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a b s t r a c t

A series of kaolinite–potassium acetate intercalation composite was prepared. The thermal behav-
ior and decomposition of these composites were investigated by simultaneous differential scanning
calorimetry–thermogravimetric analysis (DSC–TGA), X-ray diffraction (XRD) and Fourier transformation
infrared (FT-IR). The XRD pattern at room temperature indicated that intercalation of potassium acetate
into kaolinite causes an increase of the basal spacing from 0.718 to 1.428 nm. The peak intensity of the
eywords:
aolinite
otassium acetate
ntercalation
hermal behavior

expanded phase of the composite decreased with heating above 300 ◦C, and the basal spacing reduced
to 1.19 nm at 350 ◦C and 0.718 nm at 400 ◦C. These were supported by DSC–TGA and FT-IR results, where
the endothermic reactions are observed between 300 and 600 ◦C. These reactions can be divided into
two stages: (1) removal of the intercalated molecules between 300 and 400 ◦C. (2) dehydroxylation of
kaolinite between 400 and 600 ◦C. Significant changes were observed in the infrared bands assigned to

ner s
ecomposition outer surface hydroxyl, in

. Introduction

Kaolinite, with the chemical composition Al2Si2O5(OH)4, is
he most abundant mineral of the kaolin group including dick-
te, nacrite and halloysite, and is a dioctahedral 1:1 phyllosilicate
ormed by superposition of silicon tetrahedral sheets and alu-

inum octahedral sheets. Adjacent layers are linked by van der
aals forces and hydrogen bonds. This interlayer induces restricted

ccess to the interlamellar aluminol groups (Al–OH) that may be
sed for grafting reactions. The most reactive functional groups in
aolinite are hydroxyl groups, which are capable of taking part in
any chemical reactions as well as ion exchange processes [1].
Kaolinite is a frequently studied clay mineral noted for its unique

hysiochemical characteristics and versatile industrial applications
1]. Therefore, the variety of industrial applications has motivated
vigorous research effort which has revealed concurrent dramatic
nhancements for many materials. Kaolinite is commonly used for

he production of composites which exhibit unexpected hybrid
roperties, e.g. enhanced mechanical, thermal, dimensional and
arrier performance properties as well as flame retardant charac-
eristics etc [2–4]. In particular, one of the most studied systems to

∗ Corresponding author. Tel.: +61 7 3138 2407; fax: +61 7 3138 1804.
E-mail address: r.frost@qut.edu.au (R.L. Frost).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.02.014
urface hydroxyl, inner hydroxyl and hydrogen bands.
© 2010 Elsevier B.V. All rights reserved.

date is the intercalation of synthetic polymers within layered alu-
minosilicates [5–7]. While being intercalated within the inorganic
structure, organic polymers naturally reduce their structural mobil-
ity and some of them assume a highly organized conformation
within the layered structure. In this way, it is possible to produce
nanocomposites that usually present unique properties compared
to the corresponding properties of the isolated starting materi-
als and/or their mechanical blends [8]. The composite of kaolinite
intercalated by organic molecules have gained much attention over
the last decades, essentially making the clay into a single layered
mineral [9–13]. The layered kaolinite particles were intercalated
with small molecules, such as urea, potassium acetate, dimethyl-
sulphoxide, and so on, to expand the interlayer space, thereby
allowing the interlayer hydroxyl group to be accessed by organic
molecules [14–17]. The inserting molecule breaks the hydrogen
bonds formed between the kaolinite hydroxyl groups and the oxy-
gens of the next adjacent siloxane layer, then forms hydrogen bonds
with either the hydrophobic surface of the kaolinite (the siloxane
layer) or the hydrophilic part of the kaolinite surface (the hydroxyl
surfaces of the gibbsite-like layer). A further possibility exists in

that the inserting or adsorbing molecule may interact with the end
surfaces of the kaolinite [18].

In the case of application of intercalated kaolinite, heating treat-
ment is somewhat necessary especially as filler in plastic and
rubber. Regarding of this, the study of thermal stability of potas-

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:r.frost@qut.edu.au
dx.doi.org/10.1016/j.tca.2010.02.014
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ium acetate intercalation kaolinite is interesting. In current study,
he combination of thermal analysis, X-ray diffraction and infrared
pectroscopy is used to investigate the changes in the composite of
aolinite intercalated by potassium acetate.

. Experimental methods

.1. Materials

The sample used in this study was the natural pure kaolin from
hangjiakou Hebei province of China, with size of 45 �m. Its chemi-
al composition in wt% is SiO2 44.64, Al2O3 38.05, Fe2O3 0.22, MgO
.06, CaO 0.11, Na2O 0.27, K2O 0.08, TiO2 1.13, P2O5 0.13, MnO
.002, loss on ignition 15.06. The major mineral constituent is well
rdered kaolinite (95 wt%) with a Hinckley index of 1.31. The potas-
ium acetate (A. R) was purchased from Beijing Chemical Reagents
ompany, China.

.2. The intercalation composite preparation

The potassium acetate (KAc) intercalates was prepared by
mmersing 10 g of kaolinite in 20 ml of KAc solution at a mass per-
entage concentration of 30%, stirring for 10 min. The composite
as allowed to dry at room temperature before the DSC–TGA, XRD

nd FT-IR analysis.

.3. Characterization

The simultaneous DSC–TGA measurements were performed by
sing American TA Instruments SDT Q600 under N2 (100 ml min−1)
t a heating rate of 10 ◦C min−1. About 15 mg sample was placed in
lumina crucibles and heated from room temperature to 1080 ◦C.

The powder X-ray diffraction (XRD) analysis was performed
sing a Japan Rigaku D/max-rA X-ray diffractometer (40 kV,
00 mA) with Cu (� = 1.54178 Å) irradiation at the scanning range
f 2.6–50◦.

Fourier transform infrared (FT-IR) spectroscopic analysis was
ndertaken using a NICOLET 750 SX spectrometer. FT-IR spectra
etween 600 and 4000 cm−1 were obtained. The samples were
repared at KBr pellets (ca. 2% by mass in KBr).

. Results and discussion

.1. Thermal analysis

Thermal analysis can reveal information about the thermal
ehavior of intercalated kaolinite [18,19]. Fig. 1a displays the
esults of the DSC–TGA curves of kaolinite and clearly shows a
eak at 527 ◦C corresponding to its dehydroxylation in addition to
n exothermic peak at 998 ◦C associated with the formation of a
pinel phase that was transformed into mullite [20–23]. However,
here are two endothermic peaks at 76, 373 ◦C for the intercalation
omposite in Fig. 1b. It is therefore concluded that the endothermic
eak at 76 ◦C results from removing of the adsorbed water on the
omposite, and the endothermic peak at 373 ◦C results from the
ecomposition of the potassium acetate in the layer of expanded
aolinite.

The strong decrease between 300 and 400 ◦C is related to
he intercalated molecules (Fig. 1b). The intercalation composite
as formed from the expansion of kaolinite with both potassium

cetate and water [12,24], so this strong decrease is the decomposi-

ion of the potassium acetate and water in the layer of kaolinite. The
ater associated with KAc and Al3+–OH was removed before 350 ◦C

nd the KAc between the layers of kaolinite was decomposed. The
ump close to 400 ◦C was interpreted as decarboxylation of acetate
23]. Both the derivative thermogravimetric (DTG) and TGA curves
Fig. 1. DSC–TGA curves of (a) kaolinite and (b) the kaolinite–potassium acetate
intercalation composite.

show weight losses at 76, 373 ◦C for the composite, and only one
weight loss at 527 ◦C for untreated kaolinite.

The thermoanalytical investigations revealed that the
kaolinite–KAc composite is stable at least up to 300 ◦C. Decom-
position of the intercalated composite begins after the melting
of the KAc intercalated in the interlayer spaces, indicating that
the reactions occur in the presence of a molten salt [22,25]. The
maximum rate of mass loss of the intercalation composite is
observed at 373 ◦C, instead of 527 ◦C, for the pure kaolinite sample.
Thus this is benefit to the calcinations. Reactions in the presence of
a molten phase are rather composite processes (e.g. the formation
and reduction by elemental carbon of K2CO3 and the formation of
KAlSiO4) [22]. The DSC curve at 998 ◦C indicates no spinel phase
that was transformed into mullite of the intercalated sample.
Probably the obtained solid potassium compound prohibits the
formation of a crystalline spinel phase [22,26].

3.2. X-ray diffraction

When the kaolinite was intercalated with KAc, expansion
occurred along the C-axis only [27]. Fig. 2 shows the XRD patterns
of kaolinite and its intercalated composite with KAc. The XRD pat-
tern shows that the basal d(0 0 1) of kaolinite expands from 0.718 to
1.428 nm; The increment of 0.71 nm in d-value of kaolinite indicates
the intercalation of KAc in the interlamellar space, which is consis-
tent with the results published before [9,28,29]. The loss of intensity
of composite in the d(0 2 2), d(1 3̄ 0), d(1 3 1), d(0 0 3), d(1 3 1) and
d(1 1 3) peaks suggest that the well crystallized kaolinite suffers

structural degradation after intercalation.

In order to analyze the thermal stability of KAc intercalated
kaolinite composite, the samples were heated under specific tem-
peratures at 150, 200, 250, 300, 350 and 400 ◦C for 2 h. Their
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the four OH bands, a new (hydrogen-bonded) band appeared at
3604 cm−1, which are assigned to the formation of the hydrogen
bonding of the inner surface hydroxyls and the acetate ion [35].
The acetate ion may interact with the kaolinite surfaces through
ig. 2. X-ray diffraction (XRD) patterns of (a) kaolinite and (b) kaolinite/potassium
cetate composite.

RD patterns are shown in Fig. 3. Although the peak for 1.428 nm
as attributed to the intercalated phase, the area of the 0.718 nm
eak cannot be fully attributed to the non-intercalated kaolin-

te because the weak 0 0 2 peak of the intercalated kaolinite was
ocated at 0.714 nm nearby the 0.718 nm peak in Fig. 3a–c [28]. The
RD patterns obtained between 150 and 250 ◦C (Fig. 3b–d) reveal

hat the modifications are scarce at this temperature range, where
he composite reflections remain unchanged. This phase with the
argest d(0 0 1) spacing is the fully expanded by water and potassium
cetate before 250 ◦C. Upon heating to 300 ◦C, the composite starts
o deintercalate and the water coordinated to KAc was also lost.
he dehydration of the intercalation composite through heating
esults the 1.190 nm phase. The difference between the 1.19 nm and
.718 nm phases is attributed to the loss of the KAc in the layer of
he composite. Partial removal of the intercalated molecules begins
etween 300 and 350 ◦C, as indicated by reduction of the basal spac-

ng of the composite from 1.428 to 1.190 nm. Both the 1.428 and the
.190 nm reflections are visible in the pattern obtained at 300 ◦C.
he difference between the two phases of 0.23 nm is attributed to
he loss of water and this value is approximately the size of molec-
lar water. After heating above 400 ◦C, no intensity of the 1.428 nm
-spacing remained and the intensity of the 0.718 nm peak start to

ncrease.

Heating between 300 and 400 ◦C (Fig. 3e–h) causes the shift
f the basal reflections of the composite from 1.428 to 1.190 nm
Fig. 3h). This reduction is, on the basis of the DSC–TGA data, caused

ig. 3. XRD patterns of heating the kaolinite/potassium acetate composite at (a)
oom temperature, (b) 150 ◦C, (c) 200 ◦C, (d) 250 ◦C, (e) 300 ◦C, (f) 350 ◦C and (g)
00 ◦C.
cta 503–504 (2010) 16–20

by loss of some of the intercalated species. This probably due to the
structural rearrangement caused by the loss of water coordinated to
KAc molecule. In their structural model, KAc coordinated to water
molecules serve as molecular props between the kaolinite layers,
resulting in the observed 1.428 nm spacing. Partial loss of water
drives the remaining KAc molecules into the ditrigonal holes of the
oxygen-atom surface of the 1:1 layer, resulting in the 1.190 nm and
1.428 nm spacing that coexist at 350 ◦C.

After heating between room temperature and 400 ◦C, two main
changes were observed. Two phases at 1.428 and 1.190 nm are
observed within the KAc intercalated kaolinite. It can be concluded
that the 1.428 nm peak in the KAc intercalated kaolinite results
from the acetate coordinated to water. The 1.190 nm peak results
from only KAc in the layer of kaolinite. This is the major phase at
the elevated temperatures for the KAc intercalated kaolinite.

3.3. Infrared spectroscopy

The hydroxyl deformation modes of kaolinite are important in
the spectroscopic analysis for the deintercalation of KAc interca-
lated kaolinite [30]. There are four kinds of hydroxyl groups in
kaolinite, i.e. outer surface hydroxyl, inner surface hydroxyl, inner
hydroxyl and absorbed water hydroxyl [11,19,27,31]. The inner
hydroxyls are below the aluminium atoms and extend towards the
intralayer cavity (vacant octahedral site) of the kaolinite [31–33].

Fig. 4 shows the FT-IR spectroscopy of high frequency region of
the kaolinite–KAc intercalation composite, which were preheated
at 150 and 200 ◦C, as well as at 250, 300, 350 and 400 ◦C. These tem-
perature values were based on the DSC–TGA curves (Fig. 1). In the
case of kaolinite (Fig. 6a), the four OH bands represent stretching
vibration frequencies at 3692, 3668, 3651, and 3620 cm−1, which
are attributed to inner surface hydroxyl, outer surface hydroxyl,
absorbed water hydroxyl and inner hydroxyl, respectively. The
region of 3000–4000 cm−1 presents a band at 3620 cm−1, which
is typical of the stretching of the internal OH groups in the kaolin-
ite structure, and a band at 3692 cm−1, which is characteristic of
the vibration surface of OH groups [11,19,28,34]. In addition to
Fig. 4. Respective FT-IR spectra of the high frequency region of heating the kaolin-
ite/potassium acetate composite at: (a) room temperature, (b) 150 ◦C, (c) 200 ◦C, (d)
250 ◦C, (e) 300 ◦C, (f) 350 ◦C and (g) 400 ◦C.
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ig. 5. FT-IR spectra of the low frequency region of heating the kaolinite/potassium
cetate composite at: (a) room temperature, (b) 150 ◦C, (c) 200 ◦C, (d) 250 ◦C, (e)
00 ◦C and (f) 350 ◦C and (g) 400 ◦C.

he lone pair of electrons on the **C = O group. This band disap-
ears when the temperature is above 300 ◦C (Fig. 4). Such a bond is
trong, making the deintercalation difficult except on heating. An
dditional band at 3478.7 cm−1 is observed which is attributed to
he hydroxyl stretching frequency of interlayer water coordinated
o KAc, and disappears at 350 ◦C when the temperature increased
Fig. 4f). Upon increasing the temperature, the intensity of the outer
urface hydroxyls bands (3668 and 3651 cm−1) appear decreased.
his decrease in intensity is attributed to the outer surface hydrox-
ls and hydrogen bonds formed from water and lost when the
emperature is raised. The loss of a monolayer of water molecules,
resented in the model established by Frost et al. [36,37], would
ause a contraction of the basal spacing of the order of 0.23 nm,
s observed, e.g. during the loss of water from the kaolinite inter-
alation composite [20,21] in which the water loss leads to the
ormation of dehydrated composite with well-defined basal spac-
ng. This observation agrees with the XRD data. At 400 ◦C, only inner
ydroxyls (3620 cm−1) and inner surface hydroxyls (3692 cm−1)
id not change.

The FT-IR spectra of low frequency region of the kaolinite–KAc
ntercalation composite are show in Fig. 5. When the kaolin-
te is intercalated with KAc, two additional bands at 1408.4 and
604 cm−1 are observed which are attributed to the vibration peaks
f symmetric and antisymmetric stretch vibrations of CH3COO−.
he intense emission bands occurring at 1115.3 cm−1 is the Si–O
tretching modes which is also decreased when the temperature
s raised. This illustrates that the when KAc is actually interca-
ated into the layer of kaolinite and attached with the inner surface
ydroxyl of kaolinite, it will result in the shift of Si–O and Al–O.

Fig. 6 shows the FT-IR spectra of the original kaolinite, the potas-
ium acetate intercalated sample, and the sample heated at 400 ◦C.
n comparison, the KAc intercalation composite decomposes when
eated above 400 ◦C. It is very interesting to observe the disappear-
nce of the 1408.4, 1604 and 3478.7 cm−1 bands and the decrease in
ntensity of the914.5, 1115.3, 3668 and 3651 cm−1 band showing a
pectral shift towards their original kaolinite. This change is proba-
ly associated with the loss of water of hydration of the acetate and

otassium ions. The shift in the partially decomposed composite is
ue to the formation of an intermediate structure and the degra-
ation of deintercalation. The spectra clearly show the decrease in

ntensity of both the water and the KAc bands as deintercalation
Fig. 6. FT-IR spectra of (a) kaolinite, (b) the composite heated at 400 ◦C and (c)
kaolinite/potassium acetate composite.

takes place. Such results are in accordance with the DSC–TGA and
XRD results.

4. Conclusion

The DSC–TGA investigation of the intercalation enabled the
thermal characteristics of the deintercalation of the KAc interca-
lated kaolinite to be obtained. Two main changes were observed at
76 and 373 ◦C, which were attributed to the loss of water and the
loss of KAc. The thermal analysis data was used to select appropriate
temperatures for the collection of XRD and FT-IR data.

It is proposed that the KAc intercalation composite is stable blew
300 ◦C except on heating above 300 ◦C. The two endotherms were
observed at 76 and 373 ◦C. The former attributed to the loss of the
water and KAc in the surface of kaolinite and the later attributed to
the loss of the KAc in the layer of kaolinite. It was therefore proposed
that the outer hydroxyls and hydrogen bonds formed water and loss
resulting in the incomplete collapse of the kaolinite structure to the
original d-spacing. The 3620 cm−1 band is attributed to the inner
hydroxyl of the kaolinite and shows no change upon deintercala-
tion. Importantly, the 3604 cm−1 is attributed to the inner surface
hydroxyl of the kaolinite hydrogen-bonded to acetate ions. The
structure of the kaolinite was significantly different to its original
structure, after deintercalation, at least at the molecular scale.

The maximum rate of dehydroxylation of the intercalation com-
posite is observed at 373 ◦C, instead of 527 ◦C, for the pure kaolinite
sample. Thus this is benefit to the calcinations. The composite of
kaolinite intercalated by KAc prohibits the recrystallization of kaoli-
nite transformed into mullite.
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