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a b s t r a c t

Four Chinese palygorskites clay minerals have been analysed by thermogravimetric analysis-mass spec-
trometry and X-ray diffraction. The structural water of the palygorskite dehydrates in the temperature
range of 30–625 ◦C, as shown in the thermogravimetric analysis and mass spectrometric curves. The mass
spectrometric curves combined the differential thermogravimetric curves enable the detailed determi-
nation of the main dehydration steps. The results show that the dehydration occurs in four main steps:
(a) elimination of interparticle water and partial zeolitic water at below 110 ◦C, (b) release of the rest
part of zeolitic water from the structural layer of palygorskite at about 160 ◦C, (c) dehydration of one

◦ ◦

alygorskite
ecomposition
ass spectrometry

part of bound water at about 340 C and (d) loss of the rest part of bound water at around 450 C. The
temperatures of dehydration of the palygorskite minerals are found to be influenced by the geological
environment and the amount and kind of impurities. The evolved gases in the decomposition process
are various because of the different amounts and kind of impurities. It is also found that decarboniza-
tion takes place at around 600 ◦C due to the decomposition of calcite and dolomite impurities in these
minerals. It is evident by the mass spectrometric curve that the water is given out from the samples and

from
carbon dioxide originates

. Introduction

Interest in the chemistry of palygorskite stems from a number
f reasons. Firstly, palygorskite is one of the very important and
aluable industrial clay minerals with a wide range of applications.
hese applications include their use as catalysts or catalyst sup-
orts filler in polymer composites membranes for ultrafiltration
pecific adsorbent of organic molecules [1–7]. These applications
mply the value of the palygorskite at present or in future. Secondly,
he structure of palygorskite is very special. Technological applica-
ions are based on its physicochemical properties, among others,
nd especially in its structure. Therefore, it is of high importance to
nderstand well the structure of palygorskite. Thirdly, palygorskite

s important from an environmental point of view. Palygorskites are
inerals which can function as collectors of heavy metals and other

ollutant [8]. Interest in such minerals and their thermal stability

ests with the possible identification of these minerals and related
ehydrated phyllosilicate related mineral [9]. Many studies on dif-
erential thermal analysis and application studies of some related

inerals have been published [10–14]. Study on their chemistry

∗ 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.2010.10.008
the impurity calcite and dolomite.
© 2010 Elsevier B.V. All rights reserved.

composition and thermal analysis has proven extremely useful for
determining the stability of minerals [15–20].

Palygorskite is widely applied in many fields of material indus-
try, particularly as oil refining, wastewater treatment, removal of
odor, drug, pesticide carriers, catalysts, paper and detergent indus-
tries [1–4]. Moreover, palygorskite has received relatively much
attention as a polymer reinforcement agent with many studies
being devoted to composites of polyolefins, polyurethane, poly-
imide and polyamide [21]. Therefore, the variety of industrial
applications has motivated a vigorous research effort which has
revealed concurrent dramatic enhancements for many materials.
Palygorskite samples with different physicochemical properties
can be obtained through heat treatment and acid treatment [22].
For example, heat treatment can affect the specific surface area of
palygorskite, and then has some influence on adsorption capacity
of palygorskite. Based on the above considerations, it is necessary
to investigate the effect of heat treatment on the all aspect proper-
ties of palygorskite in mineral system. In general, the industrial raw
palygorskite from China is a mixture of minerals, which contains

different non-clay minerals besides major and minor clay miner-
als. The palygorskites clays from China with the major clay mineral
palygorskite include minor carbonates with dolomite and calcite as
non-clay minerals [23]. Therefore, it is highly interest to study the
thermal behavior of palygorskites from China.

dx.doi.org/10.1016/j.tca.2010.10.008
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.2010.10.008
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Thermal analysis using thermogravimetric analysis-mass spec-
rometry enables the mass loss steps, the temperature of mass loss
nd the mechanism for the mass loss to be determined. Although
he thermal behavior of the palygorskite have been studied by
hermogravimetric techniques [23,24], thermogravimetric-mass
pectrometry methods can provide evidence for the products of
hermal decomposition [25]. This paper, based on author’s previ-
us work [19], reports the steps of dehydration of four palygorskites
rom China using X-ray diffraction (XRD) and thermogravimetric-

ass spectrometry (TG-MS). The purpose of the present study is to
ake clear the dehydration process of palygorskite with respect to

he removal of structural water.

. Experimental methods

.1. Materials

Four palygorskite samples, containing impurities quartz,
olomite and calcite, were selected for this study (Table 1). It was
eported that particle size distribution produces a significant influ-
nce in the thermal behavior of clays such as significant shifts in the
ehydration temperature or in the percentage of hydration struc-
ural water [26–28]. Therefore, the samples were used directly,
ithout prior size fraction separation, since one of the objectives
as to determine the influence on the thermal behavior of mineral

amples.

.2. X-ray diffraction

X-ray diffraction patterns were collected using a PANalytical
’Pert PRO X-ray diffractometer (radius: 240.0 mm). Incident
-ray radiation was produced from a line focused PW3373/10 Cu
-ray tube, operating at 40 kV and 40 mA, with Cu K� radiation
f 1.540596 Å. The incident beam passed through a 0.04 rad soller
lit, a 1/2◦ divergence slit, a 15 mm fixed mask, and a 1◦ fixed
ntiscatter slit.

.3. Thermogravimetric analysis and mass spectrometry

Thermogravimetric analysis (TG) of the samples was carried out
n a TA® Instruments incorporated high-resolution thermo gravi-

etric analyzer (series Q500) in a flowing nitrogen atmosphere
60 cm3 min−1). Approximately 50 mg of each sample underwent
hermal analysis, with a heating rate of 5 ◦C/min, with resolution of
, from 25 ◦C to 750 ◦C. The TG instrument was coupled to a Balzers
Pfeiffer) mass spectrometer for gas analysis. Only water vapour,
arbon dioxide, carbon and oxygen were analysed. In the MS fig-
res, e.g. Fig. 3, a background of broad peaks may be observed. This
ackground occurs for all the ion current curves. The background
ecomes more prominent as the scale expansion is increased. It is
onsidered that this background may be due to the loss of chemi-
als which have deposited in the capillary which connects the TA
nstrument to the MS.

. Results and discussion

.1. X-ray diffraction (XRD) and structure of palygorskite

The XRD patterns of the four selected palygorskite minerals
ith standard XRD patterns are shown in Fig. 1. They show that the
ineral compositions within these four palygorskite samples are

arious, and the notable difference between these samples is the

ccurrence of some impurity. F-1 and G-1 samples show almost
ure palygorskite. Sample H-1 contains significant amounts of
alcite impurity, however, while Z-1 contains dolomite. The XRD
atterns of representative clay separates of these four samples
eveal that these four samples have similar clay mineral compo-
Fig. 1. XRD patterns for palygorskite samples (a) F-1, (b) G-1, (c) H-1, (d) Z-1 and
reference patterns:JCPDS card No. 21-0957 Palygorskite (P), No. 05-0586 Calcite (C),
No. 36-0426 Dolomite (D) and No. 46-1045 Quartz (Q).

sitions, consisting mainly of palygorskite. Changes in the relative
proportions of the clay minerals are seen from Fig. 1.

Palygorskite, with the chemical composition (Mg, Al)5(Si,
Al)8O20(OH)2(OH2)4·4H2O, is a crystalline hydrated magnesium sil-
icate with a fibrous morphology. Palygorskite and, less commonly,
sepiolite are fibrous clay minerals reported in soils of arid and
semiarid regions [15,29,30]. The structure of palygorskite contains
ribbons of 2:1 phyllosilicates linked by periodic inversion of the
apical oxygen of the continuous tetrahedral sheet every four atoms
of Si (two tetrahedral chains). The tetrahedral sheet is continuous
across ribbons but the octahedral sheet is discontinuous as a result
of the periodic inversion, and terminal octahedral cations must
complete their coordination sphere with water molecules [31]. As
reported by Frost [19] and Suarez [32], in the structure of paly-
gorskite, four water molecules are bonded by two per two the first
and Mg2+ cations at the both ends of each ribbon and located in
nanopores.

3.2. Thermogravimetric analysis

To investigate the dehydration process of palygorskite, the
thermogravimetry and differential thermogravimetric (TG–DTG)
analyses of the palygorskite minerals are presented in Fig. 2a–d,
which show the TG–DTG curves for these four samples. The dehy-
dration process for these four palygorskite minerals are discussed
in details as followed.

Fig. 2a shows the dehydration process for F-1. There are four
main mass losses in TG curve of this sample. The first mass loss of
8.85% is observed at below 110 ◦C. This mass loss is attributed to be
the elimination of interparticle water and one part of zeolitic water.
The similar results were reported by Yener [23]. However, they
found that the first and major mass loss of palygorskite occurred
between 25 and 190 ◦C with the maximum rate at 83 ◦C, and this
temperature range of losing these types of water is different from

our finding. This may be due to the various resolutions of thermo-
gravimetric analyzers. The second mass loss is observed at 148 ◦C
with a mass loss of 3.44%, which is assigned to the thermal dehy-
dration of the rest part of zeolitic water from the structural layer
of the palygorskite. The third mass loss is observed at 347 ◦C with
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Table 1
Palygorskite samples from China.

Palygorskite samples Location Content of clay mineral Impurities
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Palygorskite (F-1) Feidong, Anhui Province of China
Palygorskite (G-1) Guanshan, Anhui Province of China
Palygorskite (H-1) Hefei, Anhui Province of China
Palygorskite (Z-1) Zhangze, Jiangsu Province of China

ass losses of 2.3%, which is due to loss of one part of bound water.
he last mass loss is observed at 414 ◦C with mass losses of 4.02%,
hich is attributed to loss of the rest part of bound water. It was

eported by Nagata et al. [17] that the bound water of palygorskite
s removed in two steps. Four major mass losses are observed on
he TG curve for the sample G-1 (Fig. 2b). These steps are similar to
he dehydration of structural water for F-1. The four dehydration
teps, which correspond to mass losses of 9.12% (room temper-
ture to 110 ◦C), 3.2% (125–175 ◦C), 2.2% (300–375 ◦C) and 3.28%
375–500 ◦C), are assigned to the elimination of interparticle water
nd partial zeolitic water, release of the rest part of zeolitic water
rom the structural layer of the palygorskite, dehydration of one
art of bound water and loss of the rest part of bound water. These
esults are in good agreement with the literature recording the
ehydration of palygorskite [19,33–36]. Four major mass losses are
learly observed at maxima of 51, 172, 341 and 422 ◦C. However, the
hermal behavior of other natural palygorskite samples of different
rigins and with different amounts of impurities is different.

In Fig. 2c, three distinct mass losses are observed in the
G–DTG curves of H-1 mineral sample. The TG–DTG curve of this
alygorskite, with impurity calcite, presented a peak at 155 ◦C asso-
iated with dehydration of the zeolitic water with a mass loss of
.52%. The second peak appeared at 431 ◦C, accompanied by a mass

oss of 0.24% caused by loss of bound water. Another mass loss is
bserved at 603 ◦C with a mass loss of 37.41%. This step can be

nterpreted as being due to the thermal decomposition of impu-
ity calcite. Unlike the thermal behavior of sample H-1, there are
ve different mass losses in sample Z-1 (Fig. 2d), the first mass

osses of 3.91% between 30 and 110 ◦C with a maximum at 50 ◦C
s due to the elimination of interparticle water and partial zeolitic

Fig. 2. TG–DTG curves for palygorskite sam
Palygorskite Quartz
Palygorskite Quartz,
Palygorskite Quartz, calcite
Palygorskite Quartz, dolomite

water. The second mass loss of 1.26% between 125 and 180 ◦C with
a maximum rate at 160 ◦C is attributed to the dehydration of the
rest part of zeolitic water. The third mass loss of 2.13% between
325 and 450 ◦C with a maximum rate at 421 ◦C is assigned to the
dehydration of the first part of bound water. According to the evo-
lution of gas species from MS spectra in Fig. 3d, the fourth mass
loss of 2.09% between 450 and 570 ◦C is originated from the loss of
the rest part of bound water for palygorskite and partial decompo-
sition of impurity dolomite. The last mass loss of 2.18% at 576 ◦C
is observed, which is attributed to the thermal decomposition of
impurity dolomite.

Changes in the mineral composition of these four palygorskites
result in the different thermal decomposition properties. In general,
the dehydration of palygorskite takes place in four steps includ-
ing elimination of interparticle water and partial zeolitic water at
below 110 ◦C, release of the rest part of zeolitic water at about
160 ◦C, dehydration of the first part of bound water at about 340 ◦C
and loss of the rest part of bound water at about 450 ◦C. Therefore,
the zeolitic water and bound water for palygorskite is removed in
two steps, respectively. Comparing these four palygorskite miner-
als, both F-1 and G-1, with minor impurity quartz, show the typical
dehydration as above. However, palygorskites, regardless of the
content of mainly composition, exhibited a remarkable change in
the temperature of dehydration of bound water for the palygorskite
minerals H-1. This may be due to the existence of impurity calcite. In

sample Z-1, the palygorskite, with impurity of dolomite, have a dif-
ferent thermal behavior with the other palygorskite samples. These
results suggest that the thermal dehydration of palygorskite min-
erals is decided not only by the main physicochemical properties
of palygorskite, but also by the mount and kind of impurities.

ples (a) F-1, (b) G-1, (c) H-1, (d) Z-1.
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Fig. 3. Evolved gas analysis for palygors
.3. Mass spectrometric analysis

In accordance with former findings several different steps of
ehydration have occurred. In order to clarify the thermal decom-
osition mechanism of palygorskite and understand well the
amples (a) F-1, (b) G-1, (c) H-1, (d) Z-1.
dehydration of structural water for Chinese palygorskite miner-
als, the mass loss during each decomposition process should be
characterized by the identified evolution components. The mass
spectrometric data also provide evidence on the thermal decom-
position products and mainly chemical composition.
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The interpretation of the mass spectra occurs on the basis of
egassing profiles from the molecule ions of water (H2O+: m/Z = 18),
arbon dioxide (CO2

+: m/Z = 44) as well as by fragment ions (OH+:
/Z = 17, O+: m/Z = 16 and C+: m/Z = 12).

The evolution of gas species has been followed in situ by the
oupled TG-MS system. The evolution curves of ion-fragments of
arious gases released are shown as ion current versus temperature
urves in Fig. 3a–d. For convenience, these four minerals are divided
nto two groups to analysis. According the XRD results, they are
ivided into (a) palygorskite with minor impurity quartz and (b)
alygorskite with other impurities. The XRD patterns of these four
inerals reveal that samples F-1 and G-1 have similar clay mineral

omposition, consisting mainly of palygorskite and minor quartz.
our major thermal decomposition steps are observed. The first
tep at below 110 ◦C is due to loss of the interparticle water and
ne part of zeolitic water for these two palygorskite samples. This
eaction can be represented as below:

Mg, Al)5(Si, Al)8O20(OH)2(OH2)4 · 4H2O

→ (Mg, Al)5(Si, Al)8O20(OH)2(OH2)4 + 4H2O

The characterization of water release by means of mass spectra
s possible with the molecule ion H2O+ (m/Z = 18) together with the
ragment ion OH+ (m/Z = 17) and O+ (m/Z = 16). Because the inter-
article water and one part of zeolitic water are removed in same
emperature range, the overlapping mass loss for this step should
e more than the theoretical value (8.52%) of dehydration for paly-
orskite. Peaks at 148 ◦C for F-1 and at 172 ◦C for G-1 are found
n the ion current curve for H2O+ (m/Z = 18); corresponding peaks
re also found in the ion current curves for OH+ (m/Z = 17) and O+

m/Z = 16). It can be safely concluded that the water is given out at
bout 148 ◦C for F-1 and at 172 ◦C for G-1 from the samples. This
eaction can be represented as below:

Mg, Al)5(Si, Al)8O20(OH)2(OH2)4

→ (Mg, Al)5(Si, Al)8O20(OH)2(OH2)2.5 + 1.5H2O

The theoretical mass loss for this step is 3.19% compared with
he observed value of 3.44% for F-1 and 3.2% for G-1, these results
re in excellent agreement with the theoretical value.

The third step at 347 ◦C for F-1 and at 341 ◦C for G-1 is assigned
o the dehydration of the first part of bound water. The dehydration
lso can be proved by the ion current curves for OH+ (m/Z = 17) and
+ (m/Z = 16). Therefore, this phase can be represented as below:

Mg, Al)5(Si, Al)8O20(OH)2(OH2)2.5

→ (Mg, Al)5(Si, Al)8O20(OH)2(OH2)1.5 + H2O

This step theoretical mass loss should be 2.12% and the values
f 2.3% for F-1 and 2.2% for G-1 are observed.

The last step at 414 ◦C for F-1 and at 422 ◦C for G-1 is assigned
o the loss of the rest part of bound water for the palygorskite. This
eaction can be represented as below:

Mg, Al)5(Si, Al)8O20(OH)2(OH2)1.5

→ (Mg, Al)5(Si, Al)8O20(OH)2 + 1.5H2O

The last mass loss step should be 3.19%; 3.28% for G-1 is found.
he small peak at 498 ◦C for F-1 is found in the ion current curve
or CO2

+ (m/Z = 44); corresponding peak is also found in the ion

urrent curves for C+ (m/Z = 12). This illustrate a tiny proportion
f CO2 is given out in this temperature range. Therefore, the mass
oss observed in this step for F-1 is 4.02%. Thus, there is reasonable
greement with the predicted and the observed mass loss value in
his step.
Acta 512 (2011) 202–207

These phase transformations are expressed in the form of chem-
ical reaction for the ease of explanation. The XRD patterns of these
four palygorskite samples reveal that the sample H-1 contains
mainly of palygorskite and some other impurities, such as quartz
and calcite. One addition thermal decomposition step is observed
in this sample, excepting the thermal decomposition of the paly-
gorskite. The steps at 50, 155, 344 and 431 ◦C for H-1 are observed,
which is the same as the dehydration of palygorskite. The ion cur-
rent curves for the evolved gases show for m/Z = 44 a mass gain at
around 603 ◦C, attributed to decompose of impurity calcite (Fig. 3c).
This reaction can be represented as below:

CaCO3 → CaO + CO2

Similar to the XRD pattern analysis of sample H-1, the samples
Z-1 consists mainly of palygorskite and some other impurities, such
as quartz and dolomite. Besides the thermal decomposition steps
of the palygorskite mentioned above, the steps at 576 ◦C for Z-1 is
due to the thermal decomposition of dolomite. This reaction can be
represented as below:

MgCO3 · CaCO3 → MgO + CaO + 2CO2

It is generally considered that the CaCO3 decomposes nominally
at 898 ◦C, but in silicate minerals generally at 600–700 ◦C [37,38].
However, the difference in the temperatures of released CO2 is due
to the different percentages of CaCO3 and MgCO3 impurity in these
two minerals.

The comparison of these four minerals is shown that the thermal
decomposition of these samples is determined by different factors,
such as mineral impurities and different locations. The mass gain
in the MS curves corresponds precisely with the mass loss in the
TG curves.

The present results allow making the conclusion that combina-
tion TG and MS is a powerful technique to follow the decomposition
process and detect the thermal decomposition products. At the
same time, it can be easily detect the impurity in the samples which
contain the carbonate. Therefore, this founding is quite important
for studying minerals, especially clay minerals, because the nature
clay from China always contain carbonate component.

4. Conclusions

The thermal decomposition of four palygorskite minerals col-
lected from different areas of China has been examined using
TG-MS, which is proves to be a very useful technique for deter-
mining the decomposition products and stability of these minerals.
The palygorskite minerals show in general four thermal decompo-
sition steps attributed to dehydration. These steps correspond to (a)
the loss of interparticle water and partial zeolitic water (b) release
of the rest part of zeolitic water (c) dehydration of the first part
of bound water and (d) loss of the rest part of bound water. The
thermal behavior of natural palygorskite samples of different ori-
gins and with different amounts of impurities is different from the
pure palygorskite. The TG-MS have detected and monitored defi-
nitely thermally evolved H2O (m/Z = 18) and CO2 (m/Z = 44) from the
samples. Anyhow, the m/Z = 18 is also the most intense fragment of
H2O, while m/Z = 44 fragments arise from impurities. The temper-

ature of dehydration of palygorskite is influenced by the geological
environment and the amount and kind of impurities. Therefore, the
reproducibility of measurement and richness of qualitative infor-
mation should be simultaneously considered for proper selection
of analysis method for mineral analysis.
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