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ABSTRACT

Inorganic-organic nanostructures, used as host materials for selective adsorption of
functional molecules and as mesostructured materials precursors, can be constructed by the
interlayer modification of inorganic layered materials with surfactants. The formation
mechanism is mainly determined by the surfactant assemblies in the 2D limited space. In
this paper, a detailed structural analysis of the lamellar mesophases prepared from

kanemite, a lamellar silicate, and octadecyltrimethylammonium (ODTMA) under various
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conditions was reported. The adsorbed amount of ODTMA and the long and short range
structural order were explored by TGA, XRD, IR/FT and MAS NMR spectroscopies. The
results revealed that ODMTA molecules were efficiently intercalated in the interlayer space
of kanemite and, in all synthesis conditions, an ordered lamellar structure was obtained.
The ODTMA adsorption in kanemite not only caused changes in the interlayer space but
also in the silicate framework, where five-member rings were formed. The characteristics
of the final products were influenced by the synthesis conditions, although the separation
mode, filtration or centrifugation, was not relevant. Therefore, the adsorption conditions of
ODTMA in kanemite will contribute to the design of novel layered materials with potential

environmental and technological use.

Keywords. Lamellar silicates, Octadecyltrimethylamonium, kanemite, mesostructure.
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1. Introduction

The interlayer modification of inorganic layered materials with surfactants was used
to construct inorganic-organic nanostructures that were used as host materials for further
intercalation and selective adsorption of functional molecules (Ogawa et Kuroda, 1995,
1997). In the wide variety of inorganic layered materials, the layered polysilicates such as
magadiite, octosilicate, and kanemite were unique because their frameworks are composed
of only tetrahedral SiO4 units and both hydrated alkali metal ions and silanol (Si-OH)
groups are present in the interlayer region (Lagaly, 1979). Among them, kanemite received
much attention due to its high capacity of development of ordered mesoporous silicas.
Yanagisawa et al.(1990) were the first that described the formation of mesoporous silica
derived from kanemite. Later, Inagaki et al. (1993, 1996) reported the synthesis of
hexagonal mesoporous silicas (designated as FSM-16) from kanemite intercalated with
hexadecyltrimethylamonium (HDTMA).

During the synthesis, a kanemite-surfactant mesophase was formed as precursor and
the environment of tetrahedral SiO4 units in kanemite sheets were transformed in a three-
dimensional (3-D) silicate network, SiO4 species with both Q’and Q* environments being
detected (Inagaki et al., 1993; Yanagisawa et al., 1990). The presence of this layered
intermediate determined the final mesoporous silica structure (lamellar, hexagonal or
cubic); however, this intermediate has not been studied in deep. It is well-known that the
formation mechanism of the final mesoporous silica was determined by the surfactant
assemblies in the 2D limited space in addition to the structural changes of the silicate
sheets. Kimura and Kuroda (2009) observed that: i) Layered surfactant—silicate compounds

were formed using surfactants that tended to be assembled as lamellar phases. Even after an
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acid treatment, the produced surfactant silicates were not transformed into other phases. ii)
2D hexagonal phases were formed through the creation of layered compounds and the
fragmentation of silicate sheets when surfactants that tended to be assembled as lamellar
and rod-like phase were used. iii) 2D orthorhombic phases were formed by mild acid
treatment of layered complexes retaining the silicate frameworks of kanemite. iv)
Disordered phases were formed using surfactants with a tendency to assemble spherically
because the silicate sheets were hard to completely bend along the spherical assemblies.
The bending of the silicate sheets of kanemite occurred during the reactions with the
surfactants. However, the silicate sheets were not able to bend freely and the final phase
depended on the nature of the silicate sheet and the HDTMA/Si molar ratio (Tamura et al.,
2007).

Layered silicates, clay minerals, intercalated with alkyltrimethylamonium (C,TMA)
had, as well, useful applications for the removal of oil, toxic chemicals and humic materials
from water (Yariv, 1996; Zhao and Vance, 1998), as adsorbents for organic pollutants
(Taylor, 1992), rheological control agents (Sutton, 2000) and reinforcing fillers for plastics
and electric materials (Pinnavaia et al., 1996; Sand et al., 2003). Those applications were
possible thanks to the change from hydrophilic to hydrophobic properties, which was
proved to be enhanced when alkyl chain length of C,TMA increases (Pazos et al., 2012).

Kimura et al. (2000) investigated the synthesis and characterization of layered
HDTMA-silicate compounds in detail and observed that regardless of the reaction
temperature layered HDTMA-silicate were obtained as pure phase but they showed
structural changes in the silicate framework. Nevertheless, the influence of surfactant chain

length and, therefore, the packing degree of octadecyltrimethylamonium (ODTMA) in the
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kanemite interlayer was not explored, despite their importance in the ecological properties
of the final compound.

In this paper, we report a detailed structural analysis of the lamellar ODTMA
mesophases prepared from kanemite and octadecyltrimethylammonium (ODTMA) under
various conditions such as washing and separation process, pH adjustment, ODTMA/Si

molar ratio, stirring temperature and time.

2. Experimental Section

2.1. Preparation of kanemite.

Na-kanemite was prepared by dissolution of appropriate amounts of sodium
chloride (Si/Na=1) in 50 g of a sodium silicate solution (ALDRICH, 12.6 % Si, 13.8 %
NaOH). The reaction mixture was heated at 100 °C for 72 h in an open crucible and the
resulting product calcined at 700 °C for 6 h. After cooling to room temperature, the solid
was dispersed in 20 times its weight of water and stirred for 15 minutes. The silicate was
recovered by filtration, washed with distilled water (solution/solid=10 wt%), and, then

dried in air at room temperature (Alba et al., 2006).

2.2. Reactions of kanemite with ODTMA Surfactant.

A 1lg amount of Na-kanemite was added to 20, 100 or 200 mL of an aqueous
solution of 0.1 M octadecyltrimethylammonium bromide (C;sH37(CH3);NBr, ODTMABT,

Sigma-Aldrich), where ODTMA/Si molar ratios were 0.2, 1.0, and 2.0, respectively. The

6



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

samples were stirred at 70 °C for 3 days. Then, the products were washed with an
ethanol/water (1:1 v/v) mixture, filtered and air dried.

To examine the effect of the reaction temperature and time, 1 g of Na-kanemite was
dispersed in 20 mL of an aqueous solution of 0.1 M ODTMABTr and stirred at 70 °C or 90
°C for 2, 3 and 7 days. The products were washed with an ethanol/water (1:1 v/v) mixture,
filtered and air dried.

The effect of pH was examined for the ODTMA/Si molar ratio of 0.2 comparing the
synthesis at the dispersion pH value of 12.08 and at the pH valued adjusted at 8.0 with HCI
or HF 0.1 N. After the dispersion stirring at 90 °C for 3 days, the products were washed
with an ethanol/water (1:1 v/v) mixture, filtered and air dried.

Finally, to examine the effect of the surfactant removal efficiency, 1 g of Na-
kanemite was dispersed in 20 mL of an aqueous solution of 0.1 M ODTMABTr and stirred at
70 °C for 3 days. The products were washed with an ethanol/water (1:1 v/v) mixture,
filtered or centrifuged and air dried. In parallel, the excess of surfactant was removed by
filtration or centrifugation, without washing, and air dried.

The name of the products and the synthesis conditions were summarized in Table 1.

2.3. Characterization.

Thermogravimetric (TG) analyses were performed using a TA (SDT-Q600)
instrument to determine the amount of residual water and surfactant in the Textural and
Thermal Analysis Service of the ICMS (CSIC-US, Seville, Spain). The sample temperature
was increased up to 550 °C at a rate of 10 °C-min”' in air and it was maintained during 3

hours.
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Powder X-ray diffraction (XRD) patterns, in the region from 1° to 12° 26, were
obtained by using a transmission X-ray diffractometer Panalitical X Pert Pro. equipped
with a Cu Ka radiation source in the X-ray Diffraction Service of the ICMS (CSIC-US,
Seville, Spain). Diffractograms were obtained with a step size of 0.01° 20 and a time step
of 3.0 s. Difraction peaks were analysed using the DIFFRACP™ Evaluation package.’

Infrared spectra (FT/IR) were recorded in the range 4000-400 cm' by the
Spectroscopy Service of the ICMS (CSIC-US, Seville, Spain), as KBr pellets, using a
Nicolet spectrometer (model 510P) with a nominal resolution of 4 cm .

Single-pulse (SP) MAS-NMR spectra were recorded at the Spectroscopy Service of
SCAI (University of Cordoba, Spain) using a Bruker AVANCE WB400 spectrometer
equipped with a multinuclear probe. Powdered samples were packed in 4 mm zirconia
rotors and spun at 12 kHz. 'H MAS spectra were obtained using typical 7/2 pulse widths of
4.25 s and a pulse space of 5 s. 2Si MAS NMR spectra were acquired at a frequency of
79.49 MHz, using a pulse width of 1.4 ps (/2 pulse length = 4.2 ps) and a delay time of
300 s. °C MAS NMR spectra were acquired with proton decoupling at a frequency of
100.62 MHz, using a pulse width of 1.5 ps (7/2 pulse length = 4.5 us) and a delay time of 2
s. Na MAS NMR spectra were acquired at a frequency of 105.84 MHz, using a pulse
width of 1.1 us (/2 pulse length = 6.6 ps) and a delay time of 0.1 s. The chemical shift
values were reported in ppm with respect to tetramethylsilane for 'H, *’Si and "*C and from
a 0.1 M NaCl solution for *Na. Spectra were simulated using the DMFIT software

(Massiot et al., 2002) assuming infinite spinning speed. A Gaussian-Lorentzian model was

" © 2010 Bruker AXS GmbH, Karlsruhe, Germany
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used for all the peaks, and fitted parameters were: amplitude, position, linewidth and

Gaussian-Lorenztian ratios.

3. Results and Discussion

3.1. ODTMA adsorption and hydrophobicity of the interlayer space.

The TG curves of Na-kanemite (not shown) showed a four-step dehydration process:
step A up to 105 °C, step B from 105 to 159 °C, step C from 159 to 216 °C and step D from
216 to 325 °C (Corredor et al., 2013). Beneke and Lagaly (Beneke et al., 1997) suggested
the presence of two types of water in the interlayer space of kanemite, with one type
forming an interlamellar monolayer of water molecules and the other being trapped within
vacancies of the folded SiO;OH hexagonal rings. Additional water molecules were
adsorbed on the external surface, with hydroxyl groups being the source of the evolved
water. Each step in the TG curve could not be assigned exclusively to one particular
species. Thus, the surface water and interlamellar water were released in step A, water
within the hexagonal rings may be released in steps B and C and some of the hydroxyl
groups were released in step D (Hayashi, 1997). The weight loss was calculate in two
regions: 25-200 °C due to water loss and 200-550 °C due to hydroxyl groups (Table 1) and
both weight loss were close to the ideal composition of Na-kanemite (Kuroda, 1996).

To investigate the structure and properties of the alkyltrimethylammonium molecules
adsorbed onto organokanemite, it was necessary to evaluate the amount of adsorbed
surfactant and it was monitored by TGA (Osman et al., 2000; Osman and Suter, 2002;

Osman et al., 2003). Two endothermic and two exothermic changes were seen in the DTA
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curve of the organokanemites (not shown). The endothermic changes, between 25-200 °C,
were due to water loss and the exothermic changes, between 200-500 °C, were due to the
decomposition of the ODTMA (Onal and Sarikaya, 2008). Therefore, the TG analysis was
divided into two parts. First, the amount of interlayer water was determined from the
weight loss in the temperature range of 25-200 °C. The weight loss between 200 and 550
°C was then used, with the assumption that in the as-made kanemite some of the hydroxyl
groups were released in this range, to determine the number of ODTMA molecules
adsorbed by the kanemite (Xie et al., 2001).

In general, the amount of adsorbed ODTMA of the ODTMA-K-1, ODTMA-K-2,
ODTMA-K-3 and ODTMA-K-4 (Table 1) ranged between 17.65 % w/w and 34.22 % w/w
which were lower than the theoretical value for a total adsorption, 42.54 % w/w. The
ODTMA amount diminished up to the half after washing but the separation process
(filtration or centrifugation) didn’t seem to have a significant influence. The **Na MAS
NMR spectra (Fig. SI1a) evidenced the decrease of the Na NMR signal when samples were
not washed, in good agreement with a higher amount of ODTMA exchanged. The
replacement of the hydrated Na' by an organic cation changed the surface properties from
hydrophilic to hydrophobic (Jayne and Boyd, 1991), which cause a reduction of the water
content proportional to the amount of adsorbed ODTMA. The amount of the ODTMA in
the starting mixture would allow replacing only 36 % of the Na", explaining the presence of
water molecules in the products.

The comparison of the TG of the ODTMA-K-1, ODTMA-K-5, ODTMA-K-6,
ODTMA-K-7, ODTMA-K-8 and ODTMA-K-9 (Table 1) allowed evaluating the effect of
temperature and time of stirring in the adsorption of ODTMA. The amount of adsorbed

ODTMA ranged between 17.34 % w/w and 31.22 % w/w which were lower than the
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theoretical value for a total adsorption, 42.54 % w/w. At each reaction time, the amount of
adsorbed ODTMA increased with temperature -at 2 days of stirring, the weight loss in this
region was almost double at 90 °C than at 70 °C-, but the influence of temperature
decreased at longer stirring time - at 7 days, the weight loss was almost the same at both
temperatures-. “Na MAS NMR spectra (Fig. SI1b) showed that despite the adsorbed
amount of ODTMA, the intensity of Na NMR signal decreases when the temperature
increases. Hydrolysis processes in the interlayer space, favored with increasing temperature
and time, could be the accountable of this behavior.

A direct relation between ODTMA adsorption and water loss was not observed, thus,
the hydrophobicity of organokanemite could be related not only to the substitution of Na"
by ODTMA but also to the ODTMA packaging. At reaction time above 2 days, the weight
loss due to water removal was higher at 70 °C than at 90 °C and the minimum water content
and the minimum intensity of the “’Na NMR signal (higher hydrophobic character of
interlayer space) was reached when the synthesis conditions were 90 °C and 7 days.

The analysis of the pH effects on the adsorbed surfactant and the hydrophobic character
of the organokanemite were made by the comparison of the TG of the ODTMA-K-8,
ODTMA-K-10 and ODTMA-K-11 (Table 1). The amount of adsorbed ODTMA ranged
between 21.98 % w/w and 36.69 % w/w which were lower than the theoretical value for a
total adsorption, 42.54 % w/w. However, the pH correction favored the adsorption of
ODTMA which was higher when the adsorption was carried out in a HCl media than in a
HF media. The weight loss due to water removal, 25-200 °C, diminished proportionally to
the amount of the adsorbed ODTMA due to an increment of the hydrophobicity. The *Na

MAS NMR spectra (Fig. SIlc) showed that the pH adjustment provoked almost the
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disappearance of the Na NMR signal, as a consequence of the high ODTMA adsorption
and the released of protons by the acid media.

The analysis of the effect of the ODTMA/Si molar ratio on the adsorbed surfactant and
the hydrophobic character of the organokanemite were made by the comparison of the TG
of the ODTMA-K-1, ODTMA-K-12 and ODTMA-K-13 (Table 1). As the ODTMA/Si ratio
increased in the starting mixture, the amount of adsorbed ODTMA increased up to 43.18 %
w/w but the total substitution of Na” by ODTMA was not achieved, as it could be seen on
the Na MAS NMR spectra (Fig. SIld), even when its amount in the synthesis
composition was enough. The weight loss due to water removal, between 25-200 °C, and
the intensity of *’Na NMR signal diminished proportionally to the amount of the adsorbed
ODTMA, explained by an increment of the hydrophobicity when the ODTMA amount in
the synthesis mixture increased.

As previously reported (Corredor et al., 2013), the 'H MAS NMR spectra of Na-
kanemite (Fig. SI2a) showed two types of signals at around 15.5 and 5.3 ppm (signals I and
I1, respectively), which were assigned to hydroxyl groups involved in hydrogen bonds and
water molecules, respectively (Hayashi, 1997). In general, the '"H MAS NMR spectra of
organokanemite (Fig. S21) exhibited the total disappearance of the signal at ca. 15.5 ppm
due to the brokenness of the hydrogen bonds between layers as a consequence of the
intercalation of ODTMA and a drastically diminishing of the water signal at ca. 5.3 ppm, in
good agreement with the TG data which showed an increase of the interlayer space
hydrophobicity. Additionally, two new set of signal were observed in those spectra. A
broad signal at ca. 1.5 ppm (signal IV) is due to isolated silanol protons (Yesinowski et al.,
1988) and agreed with the brokenness of the OH involved in the hydrogen bonding. And

the three narrow signals in the range between 0 and 3.5 ppm are due to the ODTMA, where
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the two signals at 1.3 and 0.9 ppm (signals V and VI) are due to the alkyl chain (Alba et al.,
2011) and the signal at 3.2 ppm (signal IIl) is due to the methyl groups of the head
(Abraham and Mobli, 2008).

The comparison of the 'H MAS NMR spectra of ODTMA-K-3 vs ODTMA-K-1 and
ODTMA-K-4 vs ODTMA-K-2 (Fig. SI2a) showed the absence of the signal at ca. 1.5 ppm
(signal IV, isolated OH groups) in the no-washing samples. This inferred that the excess of
the ODTMA in those samples (ODTMA-K-3 and ODTMA-K-4) was adsorbed on specific
sites (isolated OH groups) and not in the interlayer space of kanemite (no specific sites).

The analysis of TG as a function of temperature and time of stirring showed that there
was not a direct relation between ODTMA adsorption and water loss and it was confirmed
by the intensity of water signal (at ca. 5.3 ppm, signal IT) in the 'H MAS NMR spectra (Fig.
SI2b). However, these spectra revealed a parallel intensity increment of the signal at ca. 5.3
ppm, water, and the signal at ca. 1.5 ppm, isolated OH groups, at higher stirring
temperature which could explain the higher water loss (probably due to water adsorbed on
surface among than those in the Na' coordination sphere) in spite of the higher adsorbed
ODTMA observed by the TG data. As observed by TG, after 7 days of stirring, both

temperatures caused the same effect.

3.2. Package structure of the ODTMA in the interlayer space.

The XRD patterns of the organokanemites were shown in the left side of Fig. 1-4 and
all of them showed two reflections between 2 and 3° 26 and 4 and 5° 26 which
corresponded to the 001 and 002 planes, and proved the layered nature of the products. In

addition, in all XRD patterns, except in ODTMA-K-10 and ODTMA-K-11, a reflection at
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8.65° 20, 020 reflection of Na-kanemite (Corredor et al., 2013), was observed. It agreed
with the fact that the amount of ODTMA employed was not enough for the total
replacement of Na', as deduced from the TG data (Table 1). In the case of the ODTMA-K-
10 and ODTMA-K-11 (Fig. 3, left), the absence of Na-kanemite 020 reflection could be
interpreted by its solubilization in HCI or HF medium or the Na" exchange by proton. The
last interpretation should be ruled out because acid protons were no detected by 'H MAS
NMR (see Fig. Sllc).

Although the basal spacings of n-alkylammonium intercalated compounds generally
tend to be larger with the increase in the contents of organic fractions (Weiss, 1963), this
tendency was not found for the lamellar ODTMA silicates derived from kanemite, as
previously observed in HDTMA-kanemite (Kimura et al., 2000). It could be interpreted on
the basis of 'H MAS NMR spectra (Fig. SI1) that showed ODTMA adsorption not only
occurred at no specific sites (cationic exchange) but also at specific ones (associated to
isolated OH groups).

The washing process did not affect the long range order of organokanemite (Fig. 1, left)
and the only effect was an increase of the intensity of the Na-kanemite 020 reflection after
washing as consequence of the partial removal of ODTMA, as observed by TGA.
Additionally, the XRD of ODTMA-K-3, which exhibited the higher ODTMA weigh loss
by TGA, showed a small reflection at 3.07° 26 corresponding with free ODTMARBT.

The effect of the stirring time and temperature on the long range order of the
organokanemite could be analyzed from the relative intensity of the 002 reflection vs 001
reflection (Fig. 2, left). As temperature and time increased, the intensity of 002 reflection
increased with the exception of 7 days, when both temperatures gave rise the same results.

Thus, 90 °C and 3 days of stirring gave the best ordered lamellar structure except in the
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case of pH adjustment, from 12.1 to 8.0, with HCI or HF (Fig. 3, left). Organokanemites
synthesized in the HCI or HF media showed lamellar structure with a dgp;=4.02-4.04 nm
but the 002 reflections were absents.

The ODTMA/Si ratio in the synthesis mixture did not affect the long ranger order of the
organokanemite (Fig. 4, left) and the only effect was a drastically diminishing of the Na-
kanemite 020 reflection at high ODTMA/Si ratio. Even in the case of an excess of
ODTMA, ODTMA-K-12 and ODTMA-K-13, the reflection at 3.07° 20, due to free
ODTMABT, was not observed and it was in good agreement with the TG data (Table 1) that
revealed lowest ODTMA adsorption than cationic exchange capacity.

In no case was observed a XRD pattern due to a hexagonal phase as occurred with
HDTMA-kanemite (Kimura et al., 2000).

BC NMR MAS spectroscopy (Fig. 1-4, right) was used to probe the structure,
conformation and dynamics of the alkyl chains and gave an insight into the conformational
heterogeneity and differences in chain packing at the interfaces. In general, the *C NMR
spectra (Fig. 1-4, right) showed a set of signals that could be assigned as follows (Wang et
al., 1996): the terminal methyl group (C,s) of the alkyl chains appeared at around ¢ = 14.7
ppm, whereas the C; ;7 and C; carbons appeared at around 6 = 23.5 ppm and 27.1 ppm,
respectively. The weak and broad peak at 67.0 ppm was assigned to the N-methylene group
(C)) while the 54.1 ppm peak was associated with the N-methyl group (Cy). The remainder
of the internal methylenes (C4-C;6) was lumped together in a doublet centered at 33.1 and
30.8 ppm.

A detailed analysis of the °C resonances of the internal methylenes (C4-C5) provided
information regarding the molecular conformation and packing. The peak at around ¢ = 33

ppm was due to an all-trans conformation and the peak at lower frequency (6 = 30 ppm)
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was due to a dynamic average between the gauche and trans conformations (Wang et al.,
2000). The contribution of each configuration depended on the synthesis parameters. The
ratio between them was displayed in the figure as well.

The removal of up to the half amount of ODTMA after washing provoked a considerable
increases in the gauche -trans conformation due to the lower packing degree of ODTMA in
the interlayer space (Fig. 1, right) (Alba et al., 2011; Pazos et al., 2012). Same effect was
observed when the ODTMA/Si was modified in the synthesis mixture (Fig. 4, right). The
all-trans conformation was favored by filtering separation.

The observed high long-range order as consequence of the stirring time and temperature
was also reflected in the increasing of the all-frans conformation of the ODTMA in the
interlayer space (Fig. 2, right). The higher proportion of all-frans conformation was
obtained at a stirring condition of 90 °C for 3 days.

As it can be predicted the adjustment of pH with HCl or HF provoked a disordered
lamellar structure where the most of ODTMA adopted a dynamic average between the

gauche and trans conformations (Fig. 3, right).

3.3. Structural study of the organokanemite framework.

Whereas the *’Si MAS NMR spectra of Na-kanemite showed a unique signal at -97.3
ppm due to Q’ environment (Corredor et al., 2013), the ODTMA-kanemites showed the
presence of SiO4 species of both Q°, signals in the range -95 to -101 ppm, and Q*
environments, signals in the range -101 and -111 ppm, (Fig. 5-8, right) (Lippman et al.,
1980). This NMR profile was observed in many cases as an evidence of the formation of a

3-D silicate network of the hexagonal structure (Inagaki et al., 1993); however, here the Q*
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silicate species were detected in the lamellar structure. This structural change of the silicate
frameworks was never found for organoammonium intercalation compounds of other
layered silicates (Ogawa and Kuroda, 1995), the Q" silicate species being related to the
unique structure of kanemite and was previously reported for HDTMA-kanemite (Kimura
et al., 2000). Those Q" environments were formed by the interlayer condensation, favored
by the structure of the kanemite. In fact, the individual silicate sheets of kanemite,
composed of SiO4 tetrahedra, were wrinkled regularly and the adjacent Si-OH groups were
alternatively confronting each other, provoking the condensation of the interlayer (Gies et
al., 1998; Garvie et al., 1999; Vortmann et al., 1999). The loss of H---O---H bridges
between layer (see 'H MAS NMR results) that accompanied the appearance of the Q4
environments strengthened this idea.

The quantification of the Si MAS NMR spectra was carried out from the
deconvolution of the spectra and the Q4/(Q3+Q4) ratios were summarized in Table 1. In
general, no relation between Q*(Q’+Q") ratio and adsorbed ODTMA was observed as
noted in the case of HDTMA-kanemite (Kimura et al., 2000). Only in the case of an
increment of ODTMA/Si ratio in the synthesis mixture (Fig. 8, left), the increment of
adsorbed ODTMA (see TG results) provoked an increment of Q*/(Q*+Q") ratio from 0.27
to 0.52.

The peak intensity due to Q* silicate species increased and the Q° peaks were broadened
(Fig. 6, left) with the increase in the stirring temperature and time. The flexibility of the
silicate framework in kanemite became lower by intralayer condensation, and the lamellar

phases occurred more easily.
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Although, the pH value intensely affected the behavior of silicate species in the reaction
mixtures (Liebau, 1985), the adjustment of pH with HCI or HF did not affected the Q*
formation as much as stirring temperature and time did (Fig. 7, left).

Vibrational spectroscopy could also provide valuable structural information which is
complementary to that obtained from XRD and NMR and provided invaluable information
regarding the hydrogen bonding, Si-O-Si bond angles, the network connectivity, and the
size of the ring systems formed by SiO4 tetrahedra in kanemite (Huang et al., 1998). Here,

the bands in the 800 to 1300 cm ' region were analyzed because they were attributed to

SiO-stretching vibrations (Xi et al., 2005). Na-kanemite (Fig. SI3, left) exhibited IR bands
at 1165, 1049 and 906 cm™. The high frequency band at about 1170 cm™ was assigned to
the asymmetric stretching vibrations of Si-O-Si bridges, v,s(Si-O-Si), with angles close to
180° (Huang et al., 1999). The band at 1049 cm™ was assigned to the stretching vibration of
terminal Si-O” bonds, 1(Si-O"), of the Q’ species and the low frequency band at 906 cm™
was due to the symmetric stretching vibrations of Si-O-Si bridges, v4(Si-O-Si) (Huang et
al., 1998).

After ODTMA adsorption (Fig. 5-8, right), two small bands were observed at ca. 965
cm’', marked with asterisk in the Figures, due to vibrational mode of ODTMA molecules
(see Fig. SI3, right). The intensity of these bands diminished after washing (Fig. 5, right)
and increased with the initial ODTMA amount (Fig. 8, right), stirring time and temperature
(Fig. 6, right) and after pH adjustment (Fig. 7, right). In these samples where the intensity
of ODTMA vibrational bands were strong, the V(Si-O’) bands shifted to higher

wavenumber which denoted an interaction between the ODTMA and the kanemite siloxane
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layer immediately upon contact, as previously observed in montmorillonite intercalated
with ODTMA (Xi et al., 2005).

A new vibrational band close to 1230 cm™, marked with + in Fig. 5-8 right, was
observed in ODTMA-kanemites, as previously observed in magadiite and kenyite, and was
attributed to the existence of five-membered rings (Garcés et al., 1988). The appearance of
this band was accompanied of an intensity diminishing of the v,4(Si-O-Si) vibrational band
with angles close to 180°. The evidence of five-membered rings formation in ODTMA-
kanemite could explain the existence of the Q* environment observed by *’Si MAS NMR.
The intensity of this vibrational band diminished after washing (Fig. 5, right) and increased
with initial ODTMA amount (Fig. 8, right), stirring time and temperature (Fig. 6, right) and
after pH adjustment (Fig. 7, right).

Finally, the IR/FT spectra of ODTMA-K-10 and ODTMA-K-11 (Fig. 7, right) were
characterized by the absence of the v,y(Si-O-Si) and v4(Si-O-Si) vibrational bands of
kanemite which could be interpreted as the kanemite solubilization in the HCl or HF

medium, as previously evidenced by XRD (Fig. 3, left).

4. Conclusions

ODMTA molecules were efficiently intercalated in the interlayer space of kanemite
and an ordered lamellar structure was obtained in all synthesis conditions. The adsorbed
ODTMA adopted a combination of all-trans and trans-gauche conformations.

The ODTMA adsorption in kanemite did not only caused a decrease in the water
content of the interlayer space (hydrophobicity enhancement) but also produced changes in

the silicate framework, which were found to be drastic when the adsorption was carried out

19



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

in HCI or HF medium. The main silicate framework change was the disruption of the
intralayer H---O---H bridges accompanied by the formation of SiO4 Q* environments and
five-member rings.

The adsorbed amount of ODTMA and its decreased interlayer water content
(hydrophobicity), the long range order of organokanemite, the surfactant packing in the
interlayer and the reorganization of the silicate framework were highly affected by the
ODTMA/SI ratio, stirring temperature and time, pH adjustment and washing. However, the
influence of separation mode, filtration or centrifugation, was not relevant.

Those findings widen the understanding of the reaction system of kanemite with
ODTMA, and hence, contribute to the design of novel materials with useful potential
applications. On one hand, ODTMA-kanemites can be used for the preparation of layered
materials with tuned capacity for adsorption of organic-inorganic contaminants, due to the
partial hydrophobicity of the interlayer space. On the other, they can work as a precursor
for the design of new mesostructured silicates, due to the flexibility of the layer that keep

on after the adsorption, as evidenced by the persistence of Q® environment.
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Table 1. Names of the ODTMA-Kanemites and synthesis conditions. Water and ODTMA content derived
from TG analysis and Q* content calculated from *Si MAS NMR

% wiw

ODTMA/

H

Product Name Si molar . P t Water® ODTMA"  QYQ*+Q’

. adjustment
ratio
Kanemite -- -- - -- 23.58 5.05% --

ODTMA-K-1™* 0.18 No 70°C  3days  22.85 17.65¢ 0.27
ODTMA-K-2"* 0.18 No 70°C  3days  23.49 19.08¢ 0.18

ODTMA-K-3" 0.18 No 70°C  3days  14.01 34.22¢ 0.27

ODTMA-K-4¢ 0.18 No 70°C  3days  19.54 30.30¢ 0.27
ODTMA-K-5™" 0.18 No 70°C  2days  18.70 17.34¢4 0.15
ODTMA-K-6"F 0.18 No 70°C  7days  19.19 29.34¢ 0.26
ODTMA-K-7*f 0.18 No 90°C 2days  19.25 31.22¢ 0.38
ODTMA-K-8*f 0.18 No 90°C  3days  17.93 21.98¢ 0.41
ODTMA-K-9 *f 0.18 No 90°C  7days  15.59 29.66° 0.43
ODTMA-K-10™F 0.18 HCI 90°C 3days 6.73 36.69° 0.42
ODTMA-K-11"f 0.18 HF 90°C 3days  7.69 33.55¢ 0.48
ODTMA-K-12*F 0.92 No 70°C  3days  20.44 35.65° 0.41
ODTMA-K-13™* 1.84 No 70°C  3days  16.09 43.18° 0.52

(w) washed

(f) separation of ODTMA by filtration

(c) separation of ODTMA by centrifugation

(a) weight loss in the temperature range of 25 °C-200 °C

(b) weight loss in the temperature range of 200 °C-550 °C and corrected to dehydrated samples

(d) CEC of kanemite (ODTMA(3sNage4[Si,O4(OH)] structural unit, based on the initial ODTMA/Si molar ratio)
corresponds to a weight loss of ODTMA of 42.54%.

(e) CEC of kanemite (ODTMA[Si,04(OH)] structural unit) corresponds to a weight loss of ODTMA of 69.49%.

(g) weight loss due to dehydroxylation
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FIGURE CAPTIONS

Fig. 1. XRD patterns (left) and °C MAS NMR spectra (right) of ODTMA-Kanemite
synthesized at different ODTMA removal method (see Table 1). K=020 reflection of Na-
kanemite; t= all-trans configuration; and; g= dynamic average between the gauche and
trans configurations.

Fig. 2. XRD patterns (left) and C MAS NMR spectra (right) of ODTMA-Kanemite
synthesized at different temperature and time of stirring (see Table 1). K=020 reflection of
Na-kanemite; t= all-frans configuration; and; g= dynamic average between the gauche and
trans configurations.

Fig. 3. XRD patterns (left) and °C MAS NMR spectra (right) of ODTMA-Kanemite
synthesized at different dispersion pH (see Table 1). K=020 reflection of Na-kanemite; t=
all-trans configuration; and; g= dynamic average between the gauche and trans
configurations.

Fig. 4. XRD patterns (left) and °C MAS NMR spectra (right) of ODTMA-Kanemite
synthesized at different ODTMA/Si molar ratios (see Table 1). K=020 reflection of Na-
kanemite; t= all-frans configuration; and; g= dynamic average between the gauche and
trans configurations.

Fig. 5. ¥Si MAS NMR spectra (left) and IR/FT spectra (right) of ODTMA-Kanemite
synthesized at different ODTMA removal method (see Table 1). *=IR bands of ODTMA,
and, += IR band of five-member ring.

Fig. 6. Si MAS NMR spectra (left) and IR/FT spectra (right) of ODTMA-Kanemite
synthesized at different temperature and time of stirring (see Table 1). *=IR bands of
ODTMA, and, += IR band of five-member ring.

Fig. 7. Si MAS NMR spectra (left) and IR/FT spectra (right) of ODTMA-Kanemite
synthesized at different dispersion pH (see Table 1). *<IR bands of ODTMA, and, += IR
band of five-member ring.

Fig. 8. Si MAS NMR spectra (left) and IR/FT spectra (right) of ODTMA-Kanemite
synthesized at different ODTMA/Si molar ratios (see Table 1). *<IR bands of ODTMA,
and, += IR band of five-member ring.
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Figure 2
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Figure 3
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Figure 4

4 1/1=0.77
3.73 nm o't
gauche
ODTMA-K-13 »
cl
1.80 nm
370 0N k kK ODTMA-K-13
1.80 nm ODTMA-K-12
AL ODTMA-K-12
4.00 nm
1.83 nm ODTMA-K-1 ODTMA-K-1
T T T T T T T T T T T 1 T T T T T T 1
1 2 3 4 5 6 7 8 9 10 11 12 70 60 50 13,40 30 20 10
29 C (ppm)

31



Figure 5
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Figure 6
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Figure 7
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Figure 8
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