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Abstract—Kaolin-group clay minerals can be modified to form nanotubular and mesoporous structures
with interesting catalytic properties, but knowledge of the best methods for preparing these structures is
still incomplete. The objective of this study was to investigate intercalation/deintercalation as a method for
the delamination and rolling of kaolinite layers in relation to structural order. To prepare nanotubular
material, kaolinites of different crystallinities and halloysite (all from Polish deposits) were chosen. The
experimental procedure consisted of four stages: (1) preparation of a dimethyl sulfoxide precursor
intercalate; (2) interlayer grafting with 1,3-butanediol; (3) hexylamine intercalation; and (4) deintercala-
tion of amine-intercalated minerals using toluene as the solvent. Structural perturbations and changes in the
morphology of the minerals were examined by X-ray diffraction, Fourier transform infrared spectroscopy,
differential scanning calorimetry, and transmission electron microscopy (TEM). The number of rolled
kaolinite layers depended heavily on the efficiency of the intercalation steps. An increase in the structural
disorder and extensive delamination of the minerals subjected to chemical treatment were recorded.
Kaolinite particles which exhibited tubular morphology or showed rolling effects were observed using
TEM. The nanotubes formed were ~30 nm in diameter, with their length depending on the particle sizes of

the minerals.
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INTRODUCTION

Chemical modifications of clay minerals have great
potential in scientific and industrial applications
(Murray, 2000; Serwicka and Bahranowski, 2004). The
ability to combine the properties of an inorganic matrix
with organic molecules at a molecular level allows for
the design of improved nanocomposite materials
(Tunney and Detellier, 1997; Gardolinski and Lagaly,
2005a; Elbokl and Detellier, 2006; Liu et al., 2008).
Nanotubular and mesoporous materials have received
much attention because of their interesting catalytic
properties (Zimowska et al., 2007). Examples of such
solids include derivatives structurally related to the
FSM-16 (Folded Sheet Material) and MCM-41 (Mobile
Crystalline Material) compounds (Inagaki et al., 1993;
Lin and Mou, 1996). FSM-16 was obtained from the
layered mineral, kanemite, and is constructed from
folded siliceous sheets which form mesopores. MCM-
41 consists of hexagonal arrays of nm-sized cylindrical
pores and can be synthesized by condensation of silica
onto cylindrical cationic micelles. Fibrous and tubular
structures, of natural or synthetic origin, are versatile,
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relatively cheap, and have large surface areas (Nakagaki
and Wypych, 2007). The chemical composition and
surface reactivity of such materials can be controlled
easily by increasing the concentration of active sites or
by the immobilization of active molecules (Nakagaki et
al., 2006; Machado et al., 2008).

Kaolinite, Al,Si,05(OH)4, is a dioctahedral 1:1
phyllosilicate, used in the synthesis of nanotubes and
mesoporous silica (Dong et al., 2003; Madhusoodana et
al., 2006). Dong et al. (2003) carried out experiments
which involved surfactant intercalation, acid addition,
and hydrothermal treatment. The formation of nanotubes
was related to significant perturbations and/or destruc-
tion of the initial layered structure.

Many factors, such as Fe content, crystallinity,
surface tension, strength of interlayer bonding, and
environment and history of formation, were reported to
influence the observed morphology of kaolin-group
minerals (Hope and Kittrick, 1964; Joussein et al.,
2005). Tubular morphology was related to dimensional
misfit between the tetrahedral and octahedral sheets
(Bates et al., 1950). A more recent study (Singh, 1996)
revealed that when interlayer hydrogen bonds of kaolin-
ite are weakened, layers tend to roll in order to correct
the misfit between sheets. In the case of strong hydrogen
bonds, tetrahedral rotation occurs and planar particles
are observed.
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Nitrobenzene treatment leads to the breaking of
kaolinite interlayer bonding and causes crystallites to
curl (Hope and Kittrick, 1964). Singh and Mackinnon
(1996) reported that planar kaolinite particles may be
transformed into tubular halloysite by repeated inter-
calation with potassium acetate. Such treatment pro-
duced a highly disordered mineral, as recorded by
Wiewiora and Brindley (1969). The formation of a
partially delaminated structure with halloysite-like
morphology was also observed in the reactions with
ammonium acetate and octylamine (Weiss and Russow,
1963; Poyato-Ferrera et al., 1977). However, an
effective method which successfully delaminates kaolin-
ite layers forming halloysite-like tubes, without Si/Al
framework dissolution, was described by Gardolinski
and Lagaly (2005b). In their work, intercalation of
kaolinite using long-chain amines was performed in
order to weaken the hydrogen bonds.

In the present study, kaolin-group minerals from well
known Polish deposits were treated according to the
intercalation/deintercalation method proposed by
Gardolinski and Lagaly (2005b). The main objective
was to investigate the delamination and rolling of
kaolinite layers in relation to structural order.
Secondly, the reactivity of these clays towards the
intercalation and grafting processes was examined.
Changes in the thicknesses of the kaolin particles during
the experimental stages were also studied.

MATERIALS AND METHODS

Materials

Halloysite and kaolinites with different degrees of
structural order were used and are labeled as follows:
‘Maria III” (well crystallized kaolinite) — M; ‘Jaroszow’
(poorly crystallized kaolinite) — J; and ‘Dunino’
(halloysite and kaolinite mixture) — H. The <2 pm
fraction, separated by centrifugation, was used for all
reactions. In addition, a <40 pm fraction of the ‘Maria
III’ deposit was used (labeled M40). Deionized water
and analytical, reagent-grade chemicals were used
throughout. Dimethyl sulfoxide (DMSO), ethanol, acet-
one, diethyl ether, cyclohexane, and toluene (T) were
obtained from POCH-Polish Chemical Reagents.
Hexylamine (HX) and 1,3-butanediol (B) were pur-
chased from Merck and Fluka, respectively.

Experimental procedure

Synthesis followed the procedure proposed by
Gardolinski and Lagaly (2005a, 2005b), consisting of
four experimental stages performed for all samples.
Intercalates of minerals with dimethyl sulfoxide were
prepared according to the method described by Olejnik
et al. (1968). The precursors obtained were reacted with
1,3-butanediol in order to synthesize grafted derivatives.
The conditions for the synthesis and post-synthesis
washing have been described elsewhere (Murakami et
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al., 2004; Gardolinski and Lagaly, 2005a). Afterwards,
the grafted compounds were subjected to intercalation
reactions with hexylamine (Gardolinski and Lagaly,
2005b). In the next stage, amine molecules were
deintercalated in experimental conditions identical to
those proposed by Gardolinski and Lagaly (2005b). The
deintercalation procedure needed a highly non-polar
solvent to remove the long-chain amine quickly, thereby
promoting separation of the kaolinite layers. Several
solvents: toluene, n-hexane, petroleum ether, and carbon
tetrachloride, were tested by Gardolinski (J.E.F.C.
Gardolinski, pers. comm., 2008). Toluene gave the best
results and so was used for the experiments. The
products obtained after each experimental step were
dried at 60°C for 24 h.

Analytical methods

Powder X-ray diffraction (XRD) patterns of unoriented
samples were recorded, in the range 2—30°20 in steps of
0.05°20, using a Philips APD PW 3020 X’Pert instrument
with CuKa radiation and a graphite monochromator. The
degree of intercalation was estimated according to the
formula: 7./(I.+17)*100%, where I. was the basal peak
intensity of the new intercalate and /; was the intensity of
the kaolinite 001 peak after intercalation (Churchman et al.,
1984). This method provided values for the degree of
intercalation, on the basis of diffraction peaks of the
intercalated phase (/) and the unreacted phase (/7). In
addition, the degree of intercalation was estimated on the
basis of kaolinite 001 peak intensity before (/;g) and after
(I;) intercalation, according to the formula: 100%-(/;/
I7;r)*100%. Decomposition of diffraction peaks in the
20—23°20 region, necessary for the Aparicio-Galan-Ferrell
index calculations (Aparicio et al., 2006), was performed
using WinFit 1.2.1 software created by Stefan Krumm. The
average number of layers per crystallite was calculated from
the 002 reflection broadening, using the Scherrer formula
(Patterson, 1939). The Fourier transform infrared (FTIR)
spectra were collected after 256 scans at 2 cm ™' resolution
in the region of 4000—400 cm ™ 'using a Bio-Rad FTS-60
spectrometer. Samples were prepared using the standard
KBr pellet method (0.5 mg of sample per 200 mg of KBr).
Differential calorimetric (DSC) and thermogravimetric
(TG) analyses were carried out using a Netzsch STA 409
PC/PG instrument (sample mass: 10 mg, heating rate: 10°C/
min, air flow: 30 mL/min). Observations of the morphology
of the samples prepared were collected using a JEOL JSM
7500F field emission scanning electron microscope coupled
with TEM mode and a JEOL JEM 200CX transmission
electron microscope.

RESULTS AND DISCUSSION

Characterization of raw samples

The XRD patterns of the raw kaolin-group minerals
used for the experiments (Figure 1) revealed that both
the ‘Maria III” (M, M40) and ‘Jaroszow’ (J) kaolinites
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contained small admixtures of quartz. In addition, the
presence of a 10 A peak indicated that both the M and
M40 samples contained small amounts of illite. The
presence of illite and mixed-layered smectite-illite was
recorded for the J sample. The proportion of halloysite to
kaolinite for the dehydrated ‘Dunino’ sample (H) was
estimated using the formamide method proposed by
Churchman et al. (1984). The tests performed indicated
that the ratio of halloysite-(7 A) to kaolinite was 59:41.

The Hinckley index (ky), Stoch factor (fs), and
Aparicio-Galan-Ferrell index (AGFI) were taken as a
measure of structural order (Hinckley, 1962; Stoch,
1974; Aparicio et al., 2006; Brigatti et al., 2006). For the
M and M40 samples, the ky; and fg values were identical
and equal to 1.31 and 0.71, respectively (Bahranowski et
al., 1993). For the J and H samples, ki was calculated as
0.22 and 0.33, while the fg values were 1.74 and 1.15,
respectively (Bahranowski et al., 1993). The AGFI
value, which is based on XRD-profile fitting, proved to
be less sensitive to admixtures of other minerals than ky
and fg (Aparicio et al., 2006). The AGFI values
calculated for the M, M40, J, and H samples were
1.39, 1.38, 0.37, and 0.63, respectively.

All three crystallinity indexes, as well as the presence
of four clearly resolved absorption bands in the OH-
stretching region (3700—3600 cm_l) of the IR spectra
(Figure 2), confirmed that ‘Maria III’ is a low-defect
kaolinite (Farmer and Russell, 1967; Farmer, 1974). The
values of the crystallinity indexes and the changes in the
relative intensities and shapes of bands in the OH region
(Figure 2) in comparison with the IR spectra of ‘Maria
III” kaolinite indicated that ‘Jaroszow’ is a poorly
crystallized, high-defect kaolinite (Farmer and Russell,
1967; Farmer, 1974). The very low-intensity absorption
band at ~3650 cmfl, for the H sample (Figure 2), is
probably related to the presence of water molecules
occupying the interlayer space of halloysite (Stoch,
1974).

The structural order of the kaolinites examined is
strongly related to the shape of their particles. Well
developed hexagonal plates were observed frequently in
the M and M40 samples (Figure 3a,b) while rounded
particles with edges which were less sharp were
characteristic for sample J (Figure 3c). Halloysite
observed in the H sample consisted of laths, tubes, and
plates (Figure 3d).

Preparation of DMSO derivatives

Intercalation with DMSO was successful for all
minerals. In all cases a basal peak of a new derivative
of 11.26 A was observed (Figure 1), in good agreement
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with values from the literature (Olejnik et al., 1968;
Thompson and Cuff, 1985; Hayashi, 1997). The relative
increase in peak intensity and/or the appearance of new
reflections in the region from 20 to 23°20 suggested that
the DMSO molecules have a tendency to adopt an ordered
arrangement and probably induced new order in stacking
of layers in the mineral structure (Figure 1). The presence
of distinct second- (5.62 A) and third- (3.73 A) order
reflections for the DMSO intercalates, indicated a high
degree of stacking order along the ¢ axis (Figure 1).

Regardless of the starting material, the IR spectra of
the DMSO intercalates (Figure 2) showed significant
changes in the OH-stretching region (3700—3600 cm ™).
This involved a simultaneous decrease in the intensity of
the 3697 cm™' band, an increase in intensity of the band
at ~3663 cm ', and the appearance of bands at
~3540 cm™', 3502 cm™', and 957 cm~'. New sharp
bands resulted from the formation of hydrogen bonds
between DMSO and mineral interlayer hydroxyls
(Olejnik et al., 1968). The kaolinite lattice vibrations
(1200—1000 c¢m™') also showed perturbations after
intercalation. The two most intense bands at
~1033 cm™' and 1008 cm™' were shifted to greater
frequencies in the case of the MDS and M40DS samples.
In turn, for the JDS and HDS samples, the first band
remained unaffected, while the latter was shifted to a
greater frequency. These bands were previously assigned
to the in-plane Si-O-Si stretching vibrations of kaolinite
(Farmer, 1974). The perpendicular Si-O vibrations,
observed for all samples in the region
1099—1109 cm™" (Farmer, 1974), were only slightly
altered. In addition, a new band was recorded at
~1125 cm ™!, for the M40DS sample. Moreover, Si-O-
Si bending vibrations found at ~538 cm™' (Farmer,
1974) were shifted to 552 cm™" for the MDS sample, to
550 cm~' for the M40DS sample, and to 545 cm™' for
the HDS sample, while it remained unchanged in the
case of the JDS sample. A decrease in the intensity of
this band was observed in all cases. Much greater shifts
of the bands were observed for the MDS and M40DS
samples than for the JDS and HDS samples, indicating
that after DMSO intercalation the well ordered kaolinites
underwent structural perturbations to a greater extent
than the poorly ordered samples.

Intercalation was most efficient for the ‘Maria III’
kaolinite. Regardless of the particle size (<2 pm and
<40 pum), the degree of intercalation reached ~95%
(MDS, M40DS). The value was less for the ‘Jaroszow’
kaolinite (JDS) and for the ‘Dunino’ halloysite (HDS),
where it was 85% and 90%, respectively. The degree of
intercalation, calculated only on the basis of the kaolin-

Figure 1 (facing page). XRD patterns of: (a) M — ‘Maria III” kaolinite (<2 pm); (b) M40 — ‘Maria III” kaolinite (<40 um); (c) J —
‘Jaroszow’ kaolinite (<2 um); and (d) H — ‘Dunino” halloysite (<2 pm) after: DS — DMSO intercalation; B — 1,3-butanediol grafting; HX
— hexylamine intercalation; and T — deintercalation by toluene. Abbreviations: Q — quartz, I — illite, S-I — mixed-layered smectite-illite.
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Figure 2 (above and facing page). FTIR spectra of: (a) M — ‘Maria III” kaolinite (<2 pm); (b) M40 — ‘Maria III” kaolinite (<40 pm);
(c)J — ‘Jaroszow’ kaolinite (<2 pm); and (d) H — ‘Dunino’ halloysite (<2 pum) after: DS — DMSO intercalation; B — 1,3-butanediol
grafting; HX — hexylamine intercalation; and T — deintercalation by toluene.

ite 001 peak, for MDS, M40DS, JDS, and HDS was 90%,
87%, 69%, and 30%, respectively. Differences in the
degree of intercalation, obtained using the two methods,
were caused by greater degrees of stacking order
observed for the intercalated phase in comparison to
the raw sample, which is noticeable for the H sample.
Differences in the degree of intercalation may be related
to the crystallinity of the starting material and also to the
amount of structural stress accumulated (Deng et al.,
2002). The greatest degree of intercalation was recorded
for well ordered ‘Maria III”’ kaolinite, and it was less for
poorly crystallized ‘Jaroszow’ kaolinite. Because the
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halloysite sample from the ‘Dunino’ deposit contains
kaolinite, its degree of intercalation cannot be compared
with those of other samples. Different degrees of
intercalation in the reactions with formamide and
DMSO, observed for the H sample, may be related to
differences in dipole moment values of these com-
pounds. The DMSO, with greater dipole moment (4.3
Debye), enters the interlayer space more easily than
formamide with lesser dipole moment (3.7 Debye).
Zhang and Xu (2007) suggested that the different
intercalation behaviors of kaolin-group minerals can be
attributed to the presence of amorphous SiO, particles
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which block the access of DMSO molecules to the
interlayer space of kaolin minerals; however, the
existence of such particles was not recorded in the
samples examined for the present study.

Interlayer grafting with 1,3 butanediol

As described by Gardolinski and Lagaly (2005b), the
derivatives obtained in the procedure, where
1,3-butanediol was used for grafting reactions, showed
predominantly tubes and rolled particles. Therefore, this
diol was used for the experiments. The basal spacing,
doo1, of 11.43 A is characteristic of kaolinite with a
1,3-butanediol monolayer trapped in the interlayer space
(Murakami et al., 2004; Gardolinski and Lagaly, 2005a).
In this arrangement, inner-surface OH groups of the
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mineral react with diol OH groups and Al-O-C covalent
bonds are formed (Tunney and Detellier, 1993).
Although the experimental conditions were identical
to those reported in the literature, only partially grafted
minerals were synthesized (Figure 1). The reaction of
MDS with 1,3-butanediol led to the formation of
crystallites occupied by diol with different orientation
with respect to kaolinite layers, as suggested by the
presence of a broad reflection in the region from 7 to
12°26 (MB). The reaction probably yielded an 8.6 A
hydrate of kaolinite (MB) (Costanzo et al., 1984). The
basal spacing of the unreacted kaolinite was also
observed. The XRD pattern of the product formed in
the reaction of the same mineral intercalate, but with
particle size of <40 pm (M40DS), contained a similar
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Figure 3. TEM images of raw samples: (a) M — ‘Maria III’ kaolinite (<2 pm); (b) M40 — ‘Maria III’ kaolinite (<40 pum);
(¢) J — “Jaroszow’ kaolinite (<2 pm); and (d) H — ‘Dunino’ halloysite (<2 pm).

broad reflection in the same region, but also had a well
defined peak at 11.52 A (M40B). This suggested a more
uniform arrangement of diol molecules in the interlayer
space of kaolinite. Reacting JDS with 1,3-butanediol
produced a phase with a basal spacing of 10.63 A JB).
In the reaction of HDS with diol, the formation of a
grafted mineral with basal spacing of 11.09 A (HB) was
noticed.

The appearance of a broad band with a maximum at
~3433 ¢cm™' (diol OH stretching) and three bands at
~2900 cm~' (C-H stretching) observed for the M40B,
JB, and HB samples, confirmed that the diol molecules
were trapped in the structures of these minerals
(Figure 2). Even though a broad 3433 cm™' band was
less evident in the IR spectra of the MB sample, the
appearance of a small band at 3599 cm ™' suggested that
some diol molecules managed to form bonds with
kaolinite (Figure 2a). The changes in relative intensities
of the bands in the OH-stretching region
(3700—3600 cm ') can also be attributed to the inter-
action of organic molecules with the crystal framework.
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The absence of the bands at ~3540 cm ™', 3502 cm ™!,
and 957 cm™' confirmed that DMSO molecules were
removed as the grafting process proceeded (Figure 2).
Bands assigned to the in-plane Si-O-Si stretching
vibrations and the perpendicular Si-O vibrations were
shifted to positions characteristic of raw samples
(Figure 2). The band assigned to Si-O-Si deformation
was shifted to lower frequencies for the M40B, JB, and
HB samples, while a shift to greater frequency was
noticed for the MB sample. The changes in positions of
the framework bands suggested that grafting contributed
to a structural rearrangement of the samples. The Si/Al
framework returned to a similar arrangement to that
noticed for the raw samples.

Differential scanning calorimetry indicated that
removal of diol molecules from the grafted compounds
took place in the temperature range 200—400°C
(Figure 4). Calculations based on TG curves showed
that the diol contents for the MB, M40B, JB, and HB
samples were 1.92%, 2.74%, 2.34%, and 6.42%,
respectively. The use of pre-intercalated minerals for


https://doi.org/10.1346/CCMN.2009.0570406

Vol. 57, No. 4, 2009 The effect of structural order

on the kaolin-derived nanotubes

459

Weight loss (%)

DSC (mW/mg)

T T
0 200 400

T
600 800

Temperature (°C)

Figure 4. DSC-TG curves of kaolin-group minerals after grafting reaction with 1,3-butanediol: MB — ‘Maria III” kaolinite (<2 pum),
M40B — ‘Maria III” kaolinite (<40 pum), JB — ‘Jaroszow’ kaolinite (<2 pm), HB — ‘Dunino’ halloysite (<2 pm).

grafting was essential. Apparently the grafting was a
two-step process. Firstly, diol molecules entered the
interlayer space and exchanged with DMSO, followed by
the formation of AI-O-C covalent bonds. The intercala-
tion and grafting of diol molecules could also have
occurred simultaneously, to some extent. The results
suggested that the reactivity of the selected kaolin
minerals toward esterification with 1,3-butanediol
increases with decreasing crystallinity of the starting
material. Differences in the basal spacings between the
results obtained in the present study and in previous
studies may be caused by different positions of the diol
molecules in the mineral structure and/or the presence of
co-intercalated water. The rate of diffusion of DMSO
and diol molecules, which is temperature dependent, as
well as reaction time could influence grafting. Neither
lowering the temperature of the process nor extending
the reaction time to 48 h enhanced grafting efficiency
(data not shown).

Hexylamine intercalation

The interlayer grafting was necessary in order to
perform hexylamine intercalation. In the reactions of
hexylamine with DMSO intercalates, without prior
grafting, intercalation did not take place (data not
shown). The degree of intercalation of amine was
determined by the efficiency of the interlayer grafting.
The XRD patterns (Figure 1) indicated that it was
greatest for the poorly crystallized kaolinite ‘Jaroszow’
(JHX) and halloysite from the ‘Dunino’ deposit (HHX).
The basal spacings of these derivatives were 22.1 A and
25.6 A, respectively. Higher-order reflections with
maxima at 12.31 A (HHX), 10.59 A (JHX), and 8.20 A
(HHX) were also recorded. Basal-spacing values indi-
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cated the presence of amine chains which are nearly
perpendicular to the basal-plane surfaces of minerals
(Komori et al., 1999; Gardolinski and Lagaly, 2005b).
Komori et al. (1999) proved that alkyl chains take a
bilayer arrangement, the amino groups react with inner-
surface OH groups of the mineral from one side and with
the tetrahedral sheet from the other side. Differences in
spacing of ~3 A may be related to the different
arrangement of amine molecules in the mineral structure
and/or the formation of kinks (Gardolinski and Lagaly,
2005b). Another possibility is the existence of a
polyphase system consisting of particles containing
layers with different amine arrangements and perhaps
random interstratifications of such layers (Klapyta et al.,
2001). Although only partially grafted phases were
formed in the reactions with ‘Maria III’ kaolinite (MB,
M40B), the presence of small broad peaks at ~29.5 A
and 22.1 A was recorded (MHX, M40HX). This
indicated that some hexylamine molecules were inter-
calated. The XRD analyses suggested that the use of
grafting products, in which diol molecules showed
different orientations in the interlayer space, for amine
intercalation reactions contributed to the formation of
amine intercalates with low order in stacking of layers.
For all of the intercalation reactions, a significant
amount of unreacted kaolinite was observed.

Intercalation of amine gave rise to a band at
~1383 cm~' (C-N stretching) and three bands in the
C-H stretching region (3000—2800 cm ') which con-
firmed interaction of long organic chains with the
mineral structures (Figure 2). Significant structural
perturbations of the Si/Al framework, on the basis of
lattice vibrations (1200—1000 cmfl), were not observed
(Figure 2).
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Deintercalation of hexylamine-intercalated minerals

The XRD patterns of deintercalated kaolin-group
minerals (Figure 1) showed significant changes in
comparison with those of amine-intercalated samples.
For the ‘Maria III” kaolinite, regardless of the particle
size, peaks in the low-angle region disappeared (MT,
M40T), indicating complete removal of amine. For the
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‘JaroszoOw’ kaolinite and the ‘Dunino’ halloysite, a
decrease in intensity (JT, HT) and a position change
(HT) for the amine intercalate 001 peak was observed.
Moreover, the second-order reflections were shifted to
10.10 A (JT) and 11.56 A (HT) positions. Partial
deintercalation was confirmed by a decrease in the
intensity of the band at ~1383 cm ™' (C-N stretching) and
the bands in the C-H stretching region (3000—
2800 cm™") (Figure 2). The FTIR spectra in the region
1200—1000 cm ™" were not altered after deintercalation.

Delamination and structural changes in kaolin minerals

Changes in the mean number of layers in particles of
kaolin-group minerals, after each experimental stage,
were recorded (Figure 5). Raw ‘Maria III’ kaolinite
particles (M, M40) consisted, on average, of ~110 layers,
while raw ‘Jaroszow’ kaolinite (J) and ‘Dunino’
halloysite consisted of ~40 and ~25 layers, respectively.
Accumulation of crystal defects, characteristic of the J
and H samples, favored the formation of crystallites with
fewer layers in contrast to low-defect M and M40
samples. Regardless of the initial mineral, a gradual
decrease in the number of layers after each experimental
step was observed. It was reduced considerably to ~35
and ~50 for the MT and M40T samples, and to 23 and 15
for the JT and HT samples, respectively. This confirmed
that chemical treatment and subsequent modifications of
the interlayer environment led to extensive delamination
of the particles.

Such functionalization processes strongly affected
the structural arrangement of the treated minerals.
Earlier studies based on detailed analysis of diffraction
profiles revealed that the major defect in kaolinites is the

b 3.0
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25 ,@

Stoch factor (fs)
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Figure 6. Changes in the Aparicio-Galan-Ferrell index (AGFI) (a) and Stoch factor (fs) (b) for kaolin-group minerals after: DS —
DMSO intercalation, B — 1,3-butanediol grafting; HX — hexylamine intercalation, and T — deintercalation by toluene.
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existence of interlayer shifts (¢, ;) between neighboring
layers: (~—a/3) and t, (~—a/3 + b/3); another
possibility is the occurrence of layers with vacant C
sites (Plangon et al., 1989; Plancon and Zacharie, 1990).
Kogure and Inoue (2005) observed the interlayer
displacements of kaolinite layers using high-resolution
transmission electron microscopy (HRTEM) confirming
the earlier studies. Crystallinity indexes do not provide
information concerning the types of structural defects
(Plangon et al., 1988). Therefore, AGFI and fg were only
used in order to assign a numerical value to the degree of
structural disorder and to evaluate the abundance of
translation defects (Figure 6). All kaolin minerals were
subjected to modifications by organic compounds
leading to qualitative structural changes. Note that
investigations based on the AGFI and fg values obtained
may only be used to determine a general trend showing
the relation between structural order and chemical
treatment. The XRD profile in the 20—23°20 region,
used to calculate the indexes, contains information about
the modified mineral as well as the untreated mineral.
Both AGFI and fg indicated that, regardless of the
particle size, the first two experimental stages (DS, B)
led to a considerable decrease in the structural order for
‘Maria III’ kaolinite (Figure 6). The fg values suggested
that grafting reactions contributed to the greatest
increase in structural disorder in kaolin minerals
(Figure 6b). The changes in the structural order indexes
were most evident for the ‘Maria III” kaolinites and were
less noticeable for the ‘Jaroszow’ kaolinite and for the
‘Dunino’ halloysite.

TEM analyses

Observations of the morphology were performed
using TEM in order to examine the rolling of the
kaolinite layers. Deintercalation of the amine-interca-
lated minerals led to a reduction of the structural rigidity
and weakening of the interlayer hydrogen bonds. As a
result, individual layers of particles formed hollow
tubes. In nature, transformation of kaolinite to halloysite
may be initiated by hydration of layers, leading to a
decrease in the structural rigidity of the crystals and
subsequent curling (Robertson and Eggleton, 1991).
Rolled particles were present in all samples, though
the amount present was related to the efficiency of the
intercalation/deintercalation stages. For the ‘Jaroszow’
kaolinite (Figure 7) and ‘Dunino’ halloysite (Figure 8),
where intercalation and grafting processes were more
intense, the occurrence of particles exhibiting tubular
morphology was more frequent than in samples of
‘Maria III’ kaolinite (Figure 9), where chemical mod-
ifications were less effective. The mean diameter of
nanotubes, regardless of the starting material, was ~30
nm which indicated bending of individual delaminated
layers (Bates et al., 1950; Gardolinski and Lagaly,
2005b). Their length clearly depended on the particle
size of the starting minerals and varied from 150 to
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500 nm. Some particles were only partially rolled, thus
showing the process of layer curling (Figure 7c¢).
Figure 9b shows a particle where bending was accom-
plished only from one side. Layers of larger crystallites
tend to roll more than once until a fully developed tube
is formed as can be concluded from the unrolled upper
ending of the particle (Figure 9b). The particle shown in

a

.

100 nm

c

Figure 7. TEM images of ‘Jaroszow’ kaolinite after the
intercalation/deintercalation process.
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Figure 8. TEM images of ‘Dunino’ halloysite after the intercalation/deintercalation process.

Figure 9c suggests that the formation of tubes was
initiated by delamination of surface layers. This was
followed by rolling of partially detached layers along
crystal faces (marked by arrows). As a result, curved
plates were still connected to the kaolinite particles,
suggesting that repeated intercalation/deintercalation
should enhance the number of rolled plates by affecting
layers which are located deeper within the particles.
Apart from the nanotubes formed due to the intercala-
tion/deintercalation procedure, the ‘Dunino’ halloysite
sample also consisted of naturally occurring halloysite
tubes (Figure 8a). These tubular particles were much
larger than those obtained experimentally, with dia-
meters of ~100 nm and >500 nm long. The presence of
both types of tubes indicated that the applied experi-
mental procedure produced new nanotubes while the
morphology of natural tubes was unaffected. Planar
particles of raw kaolinite were still present after
reactions in all cases.

CONCLUSIONS

The ability to roll kaolinite layers by means of
intercalation/deintercalation was demonstrated. The
increase in basal spacing induced by the presence of
long-chain amine reduces the strength of the hydrogen
bonds and subsequently favors separation and curling of
the layers. In the more ordered kaolinites, chemical
treatment caused a remarkable increase in structural
disorder and led to extensive delamination of crystal-
lites. Kaolinite particles which exhibited tubular mor-
phology or showed rolling effects were observed using
TEM. The nanotubes formed had mean diameters of
~30 nm and their lengths (150—500 nm) were related to
the particle size of the initial mineral. The number of
rolled kaolinite layers depended heavily on the effi-
ciency of the intercalation steps. More nanotubes were
observed for the more disordered ‘Jaroszow’ kaolinite
and for the ‘Dunino’ halloysite, where the intercalation
processes were more efficient than in the reactions with

Figure 9. TEM images of ‘Maria III” kaolinite after the intercalation/deintercalation process.
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the more ordered ‘Maria III” kaolinite. Natural halloysite
nanotubes which were observed in the ‘Dunino’ sample
were not affected by the experimental procedure applied.
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