing from
1.26 nm in raw PG clay, characteristic of a single water
layer between the sheets [28] to a value of 1.54 nm in APG
for two interlamellar water layers [20], reflects the changes
in interlayer cations as a result of the acid treatment.
After the treatment with NaOH solution, the corre-
sponding PXRD patterns are presented in Fig. 1. We noted
first a shift of 001 reflection from 1.54 to 1.47 nm, which
could be related to the exchange of protons by Na™ cations
with lesser content of water molecules. Similar value of
1.44 nm was reported for montmorillonite clay treated with
NaOH solution [21]. The intensity of the 001 reflection (ca.
1.47 nm) was enhanced compared with the starting acid-
activated clays, accompanied by the presence of 003
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reflection (ca. 0.49 nm), related to the stacking way of the
clay mineral sheets and better crystallinity of the resulting
BAPG-X clays. The dissolution of the amorphous silica
during NaOH treatment was difficult to be detected by
PXRD technique. However, its evidence was observed
using the FT-IR and 29Si NMR techniques (see below). The
formation of new phases was reported when montmoril-
lonite clay was treated with NaOH solution for a period
longer than 3 days [21]. In the case of this study, it was
difficult to detect new phases. This fact could be related to
the short contact time used to treat the materials used in the
study, or to the starting clay minerals.

FT-IR spectroscopy

The PG clay exhibited a typical FT-IR spectrum of mont-
morillonite clay, with intense bands at 3,627 and
3,436 cm~'. These two bands were assigned to the OH
stretching vibrations of the structural hydroxyl groups in
the clay sheets and the water molecules present in the
interlayer, respectively. The band observed at 1,640 cm™'
was attributed to the bending vibration mode of water
molecules (Fig. 2). The broad bands near 1,110-
1,020 cm™! (c.a. 1,024 cm_l) were assigned to complex
Si—O stretching vibrations in the tetrahedral sheets. The
bands at 920 and 841 cm™' were characteristic of the
octahedral sheets. The bands of 525 and 476 cm™' were
assigned to Si—O-Al (octahedral Al) and Si—O-Si bending
vibrations, respectively [8].

Figure 2 highlights the structural transformation that
occurred on the PG clay structure with the increasing a/c
ratios. The 1,024 cm~! band shifted to higher wavenum-
bers, and a band close to 1,100 cm~! was attributed to the
Si—O vibrations of the three-dimensional amorphous silica
[22]. The presence of amorphous silica was evidenced by
the increase in the intensities of the bands near 1210 and
801 cm™'. The bands at 920 and 841 cm™' decreased in
intensity, which is in good agreement with the gradual
removal of these metals during the acid-activation process
[22]. The reduce in intensity of the band at 3,627 cm ™!
could be attributed to the release of octahedral cations from
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Fig. 2 FT-IR spectra of PG clay acid activated at selected a/c ratios
followed by NaOH treatment

the structure and to the replacement of interlayer cations by
protons. The APG-0.5 clay still retained some clay char-
acter, as proved by the incomplete disappearance of the
bands at 3,627 and 525 cm™', in good agreement with the
PXRD results.

The FT-IR spectra of selected BAPG-X clays are
depicted in Fig. 2. The Si—O environment was affected by
the NaOH treatment, as revealed by the changes in the
position and shape of the Si—O stretching band in the
1,200-900 cm™! range. The band at 1,100 cm™ ! almost
disappeared and a band at 1,037 cm™' reappeared. The
band at 801 cm ™" decreased in intensity. These facts were
related to the dissolution of the amorphous silica generated
during the acid treatment. A broad band at 1,402 cm™! was
observed in all the samples, and it could be related to
impurities. Regardless the starting APG-X clays, the FT-IR
spectra were similar to the parent PG clay with slight
decrease of the band at 3,624 and 3,460 cm™! (see Fig. 2).

*Si MAS NMR spectroscopy

The PG clay exhibited an intense resonance band at
—93 pm, assigned to silicon in Q? (0AD) units, i.e., SiO,
groups cross linked in the tetrahedral sheets with no alu-
minum in the neighboring tetrahedral (Fig. 3) [23]. Addi-
tional band at -107 ppm was assigned to silica impurities as
detected by PXRD technique. When the acid activation
progresses, the intensity of the silicon band at —93 ppm
decreased progressively, because of the destruction of the
clay sheets, and a progressive increase of the bands in the
range of —100 to —110 ppm was observed. These bands
were assigned to silica phase formed during the progress of
the acid activation, with no aluminum being present and is
generally labeled Q*(0Al) [24, 25).

_87 -107
BAPG-0.5

-110

BAPG-0.3

Intensity/a.u.

-107

BPG

-107
PG

T T T
-80 -100 -120 -140
Chemical shift/ppm

Fig. 3 2°Si MAS NMR spectra of PG clay acid activated at selected
a/c ratios followed by NaOH treatment

When these materials were treated by NaOH solution, a
dramatical change in the spectra was observed (Fig. 3).
The broad resonance bands in the range —100 to
—110 ppm disappeared for BAPG-0.2 to BAPG-0.5 clays,
because of the dissolution of the amorphous silica formed
during the acid-activation process by NaOH solution. Only
a sharp band at —107 ppm was detected as we have
reported for the parent PG clay. The intensity of the latter
increased with the increase of a/c ratios, and was the
highest in case of BAPG-0.5, with additional band at
—87 ppm. The observation was in good agreement with the
data of FT-IR technique. However, its intensity was lower
than the one at —93 ppm. On the other hand, the band at
—93 ppm was clearly detected for all the BAPG-X clays,
and its intensity was much higher compared with the starting
APG-X clays. The overall spectra of the BAPG clays were
similar to those of the starting PG clay with slight variation
in the intensities of the characteristic resonance bands at
—93 and —107 ppm, respectively (see Fig. 3).

Textural properties

The specific surface area (SSA), pore volumes, and the
average pore diameters of different samples are reported in
Table 2. The acid-activation process induced an increase of
the SSA values, and it depended on the extent of the acid-
activation severity. Indeed, APG-X clays exhibited higher
SSA values compared with the parent PG one, Similar
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Table 2 Textural properties of PG clay and its activated counterparts
with acid and bases solutions

Samples SSA/m? g~! TPV/em® g~ APS/A

PG 5 (10)* 0.031 (0.016) 267 (223)
APG-0.1 127 (11) 0.126 (0.031) 40 (358)
APG-0.2 151 (13) 0.224 (0.097) 59 (233)
APG-0.3 216 (12) 0.227 (0.030) 42 (162)
APG-0.4 234 (10) 0.350 (0.053) 63 (201)
APG-0.5 273 (12) 0.458 (0.02) 67 (189)

SSA is the specific surface area, TPV is total pore volume, APS stands
for average pore size

* Values between brackets corresponds to APG-X clays treated with
NaOH solution

results were reported for other montmorillonite and sapo-
nite clays [7, 26]. Indeed, APG-0.5 exhibited the highest
surface area of 273 m* g~ '. These values were close to that
reported for acid-activated clays [8]. The increase of the
SSA was attributed to the presence of the amorphous silica
formed during the acid activation. The increase of the pore
volume (at P/P, = 0.95) was related to the alteration of the
mesopores formed between the particles, and accompanied
by an increase of average pore diameter [12]. After the
NaOH treatment of the acid-activated clays, the SSA val-
ues dramatically decreased due the dissolution of the
amorphous silica, and an average of 10 m?g~' was
obtained (Table 2). We noted that the pore volume and the
average pore size values were also affected. This fact might
be related to the organization of the clay particles during
the base treatment, and the dissolution of the amorphous
silica phase. The obtained values were lower than that of
the starting clay and close to that of the B-PG clay.

This following section will describe the characterization
of the resulting organoclays derived from the above mod-
ified clays.

C16TMA Adsorption isotherms

The adsorption isotherms of PG, APG-0.3, and B-APG-0.3
are presented in Fig. 4. The amount of intercalated sur-
factant molecules increased linearly and eventually reached
a plateau as the initial concentrations of C16TMAOH
increased. The maximum amounts of C16TMA adsorbed
were close to 1.11, 1.45, and 1.02 mmol g_1 for PG, APG-
0.3, and B-APG-0.3, respectively. At lower concentrations,
the used clay minerals displayed a high affinity for sur-
factants, because of facile exchange of Na' cations by
C16TMA cations. In this case, the adsorption process was
primarily driven by cation exchange [27]. However, at
higher concentrations, the APG-0.3 adsorbed more sur-
factant molecules than the raw PG and BAPG-0.3 clays.
These data seemed surprising, since, the acid activation
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Fig. 4 Uptake amount of CI6TMA cations by PG clay acid activated
at a/c ratio of 0.3, and NaOH-treated acid-activated clay

reduced the CEC of PG clay (Table 1); as a result, the uptake
amount should decrease. One possible explanation could be
related to the input of the amorphous-like silica phase for the
adsorption of CI6TMA cations [28], which possibly over-
came the input of the clay mineral itself. However, a major
part of this phase was dissolved during the reaction with
C16TMAOH, as we had reported previously [7]. These data
indicated that the BAPG-X clays behave in a similar manner
as the original nontreated PG clays.

C, H, and N analysis

The total C, H, and N analysis data of the organoclays
prepared from PG and APG-X clays minerals are presented
in Table 3, which confirmed the results deduced from the
isotherm adsorptions. The adsorbed amounts of surfactants
exceeded the CEC values, as acid activation became more
severe, and it remained quite constant at 1.45 mmol g~
for a/c ratios greater than 0.3. Similar behavior was
reported for another acid-activated montmorillonite clay
from different sources with a maximum of 1.26 mmol g~ .
The cationic surfactants can be adsorbed onto the mont-
morillonite clay surface by two mechanisms: cation
exchange, and hydrophobic bondings [29]. As a result, the
amount of adsorbed surfactant may significantly exceed the
ion exchange capacity [30]. The excessive surfactant may
be located either in the vicinity of the clay surface or
between the adsorbed organic layers. In our case, the
increase of the CI6TMA content from hydroxide solution
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Table 3 C, H, and N analysis (in mass %) of organoclays derived 258
from PG treated with acid and bases solutions
Samples C H N - C16TMA-BAPG-0.5
mmol g~ 3.95 el

C16TMA-PG 249 (23.0)" 5.11 (4.83) 1.24 (1.57) 1.10 (1.00) Ty
C16TMA- 26.5 (23.0) 5.59 (4.83) 1.47 (1.68) 1.16 (1.00)

APG-0.1 2.52

C16TMA-BAPG-0.3
CI6TMA- 28.2 (22.3) 6.07 (4.87) 1.54 (1.57) 1.24 (0.98) .
]

APG-0.2 34 Mot . -

C16TMA- 30.1 (22.1) 6.27 (4.80) 1.48 (1.71) 1.32(0.97) =
]

APG-0.3 3 1.97
C16TMA- 33.8 (22.4) 6.83 (4.87) 1.60 (1.80) 1.45 (0.98) £ C16TMA-PAG-0.3

APG-0.4 2.48
CI16TMA- 32.7 (23.7) 6.87 (5.00) 1.78 (1.81) 1.43 (1.05)

APG-0.5 C16TMA-BPG

. P
IA is intercalated amount 2.52 nm
4 Corresponds to organoclays prepared after treatment of APG-X
clays with NaOH solution C16TMA-PG
was not related only to cation exchange reaction, but it was T w T w
0 5 10 15 20 25

related also to the exfoliation of the clay sheets at higher
pHs of the surfactant solution, and the adsorption of
C16TMA cations at both sides of the separated sheets, as
we had proposed previously [18].

The CI16TMA-BAPG-X clays exhibited different
behaviors: they adsorbed the same surfactant amounts,
independent of the starting BAPG-X clays (Table 3), with
an average of 1 mmol g~'. The uptake amounts of
C16TMA cations by the different BAPG-X clays were
lower than those of the corresponding APG-X counterparts,
and were close to those of the starting PG clay. These data
could indicate that NaOH treatment has modified the
charge characteristic of the acid-activated clays, particu-
larly the one which affected the exfoliation properties of
the clay sheets at higher pH values. In this case, the
intercalation of Cl16TMA cations occurred via cation
exchange reaction.

Powder XRD

The PXRD patterns of the organo-acid-activated clays are
presented in Fig. 5. The C16TMA-PG and C16TMA-APG-
0.1 exhibited interlayer spacings of 2.52 and 2.78 nm,
respectively. However, it increased dramatically to a value
of 4.01 nm for CI6TMA-APG-X at a/c ratios higher than
0.2. The detection of the second order of the organoclay
phase (1.97-2.01 nm) indicated a well-ordered nature of
the CI6TMA cations in these materials. The expansion of
the interlayer spacing was related to the amount of
C16TMA cations and its orientation within this spacing. In
case of C16TMA-BAPG-X clays, the PXRD patterns
exhibited the same interlayer spacing of about 2.52 nm

20/°

Fig. 5 Powder XRD patterns of organoclays prepared from PG clay
acid activated at selected a/c ratios followed by NaOH treatment

(Fig. 5), and a decrease of the interlayer spacing from 4.01
to 2.51-2.58 nm was observed. This decrease was related
to the less intercalation of CI6TMA cations as reported in
Table 3 [31].

The PXRD data indicated that the BAPG-X clays behave
in the similar manner as the parent PG clay. Indeed, the value
of 2.52 nm was close to that obtained for the C16TMA-PG,
the organoclay prepared from the raw PG clay (2.52 nm).
The variation of the basal spacing of the organoclays
resulted in different orientations of the CI6TMA cations in
the interlayer region. [31] The C16TMA cations could be
described as a nail, the trimethylammonium cation as the
head, and the C16 chain as the tail. The dimension of the
C16TMA cation was estimated in the order of 2.20 nm [32],
and taking into account the basal spacing of fully dehydrated
montmorillonite clay (0.96 nm [33],) the basal spacing of
2.51-nm phase corresponds to a gallery height of 1.55 nm,
and this was assigned to the formation of paraffin mono-
layer. However, the basal spacing of 4.01-nm phase corre-
sponded to an interlayer gallery of 3.05 nm. This value
exceeded the length of the C16TMA cation (2.20 nm),
indicating that the intercalated surfactant cations adopted a
tilted bilayer structure. For a simple case of a bilayer
structure where methylene chains are exclusively all-trans
and interdigitation is absent, the tilt angle is in the range of
37°-43° (dependent on the size of the organic cation) with
respect to the layers [30].
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Fig. 6 TG (solid line) and DTG (dashed line) features of different
organoclays

TG

TG and DTG analysis were performed to study the thermal
stability of the organotreated clays. The CI6TMA-PG
material exhibited a mass loss of 17 % related to the
C16TMA cations in the temperature ranging from 200 to
440 °C with the maximum temperature being 256 °C
(Fig. 6) [34]. While, C16TMA-APG-X exhibited different
features (C16TMA-APG-0.3 is shown as an example) with
different mass loss steps associated to different release
steps of the CI6TMA cations, with a starting temperature
of 100 °C. The DTG curves showed three maximum tem-
perature sets at 142, 186, and 310 °C for the release of the
intercalated surfactants (Fig. 6) [35]. The percentage mass
loss (32 %) was higher than that of the C16TMA-PG
material. The mechanism of the C16TMA cations degra-
dation was affected by the environment of the CI6TMA
cations within the clay sheets [19, 36]. However, The DTG
curves of the Cl16TMA-BAPG-X clays (C16TMA-BAPG-
0.3 is shown as an example) indicated that the way of
losing the surfactants was modified compared with
C16TMA-APG-X clays, and was similar to the organoclay
prepared from the raw PG clay (C16TMA-PG, Fig. 6).
Indeed, the DTG curve exhibited similar feature than
C16TMA-PG clay, with a mass loss percentage of 14 % in
the temperature range between 220 and 440 °C, with a
maximum temperature at 256 °C (Fig. 6). These data
confirmed that the properties of the acid-activated clay
were modified after the NaOH treatment, and consequently
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affected the decomposition mechanism of the C16TMA
surfactants. The last mass-loss step at temperatures greater
than 620 °C was associated to complete oxidation of the
residual charcoal in the organoclays. We noted that the
percentage mass loss related to water molecules decreased
up to 4 % with a shift at lower temperature of 50 °C, thus
confirming that the water molecules were present on the
surface of the organoclays and not in the interlayer spacing
[37], and also confirming the surface affinity change (from
hydrophobicity to hydrophilicity) of the modified clay
minerals.

Chemical stability of the intercalated C16TMA cations

The chemical stability of the intercalated C16TMA cations
for selected organoclays was investigated by reacting the
intercalated C16TMA-clays with NaOH or HCI solutions
(0.1 M). The results indicated that a displacement of the
intercalated C16TMA cations was not achieved by Na™
cations or protons. The PXRD patterns exhibited similar
basal spacings before and after reaction with NaOH or HCl
solutions, with some variations in the degree of crystal-
linity. Similar results were reported for shorter tetra-alky-
lammonium intercalated clays, treated with acidic solutions
[38]. However, in case of different organosilicates, i.e.,
C16TMA-magadiites, the C16TMA cations were easily
exchanged by protons in acidic solutions. These data
indicated that the chemical compositions of the silicate
layers affected the interactions between the CI6TMA cat-
ions and the silicate sheets, and thereby its replacement
with other cations [39].

Thermal stability of organoclays

The thermal stabilities of the acid and alkali treatment of
clays were also studied by in-situ XRD technique in air
atmosphere. The pristine PG clay was stable at tempera-
tures less than 100 °C with a decrease of the basal spacing
from 1.26 to 0.98 nm. This decrease was related to loss of
intercalated and hydrated water molecules between the
interlayer spacings [40]. As regards APG-0.5 clay, it
exhibited a different behavior with higher stability and
basal spacing of 1.31 nm when heated at temperatures
ranging from 100 to 400 °C (Fig. 7). This difference in
basal spacing could indicate the presence of some silica
species between the clay mineral layers which acted as
pillars and prevented the collapse of the clay mineral layers
[15]. While the AC-PG-0.3 clay showed an intermediate
behavior, both interlayer spacings at 0.98 and 1.34 nm
were obtained during the calcination process.

After a treatment with NaOH, the BAPG-0.5 exhibited
different thermal stability properties: the phase at 1.34 nm
was not detected even at lower temperatures of 100 °C, and
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Fig. 7 In-situ X ray diffraction patterns of APG-0.5 clay calcined at
different temperatures

the basal spacing of BAPG-X clays heated at 150 °C had
shrunk to 0.98 nm (Fig. 8). This fact could indicate that the
possible pillaring silica species were eliminated during the
alkali treatment as supported by 2°Si NMR and FT-IR
studies. In addition, BAPG-X clay exhibited similar prop-
erties as the starting PG clay.

In case of C16TMA-PG, the interlayer spacing of
2.21 nm was stable up to 200 °C, and a shift of the inter-
layer spacing from 2.28 to 1.92 nm was observed between
215 and 250 °C. On the other hand, a complete shrinkage
of the interlayer spacing at 1.44 nm occurred at tempera-
ture greater than 250 °C because of the C16TMA decom-
position as indicated by TG curve. The layered structure
was still preserved with a basal spacing of 1.30 nm at
400 °C. Similar behavior was reported for organoclays
prepared from different montmorillonites [34].

The organo-acid-activated clays (C16TMA-APG-X)
showed higher thermal stability up to 250 °C compared
with the CI6TMA-PG organoclays. An average value of
1.90 nm was obtained. However, at temperatures greater
than 250 °C, the interlayer spacing shrank to 1.52 nm
because of the complete decomposition of the surfactants,
which is in good agreement with TG data (Fig. 9). In
addition to this phase (1.90 nm), the PXRD pattern of
C16TMA- APG-0.5 exhibited an additional reflection at
4.50 nm. This phase was detected even at 300 °C, and it
could be related to the formation of three-dimensional
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Fig. 8 In-situ X ray diffraction patterns of BAPG-0.5 clay calcined at
different temperatures

network of aluminosilicate after calcination at higher
temperatures (Fig. 9). Previous studies related to alky-
lammonium clays indicated an initial increase of the basal
spacing when they were heated from 50 to 100 °C. This
was related to melting of the intercalated surfactant, cre-
ating a fluid-like environment between the layers where the
surfactants adopted a disordered conformation [14, 35, 36].
We have noted an increase in the basal spacing only at
150 °C for the CI6TMA-APG-X with X values higher than
0.3, whereas a gradual decrease was only observed for the
other organoclays from room temperature till 215 °C.

In general, the ClI6TMA-BAPG-X clays exhibited dif-
ferent behavior from that of the C16TMA-APG-X clays.
The in-situ XRD diffraction of CI6TMA-BAPG-0.5 pre-
sented as an example is shown in Fig. 10. The starting
sample exhibited mainly a reflection at 2.20 nm at tem-
peratures less than 200 °C, and then shifted to higher
angles (phase of 1.92 nm) when treated at 215 °C. A
significant decrease of the interlayer spacing from 1.92 to
1.40 nm occurred in the range of 215-250 °C, with a
continuous shrinkage of the interlayer spacing from 1.40 to
1.32 nm occurring at higher temperatures. This value was
higher than the value corresponding to the completely
collapsed clay sheets (0.96 nm). This difference was due
to the presence of remaining charcoal material between the
clay sheets [34]. This behavior was similar to that of the
C16TMA-PG clay, and it indicated that the treatment of

@ Springer
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Fig. 9 In-situ X ray diffraction patterns of C16TMA-APG-0.5 clay
calcined at different temperatures
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Fig. 10 In-situ X ray diffraction patterns of CI6TMA-BAPG-0.5
clay calcined at different temperatures

the acid-activated clays by NaOH solution resulted in
materials with characteristics close to those of the starting
PG clay.

@ Springer

Conclusions

The activation of PG clay with acid solution led to a decrease
of the percentage of metal oxides, except for silica, and to the
modifications of its properties, particularly the intercalation
of CI6TMA cations from hydroxide solution. The amount of
intercalated and the orientations of C16TMA cations
depended on the acid-activation level with a maximum of
1.45 mmol g~ ' of clay and interlayer spacing of 4.01 nm for
materials prepared from APG-X with a/c ratios higher than
0.3. Further treatment of these acid-activated clays with
NaOH solution led to the dissolution of amorphous silica
material, and the resulting clays had similar properties to
those of the starting PG clay, and consequently, the uptake
amounts of CI6TMA cations were close to 1.0 mmol g~ '
value of clay, where only one interlayer spacing of 2.52 nm
was obtained. The thermal stability properties of the APG-X
clays and their organoclays’ derivatives were improved.
However, after alkaline treatment, the thermal properties of
the derived organoclays were similar to those of the orga-
noclays prepared from the nontreated parent clay.
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