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In this study, the exfoliatedmontmorillonitewas prepared through the click chemistry of a propargyl-containing
intercalator with singly or multiply azido-functionalized polyhedral oligomeric silsesquioxane nanoparticles.
Thermogravimetric analyses revealed that thepyrolysis kinetics had a close relationship to the layered structures,
exfoliated structures, and cage-like molecules of polyhedral oligomeric silsesquioxane nanoparticles. The
pyrolysis of exfoliated montmorillonite had a mechanism function of Avrami–Erofeev equation, and the kinetic
compensation effect equation revealed the pyrolysis.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

As a cheap, natural nanomineral, montmorillonite (Mt) has been
used widely in many polymers, such as epoxy (Ha et al., 2008;
Lakshmi et al., 2008; Nuhiji et al., 2011), polyethylene (Liang et al.,
2004; Xu et al., 2004; Qian et al., 2007), polypropylene (Liu et al.,
2010; Martin et al., 2010; Dolomanova et al., 2012), polyurethane (Yu
et al., 2008; Qiao et al., 2009; Wang et al., 2009), polybenzoxazine
(Takeichi et al., 2002; Fu et al., 2008; Demir et al., 2011; Vengatesan
et al., 2011), ethylene-vinyl acetate (Bee et al., 2012; Chen et al., 2012;
Hwang et al., 2012), and polyvinyl acetate (Cui and Du, 2011a,b,c,
2012a,b,c, 2013a), to improve the chemical, physical, mechanical, and
thermal properties because of its special layered structure and excellent
dispersion, water-swelling, thixotropy, adhesion, ion exchange capaci-
ty, and organic adsorption behavior. Therefore, many technologies
have been developed accordingly to prepare such polymer nanocom-
posites (Teixeira et al., 2011; Touchaleaume et al., 2011; Zhang et al.,
2011; Greesh et al., 2012; Zhu et al., 2012). In our previous work, we
used click chemistry to react singly and multiply functionalized azido-
polyhedral oligomeric silsesquioxanes (N3-POSS) with a propargyl-
containing, long-alkyl-chain intercalator to prepare organic/inorganic
hybrid surfactants for the exfoliation of Mt (Cui and Kuo, 2012, 2013a,b,
2014). The cage-like molecules of polyhedral oligomeric silsesquioxanes
(POSS) presenting organic substituents on the outer surfaces (Fig. 1)
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had exfoliated the Mt into single layers. Their structures and thermal
properties were investigated except the pyrolysis kinetics.

Agrawal integral equation can be used to analyze thepyrolysis kinet-
ics of polymers and their composites (Agrawal, 1987;Hu and Shi, 2001).
In our previous work, the glass transition kinetics (Cui and Du, 2012d,
2013b), cold crystallization kinetics (Cui and Du, 2012d, 2013b), and
pyrolysis kinetics (Cui and Du, 2013c; Fang et al., 2013) of the exfoliated
nanocomposites from vinyl acetate and organic Mt were studied
using Agrawal integral equation. In this study, we reacted N,N-
dimethylstearylaminewith propargyl bromide and then used the prod-
uct to prepare intercalatedMt (In-Mt); subsequently, we incorporated a
POSS derivative functionalizedwith azido groups into the opened layers
of In-Mt, where it reacted with the intercalator through click chemistry
to form exfoliated Mt (Ex-Mt). The pyrolysis kinetics of Ex-Mt was in-
vestigated using Agrawal integral equation, and the related influence
from the cage-like molecules of POSS nanoparticles was discussed also.
2. Experiments

2.1. Samples

The pristine Mt was purchased from Nanocor (USA). The In-Mt and
Ex-Mt were obtained according to previously reported procedures (Cui
and Kuo, 2012, 2013a,b, 2014). The In-Mt was prepared from pristine
Mt, N,N-dimethylstearylamine, and propargyl bromide. The Ex-Mt-A
was prepared from In-Mt and mono-functionalized azide-POSS, and
the Ex-Mt-B from In-Mt and multi-functionalized azide-POSS.
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Fig. 1. (a) Mono-functionalized POSS presenting an organic substituent and (b) multi-
functionalized POSS presenting eight organic substituents on the outer surfaces after
click reactions.
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2.2. Characterization

Wide-angle X-ray diffraction (WAXD) data were collected using a
BL17A1 wiggler beam line of the National Synchrotron Radiation
Research Center (NSRRC), Taiwan. A triangular bent Si (111) single
crystalwas employed to obtain amonochromated beamhaving awave-
length (λ) of 1.33001 Å. The value of d(001) was calculated using Bragg's
law. The thermal stabilities of the samples were measured using a TA
Q-50 thermogravimetric analyzer (TGA) operated under a pure N2

atmosphere. The sample (ca. 7 mg) was placed in a Pt cell and heated
at a rate of 20 °C·min−1 from 30 to 800 °C under a N2 flow rate of
60 ml·min−1. Transmission electron microscopy (TEM) images were
recorded using a JEOL-2100 transmission electron microscope operated
at an accelerating voltage of 200 kV. Ultrathin sections (thickness: ca.
70 nm) of the TEM samples were prepared using a Leica Ultracut UCT
microtome equipped with a diamond knife; they were then placed
onto Cu grids coated with carbon-supporting films.

3. Results and discussion

About the pyrolysis kinetics, the mechanism function is expressed
as:

G að Þ ¼ A
β

Z T
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RTdT :

The Agrawal approximate equation is (Agrawal, 1987):
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Combining the above two equations together, the Agrawal integral
equation is written as:
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For the general reaction temperatures andmost of E, the relationship
among E, R, and T is:
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The Agrawal integral equation is simplified as:
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The relationship between ln G að Þ
T2

h i
and 1

T will be linear with a suitable

G(a), then E can be calculated from the linear slope andA from the linear
intercept. In the above equations, T (K) is the temperature, R is the
universal gas constant of 8.314 J·(mol·K)−1, β is the heating rate of
20 °C·min−1, E (kJ·mol−1) is the active energy, A (min−1) is the
frequency factor, and a is the relative weight loss calculated by:

a ¼ mi−mT

mi−mf

wheremi is the initialweight,mf is the finalweight, andmT is theweight
at T.

According to the simplified Agrawal integral equation, T and a in the
pyrolysis phases [Fig. 2(a)] were linear fit using a trial-and-error
method (Hu and Shi, 2001), as shown in Tables S1, S2, S3, and S4. On
the basis of the correlation coefficient, the pyrolysis kinetics of pristine
Mt, In-Mt, Ex-Mt-A, and Ex-Mt-B was obtained, as shown in Table 1.
In these kinetic parameters, G(a) is the kinetics mechanism function
to illustrate the pyrolysis process. If the G(a) is different, the linear fit
equation, correlation coefficient, E, A, and reaction order are definitely
different also. As Table 1 shows, the G(a) for pristine Mt and In-Mt
was Zhuralev–Lesokin–Tempelman equation with a mechanism of
three-dimensional diffusion, 3D; and the G(a) of Avrami–Erofeev equa-
tion and the mechanism of random nucleation and subsequent growth
for Ex-Mt-A and Ex-Mt-B. The differences on G(a) were caused by their
respective different structures, e.g. Mt and In-Mtwith layered structure,
and Ex-Mt-A and Ex-Mt-B with exfoliated structure. The WAXRD
pattern of pristine Mt featured a peak at 5.38°, corresponding to a
basal space of 1.42 nm; that of In-Mt exhibited a diffraction angle at
2.05°, corresponding to a basal space of 3.73 nm (Fig. S1) (Cui and
Kuo, 2012, 2013a,b, 2014). This implies that the pristine Mt and In-Mt
both had the layered structure, confirmed by the TEM images
[Fig. S2(a) and (b)]. While no diffraction peaks appeared within the
range of 0.5–5° in the WAXRD patterns of Ex-Mt-A and Ex-Mt-B, indi-
cating that the Mt had been exfoliated completely as a result of the
click reactions (Figs. S1 and S2). The diffraction peaks at approximately
5° embodied the crystal characteristics of the POSSmoieties, confirming
that themono- andmulti-functionalized azide-POSS derivatives had in-
deed entered between the layers of In-Mt and underwent subsequent
click reactions with the acetylene groups of intercalation agents,
resulting in strong exfoliation of Mt (Fig. S1) (Cui and Kuo, 2012,
2013a,b, 2014). The TEM images of Ex-Mt-A [Fig. S2(c)] and Ex-Mt-B
[Fig. S2(d)] reveal that Mt had been exfoliated into layers presenting
POSS nanoparticles, with few layered structures.

As aforementioned, the pristine Mt and the In-Mt with layered
structure presented the same G(a) of Zhuralev–Lesokin–Tempelman
equation, and the same G(a) of Avrami–Erofeev equation for the
Ex-Mt-A and the Ex-Mt-Bwith exfoliated structure. The E relates closely
not only to the structures, but also to the weight loss. E is the required
minimum energy of the molecules from a reactant state to an activated
state in a chemical reaction. In the pyrolysis, it is the different energy
between the onset point and the offset point. The pristine Mt and the
In-Mt both had layered structures, with a basal space of 1.42 and
3.73 nm, respectively. The pyrolysis of pristine Mt was to remove the
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Fig. 2. (a) Weight loss and (b) derivative weight loss of Mt, In-Mt, Ex-Mt-A, and Ex-Mt-B.
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crystal water between layers and the structuralwater in layers, general-
ly needed much energy and could be performed at high temperatures,
so the Ewas certainly high.While the pyrolysis of In-Mt was to remove
the intercalator between layers, whichwas determined by the pyrolysis
temperature of intercalator and could be accomplishedmore easily than
to remove the crystal water between layers and the structural water in
layers for pristineMt. As Fig. 2(a) shows, the total weight loss of pristine
Mt was 6% at temperatures up to 800 °C from the loss of physically
absorbed water and crystal water between layers and the structural
water in layers; the peak temperature (Tp) was 619 °C, and the deriva-
tive weight loss was 0.0322%·°C−1, caused by the loss of crystal
and structural water [Fig. 2(b)]. The weight loss of In-Mt at 40%
was caused mainly by the pyrolysis of organic surfactant from N,N-
dimethylstearylamine and propargyl bromide at temperatures up to
600 °C, at which point the intercalator had been pyrolyzed completely;
the In-Mt displayed the Tp at 258 and 428 °C, corresponding to the
derivative weight loss at 0.1543 and 0.1500%·°C−1 [Fig. 2(b)]. The de-
rivative weight loss reflected the pyrolysis rate; the more the weight
loss the higher the derivative weight loss. The Tp at 619 °C reveled the
removing of the crystal water between layers and the structural water
in layers for pristine Mt, and the Tp at 258 and 428 °C for removing
the intercalator for In-Mt. Consequently, the former exhibited a high E
at 613.59 kJ·mol−1, and the latter at a low E of 87.04 kJ·mol−1

(Table 1).
For the Ex-Mt-A and Ex-Mt-B with exfoliated structure, their

pyrolysis was not similar to that of pristine Mt and In-Mt. The mono-
functionalized POSS presenting an organic substituent on the outer
surface exfoliated Mt into single layers for Ex-Mt-A and the multi-
functionalized POSS presenting eight organic substituents on the outer
Table 1
Pyrolysis kinetics of Mt, In-Mt, Ex-Mt-A, and Ex-Mt-B.

G(a) E (kJ·mol−1) A (min−1) Reaction order

Mt
1−að Þ−1

3−1
h i2 613.59 2.88 × 1035 2

In-Mt
1−að Þ−1

3−1
h i2 87.04 1.30 × 106 2

Ex-Mt-A [− ln(1 − a)]4 99.06 4.35 × 106 4
Ex-Mt-B [− ln(1 − a)]4 104.58 8.27 × 106 4
surfaces did that for Ex-Mt-B. The exfoliated structure and the different
organic substituents on the outer surfaces of POSSmolecules influenced
the E, weight loss, and derivative weight loss significantly. The weight
loss was about 28% for Ex-Mt-A and about 36% for Ex-Mt-B [Fig. 2(a)].
The Ex-Mt-A featured the Tp at 207, 424, and 663 °C with the corre-
sponding derivative weight loss of 0.0846, 0.0595, and 0.0490%·°C−1;
the Ex-Mt-B at 199, 375, and 680 °C, with the corresponding derivative
weight loss of 0.0903, 0.1201, and 0.0936%·°C−1 [Fig. 2(b)]. The Tp at
663 and 680 °C for Ex-Mt resulted from the collapse of POSS structures.
For In-Mt, the intercalator was from N,N-dimethylstearylamine and
propargyl bromide; for Ex-Mt, the organic substituent was also from
them, and was connected to the outer surface of POSS nanoparticles
through click chemistry (Cui and Kuo, 2012, 2013a,b, 2014). In other
words, the pyrolysis of In-Mt was just to remove the intercalator,
while that of Ex-Mt not only to remove the organic substituent but
also to break the chemical bonds between organic substituent and
POSS nanoparticles formed by click chemistry, so the In-Mt presented
lower E than the Ex-Mt (Table 1). The Ex-Mt-A contained mono-
functionalized POSS presenting an organic substituent on the outer
surface, while the Ex-MT-B contained multi-functionalized POSS
presenting eight organic substituents on the outer surfaces. During the
pyrolysis, monochemical bond was broken for the Ex-Mt-A, while
multichemical bondswere broken for the Ex-Mt-B; they all were formed
by the click chemistry. In addition, more energy would be needed to ac-
complish the pyrolysiswhen the Ex-Mt containedhigher organic content
that was the weight loss. Therefore, the Ex-Mt-A showed a low E at
99.06 kJ·mol−1 and the Ex-Mt-B at a high E of 104.58 kJ·mol−1

(Table 1). The A, as shown in Table 1, displayed a similar variation
trend to that of the E, which is a constant determined by the reaction
and does not have any relationship to the reaction temperature and con-
centration in the system.
Table 2
Kinetic compensation effect equations of Mt, In-Mt, Ex-Mt-A, and Ex-Mt-B.

Kinetic compensation effect equation Correlation coefficient

Mt lnA = 0.0001E − 1.5908 0.9990
In-Mt lnA = 0.0002E − 2.9985 0.9786
Ex-Mt-A lnA = 0.0002E − 3.5276 0.8778
Ex-Mt-B lnA = 0.0002E − 3.4927 0.9039

image of Fig.�2
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In addition, the kinetic compensation effect is often used also in
the kinetics. It indicates a linear relationship between lnA and E that A
compensates to the change of E partly (Hu and Shi, 2001):

ln A ¼ KE þ Q

where K andQ are the kinetic compensation effect parameters calculated
from the linear fit between E and A.

Table 2 shows the pyrolysis kinetic compensation effect equations of
pristineMt, In-Mt, Ex-Mt-A, and Ex-Mt-B. The pristineMt is an inorgan-
ic mineral, while In-Mt, Ex-Mt-A, and Ex-Mt-B all contained organics.
Therefore, the K was the same at 0.0002 for In-Mt, Ex-Mt-A, and
Ex-Mt-B, which was different from that of pristine Mt at 0.0001. The Q
had a close relationship to the layered structures for pristine Mt and
In-Mt, and the exfoliated structures and cage-like molecules of POSS
nanoparticles for Ex-Mt-A and Ex-Mt-B. It varied similarly to that of E
and A. Because the K and Q are not affected by experimental factors,
the kinetic compensation effect equations can explain the pyrolysis
processes and reveal the pyrolysis of pristine Mt, In-Mt, Ex-Mt-A, and
Ex-Mt-B clearly, and also are their theoretical expressions.

4. Conclusions

In this study, the pyrolysis kinetics of Ex-Mt from pristine Mt, func-
tionalized POSS, and click chemistry was investigated, which had a
close relationship to the layered structures, exfoliated structures, and
cage-like molecules of POSS nanoparticles. The pristine Mt and In-Mt
had the same G(a) of Zhuralev–Lesokin–Tempelman equation, and the
G(a) for Ex-Mt-A and Ex-Mt-B both was Avrami–Erofeev equation.
The kinetic compensation effect equations revealed the pyrolysis of
pristine Mt, In-Mt, Ex-Mt-A and Ex-Mt-B.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.clay.2014.09.026.
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