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Inorganic-organic layered hybrid materials based on kaolinite were prepared from dehydrated potassium
acetate intercalated through the guest-displacement reaction with ethylene glycol and glycerol. These
materials were characterized and their behavior upon heating was investigated using X-ray diffraction,
diffuse reflectance Fourier transform infrared spectroscopy, and combined thermogravimetry and
differential scanning calorimetry coupled with mass spectroscopy. An intense perturbation of the AlAlOH
stretching vibrations of kaolinite in the range 3700-3600 cm-1 was observed for both of the intercalates,
indicating strong interactions with the kaolinite surface OH groups. The two intercalates showed different
thermal behavior. The ethylene glycol intercalates decomposed in a nitrogen atmosphere at 160°C, with
the release of the ethylene glycol from adjacent kaolinite layers. The glycerol intercalate showed a three-
step decomposition over the temperature range 115-465 °C associated with dehydroxylation reactions,
and a further decomposition reaction at 486°C. The final reaction was due to the decomposition of the
glycerol molecules grafted on the kaolinite surface and could be followed by monitoring the ion current
in the mass spectrometer for masses corresponding to H2O+, C2H4O+ and/or CO2

+, and O+ and/or CH4
+

molecular fragments, typical of the decomposition products of oxygen-bearing organic matter. Combined
thermogravimetry-mass spectrometry proved to be an extremely useful tool for studying the thermal
behavior of inorganic-organic layered hybrid materials.

Introduction

Kaolin is a common raw material in the ceramic industry
and finds application as a filler in paper, plastics, paints, and
rubber.1-4 The main mineral component of kaolin is kaolinite,
a 1:1 clay mineral composed of single layers with a SiO4

tetrahedral network connected to Al(O,OH)6 octahedral
networks, with platy particles of hexagonal and/or pseudohex-
agonal symmetry.5 The layers are held together via hydrogen
bonds, dipolar interactions, and attractive Van der Waals
forces, which result in a low intrinsic inner surface reactivity.
Well ordered specimens differ little in composition from the
ideal structural formula, Si2Al2O5(OH)4. However, it has been
reported that octahedral iron may be present in poorly ordered
kaolinites.6-8 Natural kaolinites have varying degrees of
structural disorder, often related to their genesis conditions.9,10

These structural variations may account for the different
behavior of natural samples in the well-known intercalation
reactions of kaolinites with dimethyl sulfoxide (DMSO) and
urea.11

Novel applications of kaolinite as a low cost precursor
for hybrid systems, for example adsorbents and chromato-
graphic materials, require its chemical modification.12-14 The
preparation of these novel inorganic-organic systems requires
intercalation of suitable guest molecules between the single
kaolinite layers, after which new multilayer composites can
be prepared by the guest-displacement method.15 Typical
guest molecules for direct intercalation into kaolinite include
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potassium acetate,16-19 hydrazine,20,21 formamide,22 phe-
nylphosphonic acid,23 and the aforementioned dimethyl
sulfoxide and urea.11

A common feature of all of these substances is their ability
to form and/or participate in strong hydrogen bonding or
dipolar interactions, enabling intercalates of these molecules
to be used in the guest-displacement reaction to form new
supramolecular hybrid systems with substances which are
not able intercalate directly between the single kaolinite
layers. Kaolinite intercalation has a disaggregating effect on
the stacks of the layers, allowing the preparation of supramo-
lecular structures of inorganic-organic layered materials to
be used for, among other things, the calculation of the
mineral’s specific surface area,24,25preparation of kaolinite-
nanoparticle composites,26-30 or polymer-based nanohybrid
materials.31,32

Reports on intercalate of pyridine derivatives,33 nitroa-
nilines,34,35amines,36,37â-alanine,38 polyethylene glycol,39 and
ethyl pyridinium chloride40 preparedVia guest-displacement
reactions can be found in the literature. However, the
practical application of such intercalates is rather limited
because of their tendency to participate in subsequent
guest-displacement reactions due to the weak attractive
forces between the guest species and kaolinite layers. Much
effort has therefore been focused on the possibility of
involving the aluminol functional groups of kaolinite into
the grafting reaction, to produce Al-O-C bonds, using
alcohols such as methanol, ethylene glycol, ethanolamine,
or polyols.12-14,41-44

In a similar fashion to the studies using DMSO, an
N-methylformamide-intercalated kaolinite has been used as
the starting intercalate for guest-displacement reactions with
alcohols, which were then characterized by X-ray diffraction
(XRD), 13C nuclear magnetic resonance (NMR), Fourier
transform infrared spectroscopy (FTIR), and thermogravim-
etry with differential scanning calorimetry (TG/DSC). De-
spite the application of such sophisticated analytical methods,
Tunney and Detellier13 reported that there was no definite
evidence for the formation of Al-O-C linkage; however,
possible grafting on kaolinite layers could be expected.
Furthermore, there are many reports in the literature of
successfully grafted organic derivatives on related layered
inorganic host materials, such as boehmite,46,47layered double
hydroxides,48 and brucite.49

The assumed model for the grafting reaction predicts that
heating promotes production of surface bonded ethers,
accompanied by the elimination of water molecules. Hence,
excess water would hinder the reaction. Recently, Gardo-
linsky and Lagaly50,51 have shown that alcohol molecules
grafted onto the kaolinite allow the incorporation of excess
quantities of amines. The application of ultrasound to these
heterointercalates in an organic solvent resulted in kaolinite
delamination and the formation of “halloysite-like” nano-
tubes.

In the present study, we have tested the possibility of
producing intercalates of ethylene glycol (EG) and glycerol
(GL) using the guest-displacement reaction with dehydrated
potassium acetate (KAc) intercalated kaolinite. The thermal
behavior and grafting reaction was monitored using combined
thermogravimetry and differential scanning calorimetry with
mass spectroscopy of the gases evolved during heating. The
use of mass spectroscopy offered a better understanding of
intercalates’ thermal behavior and the condensation reactions
associated with the grafting of the alcohols onto the kaolinite
layers. Subsequently, it was expected that possible simulta-
neous decomposition reactions of the intercalated molecules
could be detected by this technique.

Experimental Section

Materials. A German kaolin from a primary deposit in Bayern-
Oberpfalz was used in this study.52 The sample was washed with
deionized Milli-Q water (18.2 MΩ·cm-1), dried at 65°C, and
crushed in an agate mortar. X-ray diffraction (XRD) and infrared
(IR) analyses of this sample, hereafter referred to as KBO,
confirmed that highly crystalline kaolinite was the only mineral
phase present. Thermogravimetric analysis (20 mg sample, heating
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rate 10°C‚min-1) of KBO showed the highest dehydroxylation
gradient at 550°C with a mass loss of 12.8%. This agrees closely
with the mass loss of 13.9% predicted from the ideal structural
formula of kaolinite Si2Al2O5(OH)4. The observed dehydroxylation
maximum, based upon the chosen experimental conditions, con-
firmed the XRD and IR data in indicating a highly crystalline
kaolinite.53 Environmental scanning electron microscopy of the
KBO powder revealed aggregates of platy particles with lateral
lengths of about 2.0µm and typical hexagonal and/or pseudo-
hexagonal symmetry. The aspect ratio (lateral length/height) of the
KBO particles was estimated to be about 5.

The intercalates of ethylene glycol (EG, anhydrous, Merck,
Germany) and glycerol (GL, anhydrous, Fluka, Germany) were
prepared according to the guest-displacement method proposed by
Weiss et al.15 The starting material, potassium acetate (KAc, p.a.,
Merck, Germany)-intercalated KBO, was prepared according to the
method of Maxwell and Malla.17,18Using kaolinite, KAc, and water
mass fractions equal to 0.63, 0.26, and 0.11, respectively, these
authors obtained more than 95% KAc intercalation. The potassium
acetate intercalated KBO (KBO-KAc-water) was then dried in a
Schlenk flask at 140°C and pressuree1 mbar for 4 days (KBO-
KAc). The dried KBO-KAc intercalate was then dispersed in
water-free ethylene glycol and glycerol in a glove box (<10 ppm
H2O), with a final concentration of the KBO-KAc in dispersion
of 25%. The samples were held at either room temperature or 65
°C for up to 21 days, in tightly closed Nalgene flasks. The progress
of the guest-displacement reactions was checked by XRD. Once
the position of first basal reflection of intercalated kaolinite did
not change, the samples KBO-EG or KBO-GL were washed four
times with water-free ethylene glycol or glycerol respectively (solid
concentration 25%) in a glove box. The efficiency of KAc removal
was checked by ionic chromatography. Finally, the samples were
washed three times in acetone or acetone/ethanol to remove KAc
and excess of EG and GL, with an effectiveness greater than 98%.
Finally, the samples were dried at 65°C in a drying oven for 24 h
and crushed in an agate mortar.

One portion of each intercalate was characterized directly, and
another was, based upon the initial TG analyses, heated at 200°C
(KBO-EG) and 220°C (KBO-GL) for 2 h. The heating and
cooling rate was 5°C‚min-1. The heated samples were characterized
in the same manner as the nonheated intercalated materials.

Techniques.X-ray diffraction patterns from KBO intercalates
were obtained using a Siemens D5000 diffractometer with Bragg-
Brentano goniometer (Cu KR1 radiationλ ) 1.5405 nm) equipped
with a graphite secondary-beam monochromator. To prevent
moisture adsorption from the air, the dried intercalates were
transferred to a specially designed sample holder in a glove box
and covered with Mylar foil. The patterns were recorded at room
temperature, over the range 3-15° 2Θ, with a 0.02° step-size, and
at least 1.5 s/step. The positions of the basal reflections were
determined using the Bruker evaluation program Diffracplus.

Infrared spectra of the KBO intercalates were measured by
diffuse reflectance spectroscopy (DRIFTS unit from Spectratech)
on a Bruker IFS 66/s Fourier transform infrared spectrometer
equipped with a DTGS detector. Spectra were recorded over the
range 4000-400 cm-1, accumulating 32 spectral scans, with a
resolution of 4 cm-1. Analysis by DRIFTS was preferred over a
conventional pressed discs technique to avoid any nonpredictable
effects of pressure on the interlayer chemistry and reactions of the
intercalates during disc preparation. To achieve a reasonable signal
intensity and to avoid problems with specular reflectance,54 the KBO

intercalates were diluted with dried potassium bromide (KBr)
powder with a mass ratio of 1:100 (a ratio which had been optimized
during preliminary investigations), and about 200 mg of the powder
mixture was then analyzed. The background was collected prior to
sample analysis using an aluminum mirror. The DRIFT spectra were
converted to the absorbance equivalent data using the Kubelka-
Munk algorithm.

A Simultaneous Thermal Analysis (STA) device STA 449C
(Netzsch Gera¨tebau GmbH, Germany) with a TG/DSC sample
holder linked to a Quadrupole Mass Spectrometer QMS 403C
(InProcess Instruments/Netzsch Gera¨tebau GmbH, Germany) al-
lowed simultaneous collection of signals due to mass loss, heat
flow, and evolved gases during heating and was used for monitoring
of intercalate reactivity. The conditions for the STA measurement
can be found in Table 1.

About 20 mg of KBO intercalate was weighed into an aluminum
or platinum crucible and placed in the STA, which was purged
either with air or nitrogen. The low sample weight was necessary
because of the sensitivity of the instrument toward the decomposi-
tion of organic matter. The list of ionic masses detected by MS,
and their corresponding molecular species, can be found in Table
2. Platinum crucibles were used for the analysis of the kaolinite
and KAc intercalate at higher temperatures. The KBO-KAc
intercalate was heated to a maximum temperature of 900°C, while
the KBO-GL and KBO-EG intercalates were heated to a
maximum temperature of only 550°C. The reason for this was to
minimize the risk of condensation of organic decomposition
products on the transit capillaries connecting the TG with the MS,
which could only be heated to a maximum temperature of 250°C.
Changes in buoyancy and the specific heat capacity of the sample
holder and the crucibles were corrected by analyzing empty
crucibles under the same experimental conditions as used for the
sample measurements. Data interpretation was performed using the
Netzsch Proteus Thermal Analysis software package.

Results and Discussion

Characteristics of the Kaolinite Intercalates.The changes
in the position of the first basal reflection of the KBO
upon KAc-water intercalation and its subsequent drying at
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Table 1. Conditions of the STA Measurement

DSC/TG/MS

sample amount 20 mg
grain size powder
packing density loosely packed, no pressing
reference material empty crucible with lid
furnace atmosphere 50 mL/min air+ 20 mL/min N2 or

50 mL/min N2 + 20 mL/min N2

crucibles Pt with lid or Al with lid
thermocouples Pt/Pt90Rh10

heating rate 10°C/min
temperature range 35-550°C (Al crucible)

35-900°C (Pt crucible)

Table 2. Molecular Species Detected by MS Analysis

molecular mass,
g‚mol-1 corresponding summary formula

15 CH3
+

16 O+ and/or CH4
+

18 H2O+

26 C2H2
+

28 CO and/or C2H4
+

32 CH3OH+

44 CO2
+ and/or C2H4O+

58 C3H6O+

60 C2H4O2
+

62 C2H6O2
+
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140 °C for 4 days (e1 mbar pressure) are shown in Figure
1. The d-spacing of 0.72 nm for the starting kaolinite
increased to 1.41 nm upon intercalation of KAc and water
molecules into the structure (Figure 1), an expansion which
is typical for KAc-water intercalated kaolinites.16,18The low-
intensity peak at 0.71 nm corresponds to the second basal
reflection of the KBO-KAc-water intercalate. The amount
of water used for intercalation would lead to formation of a
two-layer potassium hydrate, with a corresponding interlayer
expansion of about 0.46 nm. However, the presence of the
acetate anion results in the observed 0.69 nm expansion.55

The diffraction pattern shown in Figure 1 indicates that
approximate 100% intercalation of KBO with KAc-water
had been achieved. The removal of water molecules from
the interlayer cavity by the application of heat under vacuum
resulted in a decrease of the first basal spacing to 1.17 nm.
The weak reflection at 0.90 nm is possibly due to either the
small excess of dried KAc in the sample or the presence of
a KOH intercalate. Such an intercalate could be formed upon
removal of a small amount of acetate in the form of acetic
acid from the interlayer.

Changes in the XRD patterns during the guest-displace-
ment reaction of KBO-KAc with EG at room temperature
are shown in the Figure 1. Penetration of EG into the
interlayer space of kaolinite leads to the KAc molecules being
solvated with EG, as demonstrated by the reflection at 1.50
nm after reaction for 3 days with dried KBO-KAc, a

reflection with even higherd-spacing than that found for the
water-hydrated KAc intercalate. The most intense reflection
in the diffraction pattern, which increased in intensity over
time, was observed at 1.08 nm, corresponding to the KBO-
EG intercalate. The exchange of KAc with EG was effective,
with over 95% of the KBO-EG intercalate being formed
after 19 days. A small amount of the kaolinite was observed
to deintercalate to its original form, indicated by the reflection
at 0.72 nm.

The effect of temperature upon the rate of guest-displace-
ment reaction was subsequently investigated, by repeating
the experiment at 65°C (data not shown). At the higher
temperature, the extent of the guest-displacement reaction
with EG was similar after 12 h to that observed at room
temperature after 10 days.

On the basis of these results, and the much higher viscosity
of GL compared to EG, the guest-displacement reaction with
GL was performed only at 65°C (Table 3). Figure 1 shows
the changes in the XRD patterns during guest-displacement
reaction with GL. After 1 day, two peaks were visible, at
1.15 and 1.10 nm, due to the dried KBO-KAc intercalate
and the KBO-GL intercalate, respectively. Comparing this
pattern with that obtained from the EG guest-displacement
reaction, a slightly different mechanism is evident. Clearly,
the KAc molecules were not highly solvated, as was observed
for EG intercalation. However, the replacement of KAc with
GL molecules in the interlayer space still occurred. After
reaction for 10 days, only one asymmetric peak, at 1.12 nm,
was observed. Longer reaction times led to a slight reduction
in the first basal spacing, to 1.10 nm, after 21 days, indicating
the intercalation of GL molecules between the kaolinite
layers, and displacement of the residual KAc. Similarly, as
was observed in the case of EG, a small amount of kaolinite
deintercalated, leading to a reflection at 0.72 nm.

To verify the existence and nature of the intercalated
molecules, DRIFT spectra of the various intercalates were
measured. Figure 2 compares the DRIFT spectra of the
starting KBO kaolinite with the KBO-KAc intercalate prior
to, and after, drying at 140°C. The spectrum of the KBO
starting material was typical for a well-ordered kaolinite.
Well-resolved AlAlOH stretching and bending bands were
observed at 3700-3600 cm-1 and 950-900 cm-1, respec-
tively. Stretching vibrations typical of the SiO groups present
in 1:1 layered silicates were seen in the 1110-1000 cm-1

region, while the bending vibrations were observed in the
range 790-690 cm-1. A more detailed description of the
absorption bands of the starting materials and intercalated
substances are summarized in Table 4.48,54

The intercalation of KAc and water molecules into the
KBO resulted in the weakening of the hydrogen bonds
between adjacent kaolinite layers. The negatively charged
oxygen atoms on the acetate ions were involved in hydrogen
bonds with inner surface hydroxyl groups. Consequently a
band at 3605 cm-1 was observed in the spectrum (Figure
2b). Considering the intensity of this band, and the marked
decrease in the intensity of the bands at 3668 and 3653 cm-1,
a significant number of inner surface OH groups must have
been interacting with solvated KAc. The band at 3605 cm-1

overlapped that of the vibrations of inner hydroxyls, observed

(55) Güven, N. InCMS Workshop Lectures, Vol. 4, Clay-water interface
and its rheological implications; Güven, N., Pollastro, R. M., Eds.;
The Clay Minerals Society: Boulder, CO, 1992; p 2.

Figure 1. Changes in the position of the first basal reflection, determined
by X-ray diffraction for KAc intercalates: (a) starting KBO kaolinite, (b)
KBO-KAc-water intercalate, (c) KBO-KAc intercalate; guest-displace-
ment with EG (d) after 3 days, (e) after 10 days, (f) after 19 days of reaction
at room temperature; guest-displacement with GL (g) after 1 day, (h) after
10 days, (i) after 21 days of reaction at 65°C.
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as a shoulder, at 3618 cm-1, which indicate a fraction of
OH groups not to have been affected by H-bonding with
solvated KAc. The position of the band at 3695 cm-1,
attributed to the outer OH groups of kaolinite, did not change
in frequency, but the intensity of this band was reduced
significantly due to the presence of KAc. The broad band
with a maximum at 3450 cm-1 was attributed to stretching
vibrations of water and indicates the presence of water,
along with KAc molecules, between adjacent elementary
layers of kaolinite. The weak shoulders, at 2979 and 2929
cm-1, were attributed to CH3 stretching vibrations of acetate
(Figure 2b).

The intercalation of KAc and water also strongly affected
the AlAlOH bending bands at 937 and 914 cm-1. The SiO
stretching vibrations in the 1110-1000 cm-1 region, and the
bending vibrations in the range of 790-690 cm-1, were
considerably less affected by the presence of the new
chemical species intercalated between the kaolinite layers.
The band corresponding to the bending vibrations of the inner
surface OH groups, observed at 937 cm-1 disappeared, and
only one sharp band, at 899 cm-1, was seen in Figure 2b.
Clearly, the perturbation of the vibrations of the structural
OH groups is a sensitive indicator of the environment of
these functional groups. The changes in the AlAlOH bending
bands at 938 and 920 cm-1 suggest the distortion of both
inner surface and inner OH groups upon KAc intercalation.
A broad band near 1660 cm-1 was attributed to the bending
vibration of water molecules at high salt concentrations.57

The intense bands at 1601 and 1416 cm-1 correspond to

νas(COO-) andνs(COO-) stretching vibrations, respectively,
of an aliphatic acid salt (Table 4).

Removal of water molecules from the KBO-KAc-water
intercalate by drying resulted in a significant decrease in
intensity of the broad band at 3450 cm-1. Nevertheless, the
intensity remained such that a relatively high amount of water
was retained in this sample. However, the STA analyses
indicated that the easily removable water content in this
sample was less than 0.4%. The AlAlOH stretching vibra-
tions in the range of 3700-3600 cm-1 indicated a change
in the environment of the OH groups upon partial water
removal (Figure 2c). Some of the inner surface OH groups
were present in environments similar to those found in raw
kaolinite, as indicated by the bands at 3666, 3651, and 3619
cm-1. The OH stretching band at 3597 cm-1 reflects strong
hydrogen bonding of the inner surface OH groups with KAc
upon removal of solvating water molecules of KAc. The
previously weak shoulders at 2979 and 2929 cm-1, seen in
the spectrum of the hydrated KBO-KAc intercalate and
attributed to CH3 stretching vibrations of the acetate anion,
were more clearly resolved, together with additional bands,
at 3003 and 2850 cm-1.

Upon water removal, a weak shoulder in the SiO stretching
region, located at 1140 cm-1, could be observed. The OH
bending region showed the same downward shift in the
AlAlOH band, to 899 cm-1, and two weaker bands, at 939
and 920 cm-1, were detected. The change in vibrational
frequencies of the inner OH groups support the assumption
that potassium cations located in the ditrigonal cavity of the
tetrahedral sheets can interact even with inner OH groups.
Splitting of the νas(COO-) band into the doublet at 1609
and 1583 cm-1 indicated a change in the character of the
H-bonded inner surface hydroxyls. Finally, theνs(COO-)
band of KAc at 1416 cm-1 underwent a small shift to 1406
cm-1. These changes are in good agreement with the XRD
analyses, indicating that intercalation of KAc between the
adjacent layers of kaolinite significantly affects the spectral
properties of the elementary sheets.

Figure 3 shows the DRIFT spectra of KBO-EG and
KBO-GL intercalates after being washed with acetone and
dried at 65°C. Strong interactions of EG with the structure
of kaolinite could be deduced from the spectral changes of

(56) Handbook of chemistry and physics; Lide, D. R., Ed.; CRC Press:
Boca Raton, FL, 1998.

(57) Madejova´, J.; Janek, M.; Komadel, P.; Herbert, H.-J.; Moog, H. C.
Appl. Clay Sci.2002,20, 255.

Table 3. Selected Physical and Chemical Properties of the Compounds Used for Intercalation56

a Density at 20°C. b Viscosity at 25/75°C. c Melting point/boiling point/autoignition temperature.

Figure 2. DRIFT spectra of (a) starting KBO kaolinite, (b) KBO-KAc-
water intercalate, (c) KBO-KAc intercalate.
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the AlAlOH stretching and bending bands. The stretching
bands observed at 3668 and 3653 cm-1 (Figure 2a) merged
into a single intense band at 3599 cm-1 (Figure 3a), but some
OH groups remained in their original environment (indicated
by weak bands at 3670 and 3653 cm-1). At the same time,
bands were observed at 3696 and 3620 cm-1, i.e. at the same
frequencies as seen in the KBO and KBO-KAc samples.
Additionally, we suppose that some of the inner surface OH
groups were involved in the interaction with EG and
contributed to the band at 3599 cm-1.

The bands at 3549 and 3265 cm-1 were due to OH
stretching vibration of the EG. Typical stretching vibrations
of CH2 groups were present at 2945 and 2885 cm-1 and
bending bands at 1457, 1409, and 1365 cm-1. The presence
of a weak band at 1628 cm-1 may have been attributed to
the bending band of water, which had possibly been
introduced during washing of the KBO-EG intercalates with
acetone and after drying at 65°C.

Intense interactions of GL with the kaolinite layers, in a
similar fashion to the EG intercalate, were inferred from the
changes of the AlAlOH stretching and bending bands (Figure
3b). A new band at 3601 cm-1 appeared (Figure 3b) together
with a weak shoulder at 3647 cm-1 and a band at 3668 cm-1.

Additionally, unaffected bands were observed at 3696 and
3620 cm-1. Stretching vibrations of the OH groups of the
GL molecules could be seen as broad bands at 3554 and
3360 cm-1, while the CH2 and CH groups could be seen at
2945 and 2885 cm-1. The bending bands of the CH2 and
CH groups of the GL located between adjacent KBO layers
were observed at 1456 and 1342 cm-1. The band at 1556
cm-1 may result from residual KAc. The AlAlOH bending
region revealed the presence of a new, weaker band at 970
and shoulder at 933 cm-1 for both EG and GL intercalates
(Figure 3).

Thermal Behavior of the Intercalates. Typical ther-
moanalytical results of the decomposition, under nitrogen,
of the KBO-KAc-water intercalate are shown in Figure 4,
in the form of DSC-TG-MS curves. Heating of this inter-
calate up to a temperature of 140°C resulted in a mass loss
of 11%. As would be expected, the main evolved compound
was water (H2O+), indicated by the emission of an ion with
molar mass 18 g‚mol-1 in the MS curve. This observed mass
loss corresponded perfectly with the amount of water used
for the preparation of the KBO-KAc-water intercalate.

The MS curve for M) 18 showed a main evolution peak
at 109 °C, corresponding with the minimum on the DSC
curve. Subsequently, a second peak appeared on the MS
curve, at 117°C. We therefore propose that two molecular
water fractions were released upon heating. First, a lower
temperature component (30-113 °C) corresponding to
external surface water and some of the inner surface
molecules hydrating KAc. Second, a higher temperature
portion (∼113-140°C) corresponding to the remaining inner
surface water hydrating KAc. At these temperatures, small
quantities of species with a molar mass of 16 g‚mol-1 were
detected in the corresponding MS curve. This species may
be O+ and/or CH4

+, which are typically detected during the
decomposition processes of oxygen bearing organic sub-
stances.

Further heating, up to 340°C, revealed a small endother-
mic peak, with an onset temperature of 292°C, attributed

Table 4. Attribution of FTIR Absorption Bands for the Kaolinite and Intercalates with Potassium Acetate, Ethylene Glycol, and Glycerol

wavenumber (cm-1) attribution

3695 OH stretching of inner-surface hydroxyl groups 1 of kaolinite
3670 OH stretching of inner-surface hydroxyl groups 2 of kaolinite
3652 OH stretching of inner-surface hydroxyl groups 2 of kaolinite
3620 OH stretching of inner hydroxyl groups of kaolinite
3460 OH stretching of water
1630 OH deformation of water
3450-3250 OH stretching of EG/GL
2965 CH stretching (antisymmetric)
2940 CH stretching (symmetric)
2880 CH stretching
1600-1550 COO- stretching of aliphatic acid salt (antisymmetric)
1400-1300 COO- stretching of aliphatic acid salt (symmetric)
1460-1360 CH2 deformation
1250 COH stretching or CH2 deformation
1115 Si-O stretching (longitudinal mode)
1103 Si-O stretching (perpendicular)
1040-1005 Si-O stretching (in-plane)
938 OH deformation of inner-surface hydroxyl groups
920 OH deformation of inner hydroxyl groups
915-900 C-C stretching, gauche conformation
790 Si-O
755 Si-O (perpendicular)
695 Si-O (perpendicular)

Figure 3. DRIFT spectra of (a) KBO-EG and (b) KBO-GL intercalates
after being washed with acetone and dried at 65°C.
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to melting of KAc (Table 3), and some rearrangement of
the dehydrated KAc between the adjacent layers of KBO,
detected through the presence of the second endothermic
peak on the DSC curve at 331°C. The main endothermic
process, associated with dehydroxylation of kaolinite layers
and decomposition of the acetate anion, occurred at 395°C
(according to the maximum in the mass change gradient),
indicating that intercalation of the KAc decreased the
dehydroxylation temperature of the kaolinite by about
155 °C. Acetate anion decomposition was observed via the
simultaneous release of species with masses; 44 g‚mol-1

(C2H4O+ and/or CO2
+), 58 g‚mol-1 (C3H6O+), and 26

g‚mol-1 (C2H2
+) together with 18 g‚mol-1 (H2O+) and 16

g‚mol-1 (O+ and/or CH4
+) molecular fragments. Some

evolution of ions of mass M) 16 was still detected at about
585 °C. The mass loss resulting from these simultaneous
decomposition processes was 22.5%, comprising a 12.8%
change for kaolinite dehydroxylation and 9.7% for cracking
of the acetate anion. A simple mass balance indicates that
about one-half of acetate must be retained by the kaolinite
in the form of coke (Figure 4).

The thermal behavior of dried KBO-KAc intercalate (data
not shown) was very similar to the KBO-KAc-water
intercalate; however, the mass change to 140°C was less
than 0.4%. The MS data showed just a small amount of 18
g‚mol-1 and no 16 g‚mol-1 species up to this temperature.
This confirmed a low water content in the KBO-KAc
samples used for the guest-displacement reactions. The
highest mass change gradient, associated with the dehy-
droxylation of kaolinite and the decomposition of acetate,
was observed at 398°C, a temperature similar to the nondried
intercalate.

Combined TG-MS analysis may be used to follow the
grafting process by examining the reactivity of the interca-
lated EG/GL molecules and detection of specific decomposi-
tion products arising from numerous simultaneous reactions.
These reactions can be divided into three groups, as
follows: (i) reactions corresponding to the grafting of alcohol
with structural OH groups of kaolinite, resulting in the
elimination of water as the main product; (ii) dehydration
and decomposition reactions of alcohol upon interaction with
the kaolinite surface, producing water, oxygen and molecular
fragments containing carbon; (iii) decomposition reactions
of grafted molecules on the kaolinite surface, detected via
the identification of specific carbon-containing molecular
fragments that are preferentially formed from the ether
bonded organic molecules. In accordance with literature data,
it is reasonable to expect that the latter group of reactions
occur at higher temperatures than the former two.13

The effect of heating on the reactivity of the intercalated
EG molecules was investigated using the KBO-EG inter-
calate, and the results are shown in Figure 5. This sample
released about 1% of its mass as physically adsorbed water,
up to temperature of 80°C. This was indicated by the
detection of 18 g‚mol-1 (H2O+) molecular fragments, along
with small amount of 16 g‚mol-1 (O+ and/or CH4

+), and 44
g‚mol-1 (CO2

+ and/or C2H4O+), species. At higher temper-
atures, there was an intense endothermic reaction ac-
companied by a mass loss of about 14%, with a highest mass
change gradient at 160°C. The molecular fragments detected
by MS indicated that this reaction corresponded to the release
of EG and its decomposition. Species with molar mass of
18 g‚mol-1 (H2O+), 44 g‚mol-1 (CO2

+ and/or C2H4O+), 16
g‚mol-1 (O+ and/or CH4

+), and 26 g‚mol-1 (C2H2
+) were

Figure 4. Thermal behavior of KBO-KAc-water intercalate as detected
with DSC, TG, and MS (streaming N2, Pt crucible). Ionic intensity curves
are shown for species with (a) 18, (b) 44, (c) 16, (d) 58, (e) 26 g‚mol-1

(Table 2).

Figure 5. Thermal behavior of KBO-EG intercalate as detected with DSC,
TG, and MS (streaming N2, Al crucible). Ionic intensity curves are shown
for species with (a) 18, (b) 44, (c) 16, (d) 26, (e) 62 g‚mol-1 (Table 2).

690 Chem. Mater., Vol. 19, No. 4, 2007 Janek et al.



clearly detected at 168°C along with a 62 g‚mol-1 (C2H6O2
+)

fragment corresponding to the EG molecule.
There was a further endothermic reaction at 522°C,

corresponding to the dehydroxylation of kaolinite, with water
being the only species detected by MS. Therefore, it may
be assumed that decomposition of the KBO-EG was
complete at temperatures below 200°C. The EG started to
decompose at temperatures lower than its boiling point (Table
3), probably also due to the catalytic effect of kaolinite
layers.58 In the experiment repeated in air, no exothermic
reaction corresponding to the oxidation of EG molecules was
detected, and it was possible that all of the EG molecules
had been removed before the temperature was high enough
to achieve oxidation. Despite the fact that the extent of all
of the simultaneous reactions was difficult to estimate, no
grafting of EG on the KBO layers was detected, because no
species originating from EG molecules were detected at
temperatures above 200°C.

The KBO-GL intercalate showed a much more compli-
cated thermal behavior than the KBO-EG intercalate, with
several mass loss steps observed in the TG curve obtained
under nitrogen (Figure 6). Physically adsorbed water was
released at temperature up to 115°C, with a mass loss of
about 1% and two endothermic peaks, at 60 and 100°C.
This was followed by a mass loss of about 4% over the
temperature range 115-260°C and two endothermic peaks,
at 211 and 240°C. These reactions correspond to two
dehydration and possible decomposition reaction of GL. The
species detected by MS were typical and similar to those
seen in the case of EG (18 g‚mol-1 (H2O+), 44 g‚mol-1

(CO2
+ and/or C2H4O+), and 16 g‚mol-1 (O+ and/or CH4

+)).
These molecular fragments were again detected over the
temperature range of 260-370 °C, with two endothermic
peaks, at 342 and 362°C, and a mass loss of about 5%.

Over the range 370-550°C there was a further mass loss
of over 10%. This was associated with a broad endothermic
peak, with a minimum at 465°C and a clear shoulder at
486°C. Interestingly, the temperature 465°C correlated well
with the evolution of the dehydration and decomposition
products discussed above including species such as 18
g‚mol-1 (H2O+), 44 g‚mol-1 (CO2

+ and/or C2H4O+), and 16
g‚mol-1 (O+ and/or CH4

+). Conversely, the temperature 486
°C corresponded to the evolution of species with 18 g‚mol-1

(H2O+), 16 g‚mol-1 (O+ and/or CH4
+), and 15 g‚mol-1

(CH3
+). No molecular fragments corresponding to 26 g‚mol-1

(C2H2
+) or 58 g‚mol-1 (C3H6O+) were detected over the

whole temperature window used in the experiment. These
MS data indicate that in the course of heating KBO-GL
intercalate, partial grafting of GL molecules on the KBO
layers can be expected due to the detection of the decom-
position products at 486°C. The dehydroxylation of the
structural OH groups of kaolinite not involved in the reaction
with GL possibly starts at 465°C. However, it is concurrent
with the dehydration and decomposition of GL. The decom-
position of KBO-GL intercalate under air was the same as
under nitrogen (Figure 6), up to a temperature of 230°C.
However, there was an intense oxidation reaction over the
temperature range 230-383 °C, with maximum heat flow
at 305°C (see also Table 3).

To investigate the effect of heating on the properties of
the powdered EG and GL intercalates, on the basis of the
TG analyses, the KBO-EG and KBO-GL samples were
heated at 200°C and 220°C, respectively. The changes in
the position of the first basal reflection of the KBO-EG
upon washing the sample with acetone and heating at 200
°C for 2 h are shown in Figure 7. The figure shows clearly
that removal of the excess EG with acetone had almost no
effect on the prepared intercalate and basal distance of
kaolinite layers. Conversely, upon heating there was a slight
decrease ind-spacing, to 1.07 nm, with a marked decrease
in intensity. Additionally, the reflection at 0.72 nm was more
prominent after heating. The breadth of the diffraction peaks
indicated the presence of disordered kaolinite layers in their
parallel orientation. From the initial>95% of EG presented
between adjacent elementary kaolinite layers, as was assessed
from the comparison of the integral intensities of first basal
reflections, less than 55% was retained upon heating at 200
°C for 2 h. This result agreed very well with the DSC-TG-
MS results, confirming that EG is removed from the
intercalate, resulting in a disordered kaolinite phase.

Figure 7 also shows the diffraction patterns of KBO-GL
upon washing the sample with acetone/ethanol and 2 h
heating at 220°C. The removal of excess GL by washing
slightly broadened the reflection at 1.10 nm, while heating
the sample to 220°C resulted in the shift of the basal
reflection to 1.09 nm. From the initial>95% of GL presented
between adjacent elementary kaolinite layers, about 94%
remained after heating at 220°C for 2 h. The KBO-GL
intercalate was more thermally stable than the KBO-EG

(58) Occelli, M. L. InCatalysis today: Pillared clays; Burch, R., Ed.; 1988;
Vol. 2; p 339.

Figure 6. Thermal behavior of KBO-GL intercalate as detected with DSC,
TG, and MS (streaming N2, Al crucible). Ionic intensity curves are shown
for species with (a) 18, (b) 44, (c) 16, (d) 15, (e) 26 g‚mol-1 (Table 2).
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intercalate, due to the higher boiling point of GL than EG
(Table 3).

The DRIFT spectra of heated KBO-EG and KBO-GL
are shown in Figure 8. Compared to the unheated samples
(Figure 3) there was a clear decrease in the band intensities
at 3600 cm-1 of both the EG and GL intercalates. At the
same time, the AlAlOH stretching vibrations in the range
3700-3600 cm-1 and AlAlOH bending bands at 940-910
cm-1 showed a clear change in OH environment, toward a
state similar to the starting raw kaolinite (Figure 2a). This
was much more pronounced after heating the KBO-EG
intercalate than the KBO-GL intercalate. The same could
be postulated about the SiO stretching bands at 1100-1000
cm-1 and the bending vibrations at 790-690 cm-1 of

KBO-EG. Interestingly, in the case of GL, the SiO stretch-
ing vibration was a doublet, at 1115 and 1099 cm-1, and a
new band at 852 cm-1 appeared after heating to 220°C.
The band at 852 cm-1 could be attributed to the rocking
vibration of CH2 groups of GL, indicating that heating
induced partial grafting into the kaolinite layers. Some GL
molecules may have been present in the form of an alkene
derivative upon its dehydration between the kaolinite layers,
depending on the treatment temperature, as found from
DSC-TG-MS experiments.

Despite clay minerals being well-known for their cracking
catalytic reactivity,57 and the fact that partial decomposition
during the grafting of EG onto boehmite layers has already
been reported by Inoue et al.,45 the question arises as to why
the EG decomposes without being grafted onto the KBO
layers already at 160°C. It is known that the formation of
the 0.93 nm phase is hindered significantly if the water
content in the reaction mixture with EG is above 2 volume
% (∼1.8 mass %).13 Additionally, a significant portion of
nonmodified kaolinite, detected via a 0.71 nmd-spacing, was
found in the reaction product based on the kaolinite-DMSO
intercalate. In this study, we have achieved more than 95%
intercalation using dehydrated KBO-KAc intercalate. Such
a high intercalation efficiency was achieved with EG only
under water-free conditions when using the kaolinite-DMSO
intercalate.

The TG-MS measurements showed that the easily remov-
able water content of the KBO-EG, released by heating to
80 °C, was only about 1 mass %. This water may have been
outer surface moisture, possibly adsorbed upon ethanol
washing of the respective intercalate. It cannot be excluded
that some water was absorbed by the EG and retained as
inner surface moisture, gradually hindering the grafting of
EG upon release over the temperature range 80-226 °C.
The decomposition products of EG were detected simulta-
neously over this temperature interval.

It may also be perceivable, that both EG and GL
intercalates contained a small fraction of water molecules
strongly hydrogen bonded with structural OH groups of
kaolinite, giving rise to adsorption bands in the infrared
spectra at about 3600 cm-1. However, this type of absorption
band has only been detected in samples prepared with about
5 volume % (∼4.5 mass %) of water or in a water hydrate
of kaolinite.13,41 Considering our great efforts to protect the
dehydrated KBO-KAc intercalate from humidity, as seen
by the relatively low intensities of the water stretching
(3400-3200 cm-1) and bending (1600 cm-1) vibrations, an
additional effect hindering EG grafting reaction should be
considered.

It is possible that any traces of KAc present upon the guest-
displacement reaction may impact upon the reactivity of EG
with kaolinite aluminol groups. Many studies have reported
data where the grafting reactions were performed with excess
quantities of alcohol.12-14,41,42This may indicate a mass action
law, where excess EG molecules over the kaolinite aluminol
surface is favorable for the grafting process. Finally, there
are no accessible data comparing kaolinites of different
origin, hence different chemical compositions or even
polytypes, with regard to their intercalation behavior and

Figure 7. Changes in the position of the first basal reflection, determined
by X-ray diffraction for KBO-EG intercalates: (a) KBO-EG intercalated
kaolinite, (b) KBO-EG intercalate upon washing with acetone, (c) KBO-
EG intercalate upon heating at 200°C; and KBO-GL intercalates: (d)
KBO-GL intercalated kaolinite, (e) KBO-GL intercalate upon washing
with acetone/ethanol, (f) KBO-GL intercalate upon heating at 220°C.

Figure 8. DRIFT spectra of (a) KBO-EG and (b) KBO-GL intercalates
after being heated for 2 h at 200 and 220°C, respectively.
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grafting reactions. The specific orientation of the hydroxyl
groups of different kaolinites induced by variation in their
chemical composition may affect the kaolinite behavior. It
is known and documented in the literature that there is a
variability in the ease with which kaolinites of different origin
may be intercalated with dimethyl sulfoxide and urea.11

Hence it is reasonable to suppose that a combination of all
of the factors mentioned above plays a significant role in
the grafting ability of EG and GL onto kaolinite when these
are intercalated by KAc displacement.

Conclusions

This study has shown that ethylene glycol and glycerol
intercalates of kaolinite can be prepared from dehydrated
potassium acetate intercalate through guest-displacement
reactions. Intercalates, stable under air and at room temper-
ature, were achieved after removal of excess ethylene glycol
or glycerol by washing with acetone or acetone/ethanol
mixture. An intense perturbation of AlAlOH stretching
vibrations of the kaolinite in the range 3700-3600 cm-1 was
observed for the ethylene glycol and glycerol intercalates,
indicating their strong interactions with the surface OH
groups of kaolinite.

Different thermal behavior was observed for both inter-
calates. The ethylene glycol intercalate decomposed at 160
°C with the release of ethylene glycol located between the

adjacent layers of kaolinite. This process was easily moni-
tored by mass spectrometer evolution curves and the detec-
tion of mass fragments corresponding to H2O+, CO2

+ and/
or C2H4O+, O+, and/or CH4

+, typical for the decomposition
products of oxygen bearing organic matter. The kaolinite
layers dehydroxylated at 522°C upon removal of ethylene
glycol. The glycerol intercalate meanwhile showed a three-
step dehydroxylation decomposition in the temperature range
115-465 °C and a further decomposition step at 486°C,
corresponding to the decomposition of the glycerol molecules
grafted on the kaolinite surface. Clearly, the grafting ef-
ficiency was decreased due to the simultaneous decomposi-
tion of intercalated glycerol molecules; hence, a technique
to quantify the fraction of OH groups that effectively reacted
to Al-O-C bonds and to characterize the products of
grafting reaction must be developed.
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