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Abstract The decomposition mechanism of intercalated
montmorillonites at a particular temperature region and the
activation energy involved in it are the two important
aspects which determines the thermal stability of interca-
lated montmorillonites. In this study, montmorillonite was
intercalated with alkyl (methyl, ethyl, propyl, and dodecyl)
triphenyl phosphonium intercalates. Differential thermo-
gravimetric analysis of each intercalated montmorillonites
showed different peaks with associated organic loss at
different temperature zone. Intercalated montmorillonites
were subjected to isothermal kinetic analysis correspond-
ing to selected temperature zone obtained from DTG peaks.
Activation energies of organic decomposition process at
selected temperature zones were determined. Mass spectral
analysis and FTIR were done to understand the decompo-
sition mechanisms and to relate them with the estimated
activation energies.
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Introduction
Surface modifications of clay minerals have received

attention because it allows the creation of new materials
and new applications. During the last decade, organically
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modified layered silicates (OLSs) have received much
attention from scientific and technological communities for
its use as nanofillers in polymer clay nanocomposite. The
automotive, aerospace, and packaging industries view
polymer—clay nanocomposites as promising materials for
the twenty-first century due to improved mechanical,
thermal, barrier, and flame-retardant properties [I1-5].
Apart from polymer clay nanocomposite applications,
these intercalated montmorillonites are also being used as
rheological modifier, adsorbents of pollutants in waste
water treatments, thickening and gelling agents in paints
and lubricants, as drug delivery vehicle in medicinal field
etc. [6, 7]. Modification of clay minerals with organic
materials is necessary to establish compatibility between
clay particles and polymer matrix. Montmorillonite is the
best-known member of smectite group of clay mineral for
intercalation with organics because of its exceptional
properties such as high cation exchange capacity, swelling
behavior, high adsorption capacity, and large surface area.
Montmorillonite unit cell consists of one octahedral Al*?/
Mg "2 sheet sandwiched between two tetrahedral Si** sheet
with variable isomorphic octahedral lattice substitution
(AI'™ substituted by Mg*?). This results in charge imbal-
ance in the lattice which is neutralized by adsorption of
inorganic cations. Stacking of the unit layers occur along
¢ axis [8-10]. Organic cations can be intercalated within
interlayer space of montmorillonite through ion exchange
with interlayer inorganic cations, often called exchange-
able cations. Considerable studies have been done using
different intercalates with varying chain length and their
relative proportion [11-27]. Relation between structures of
organic intercalates and stability of the intercalated mont-
morillonites is of paramount importance in the context of
clay—polymer nanocomposites. A more detailed knowledge
of organic decomposition processes of intercalated
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montmorillonites during heat treatment is needed to make
further progress in the field of structure and stability of
these modified clay minerals. There have been fewer
attempts to probe thoroughly the kinetics of dehydration of
montmorillonites. Girgis et al. [28] conducted non-iso-
thermal kinetic study on a series of Ca-smectites and
concluded that dehydration followed a first-order reaction
with activation energy values ranging from 39.8 to
52.3 kJ mol~'. Furthermore, Guler and Sarier [29] arrived
at a value of 14.72 kJ mol~" for a similar type of experi-
mental set up following the work of Murray and White.
However, it should be noted that Murray and White [30—
35] studied dehydroxylation of clay minerals. Onal and
Sarikaya [15] have studied the kinetics of decomposition of
some ammonium modified smectite following nonisother-
mal method using Coats and Red fern equation. The
decomposition was assumed to be first-order reaction such
as, solid (1) — solid (2) + gas. However, isothermal
kinetic analyses of intercalated montmorillonite decom-
position processes have not been studied so far. The prin-
ciple objective of this study is to determine the effect of
temperature on the rate of organic decomposition reaction.
Comparative analysis of kinetic rate constants, activation
energies of organic decomposition process with different
intercalate structures enable inferences to be made con-
cerning the reaction mechanisms or to get an idea about the
sequence of chemical steps at particular temperatures.

Experimental
Materials

Montmorillonites, M (PGV, Nanocor, USA) was used as
received in this study. M was converted to Na™ form by ion
exchange. CEC of M was determined by titration with
EDTA-complexometric method [36, 37] and was found to
be 88 Cmol kg~' of clay. The triphenyl phosphonium
intercalates used in this study were marked as PhsCy,
Ph;C,, Ph;C3, Ph3Cy, where the alkyl group was varied as
CH;, C,H5, C3H5 and C,H,5 (Fig. 1). These were supplied
by Sigma-Aldrich.

Sample preparation

Intercalation of M with alkyl triphenyl phosphonium salts:

1 g clay was dispersed in 250 mL deionized water and
ultrasonicated (0.5 W cm_z) for 60 min at tempera-
ture ~70-80 °C. Then, the suspension was stirred on a hot
plate set at ~70-80 °C. 200 mL intercalate solution (M/
100) was added drop wise into this suspension. After
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Fig. 1 Structure of intercalates

addition of intercalate, it was kept under constant stirring
at ~70-80 °C for 1 h. The reaction mixture was kept
overnight for settling. The supernatant water with excess
surfactant was decanted, and the flock was redispersed in
water. The process was repeated for three times. Then, it
was filtered under suction and washed with 2,000 mL hot
water. The collected product was dried at 70 °C in vacuum
drier for ~24 h. The dried product was ground in an agate
mortar pestle and kept in sealed glass bottles. Before
kinetic analysis, the intercalated samples were heated up to
200 °C to remove adsorbed and interlayer water.

Characterization
X-ray diffraction (XRD)

The studies on basal spacing of montmorillonite and
intercalated montmorillonite were done in XPERT-PRO
(PANALYTICAL) diffractometer system. The system was
operated at 30 mA, 40 kV between 2.0 and 10.0 (20) at a
step of 0.05.

Thermogravimetry (TG)

TG analysis of the samples was carried out using instru-
ment Model OKAY, Bysakh and Co., India. The system
was operated at a heating rate 10 °C min~' from 30 to
800 °C in ambient atmosphere with ~50 mg sample in
alumina crucible.

Mass spectroscopy

Intercalated clay samples were dissolved in organic sol-
vent. The organic layer was decanted and evaporated.
Then, the sample was analyzed by mass spectroscopy with
Qtof Micro YA263 (TOF MS ES+) instrument.
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Fourier transform infra-red spectroscopy

Fourier transform infra-red spectra (FTIR) have been
recorded with the Nicolet 5700, Thermo Electron Corpo-
ration, using KBr pellet.

Result and discussion
XRD analysis

Intercalation of montmorillonites was evidenced by XRD
analysis. Experimental montmorillonites showed basal
spacing (dgp;) ~ 1.25 nm, which corresponds to sodium-
montmorillonite (5,9). The smectite group of minerals
shows variable integral series of basal spacing (dyg) which
is dependent upon the size of exchangeable cation and on
the degree of hydration of the cation (8). XRD plots of
intercalated montmorillonite (Fig. 2) showed that interca-
lation by ion exchange with the phosphonium intercalates
increased basal spacing (dyy;) of experimental montmo-
rillonite due to removal of smaller interlayer Na™ by larger
phosphonium ions. The gallery height (A = corresponds to
the thickness of organo cation layer sandwiched between
two clay mineral layers) was calculated by subtracting the
standard average thickness of one montmorillonites layer
(0.96 nm) from the observed dyy; (8.9). The plot showed
diffused and multiple peaks in M-Ph;C, (Fig. 2) which
established coexistence of different interlayers. Superpo-
sition of reflections corresponding to these different inter-
layers distances created the wide, diffused and multiple
peaks implying co-existence of different intergallery
arrangements of intercalates.

A=1.74nm —— M-PhyC4
————— M-Ph;C,
~~~~~~~~ M-Ph;Cg
\ A=119nm M-Ph.Ci,

. «~—A=0.85nm

.............

Fig. 2 XRD plots of M-Ph;C;-M-Ph;C,

TG analysis
Isothermal kinetic studies

To understand about the nature of bonding in the prepared
intercalated montmorillonites, a detailed analysis was
undertaken through isothermal thermogravimetric analysis.
The weight loss of the samples followed exponential
relationship (Fig. 3) with time which suggests the appli-
cation of first-order kinetics. The reaction which takes
place during heating of intercalated montmorillonites is
solid (1) — solid (2) + gas. If the weight and the volume
of the initial sample are kept fixed, the concentration may
be replaced by weight loss. Thus, at a given temperature if
L is the weight loss of the sample at time ¢ and L, is the
total weight loss at infinite time, then L;,¢ is equivalent to
the initial concentration of organics to be decomposed at
that particular experimental temperature as each sample
was preheated at 200 °C to remove adsorbed water.
Therefore, L;,s — L is equivalent to the concentration of
organics remaining in the sample at time ¢. Therefore,
according to the first-order kinetics the rate of loss of
organics will be given by the Eq. 1.

dL/dt = _k(Linf — L) (1)

1Og10{(Linf — L)/Linf} = 7kl/2.303. (2)

Equation 1 permits the evaluation of rate constants (k)
for organic decomposition process from the slope of the
straight line obtained by plotting log o (Lins — L)/Lins versus
t provided we know the value of L, Li,; was determined
from the weight loss after heating the sample at the par-

ticular experimental temperature till constant weight per-
sists. In k can be plotted against 1/T to calculate the
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Fig. 3 Time versus mass loss curve for M-Ph;C; at 295 °C
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Fig. 4 DTG curve of M-Ph;C;

activation energy of organic decomposition process fol-
lowing the Arrhenius equation.

Ink =InA — E/8314T (3)

where E is the activation energy, A is the preexponential
factor, T is the temperature in K.

Mass loss zones In this study, montmorillonites were
intercalated with alkyl triphenyl phosphonium intercalates
varying the alkyl chain length (methyl, ethyl, propyl, and
dodecyl). Each intercalated montmorillonites were sub-
jected to thermo gravimetric analysis. The differential
thermogravimetric (DTG) curves showed organic loss and
structural water loss which gave rise of multiple peaks in
different temperature regions (Fig. 4). As organic decom-
position of intercalated montmorillonites took place above
250 °C [11, 13], DTG peaks above 250 °C were only
considered for kinetic analysis. DTG peaks above 550 °C
were also excluded from present kinetic analysis due to the
fact that this is an overlapping region of organic loss and
structural water loss. The temperature zone of each DTG
peak of intercalated montmorillonites was selected as given
in corresponding DTG plots (Fig. 4). Methyl triphenyl
phosphonium (M-Ph3;C,;) intercalated montmorillonite
showed two organic mass loss peak within 250-550 °C
temperature region, one was in lower temperature and the
other was at higher temperature region (Fig. 4). Tempera-
ture zone associated with each peak was selected and is
furnished in Table 1. Peak I temperature region designated
the temperature zone of lower temperature peak and peak II
temperature region signified the higher one. Similarly,
ethyl and propyl triphenyl phosphonium intercalated
montmorillonites (M-Ph;C, and M-Ph3;C;) showed three
organic mass loss peaks within above said temperature

@ Springer

region (Figs. 5, 6) and corresponding temperature region
was designated as peak I, peak II, and peak III (Table 1).
However, dodecyl triphenyl phosphonium intercalated
montmorillonites (M-Ph;C;,) showed a single peak only in
lower temperature region (Fig. 7)

Rate constant and validity of 1st order kinetics However,
all the intercalated montmorillonites were heated at dif-
ferent temperatures within the selected temperature zones,
and time versus mass loss measurements were done at
those temperatures. Plot of logyo {(Linf — L)/Ling} versus
t was found to be a straight line where two slopes coincide
(Fig. 8). One representative plot of M-Ph3C; heated at
295 °C is furnished to demonstrate the slopes which con-
stituted the line. Two slopes indicated that two reaction
rates were involved in organic decomposition. This again
implied that different reaction pathways were operating
during decomposition process. Consequently, for each
logio {(Lins — L)/Liys} versus t plot, two rate constants k;
and k, were deduced. As the plots provided two slopes,
fraction of mass loss associated with each slope was also
evaluated. The rate constants (k;, k») and percent decom-
position of the total loss (W) associated with the first slope
are furnished in Table 1. Percent decomposition of the total
loss (W) associated with the first slope indicated the extent
up to which the first-reaction rate (k) was continued during
the organic decomposition. It was observed that for a
particular intercalated montmorillonite, the percent
decomposition of the total loss (W) related with the first
slope gradually diminished at higher temperature peaks.
For example, in M-Ph3C;, 49-89% of the total loss was
associated with the first slope in peak I temperature region
which decreased in peak II temperature region to 38-53%.
Similarly, in M-Ph;C,, 51-92% of the total loss was
associated with the first slope in peak I region which
decreased to 36-65% in peak II and 38—47% in peak III
temperature region. Similar trend was followed by
M-Ph;C;. M-Ph3C;, gave only one peak, and percent
decomposition of the total loss for the first slope was
19-39% (Table 1).

Activation energy The In k versus 1/T graphs for organic
decomposition process of intercalated montmorillonites
with different alkyl triphenyl phosphonium salts were
plotted (Figs. 9, 10, 11, 12, 13, 14, 15, 16). The activation
energy values deduced from the slope of the above plots
are presented in Table 2. As heat treatment of intercalated
montmorillonites in peak I, peak II, and/or peak III peak
temperature regions provided two reaction rates (Table 1),
it gave rise of two different activation energy values
(Table 2). The observations implied that the decomposition
of organics within intercalated montmorillonites involved
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Table 1 List of different rate constants at different temperatures

Intercalated clay  Peak I temperature zone

Peak II temperature zone

Peak III temperature zone

1

T°C  ky/min™'  W/% ky/min~' TPC  k/min™'  W/% kJ/min~' T/°C  k/min~'  W/%  ky/min~!
M-Ph;C, 250 0373 89 0.090 355 0.228 53 0.090
265 0338 68 0.067 370 0217 48 0.078
280 0313 69 0.082 385  0.238 45 0.109
295 0.367 49 0.086 400  0.204 47 0.204
310 0471 55 0.107 415 0317 38 0317
430 0.202 50 0.202
M-Ph;C, 250 0.359 92 0.104 325 0.209 48 0.069 460  0.081 41 0.116
265 0328 56 0.114 340 0.390 65 0.108 475 0.091 47 0.087
280  0.391 74 0.391 355 0.246 36 0.067 490  0.102 43 0.147
295  0.297 51 0.297 370 0.247 50 0.095 505 0.101 46 0.113
310 0438 57 0.175 520  0.087 40 0.136
535 0.093 38 0.143
M-Ph;Cs 250  0.295 86 0.095 355 0.188 39 0.070 445 0.078 41 0.119
265 0.237 53 0.067 370 0.174 40 0.070 460  0.080 42 0.142
280  0.394 69 0.094 385  0.163 31 0.067 475 0.084 33 0.143
295 0.341 57 0.100 400  0.201 30 0.073 490  0.089 39 0.147
310  0.288 61 0.112 415 0.154 31 0.087 505  0.081 30 0.148
430  0.204 31 0.099 520  0.087 35 0.170
M-Ph;C)5 265  0.119 39 0.039
280  0.108 35 0.037
205 0.118 17 0.038
310  0.183 25 0.057
325 0.135 17 0.047
340 0.121 23 0.058
355 0.124 19 0.047
0.04 - 0.06-
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Fig. 5 DTG curve of M-Ph;C,

breaking of anchorages of different energies. During heat
treatment, several bonds of organic intercalates were bro-
ken, and different fragments and compounds were

DTG

—0.044

—0.06
—0.084 <—— 565 °C
] 400°C 465G
-0.10 T T T T T T 1
200 300 400 500 600 700 800

Temperature T/°C

Fig. 6 DTG curve of M-Ph3C;

produced in different decomposition pathways. The acti-
vation energy values included contributions from those
decomposition pathways.
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Fig. 8 Time versus Log({Lins — L}/Liyp) plot of M-Ph3C; at 295 °C
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Fig. 9 Activation energy plot (E;) for peak I and peak II of M-Ph3C;
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Fig. 10 Activation energy plot (E,) for peak I and peak II of
M-Ph;C,
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Fig. 11 Activation energy plot (E,) for peak I, peak II, and peak III
of M-Ph’;Cz

Possible mechanisms To explain the type of major reac-
tion pathways that occurred during decomposition, mass
spectral analysis of M-Ph3C; was done. M-Ph;C; were
heated at three maximum peak decomposition temperature
of peak I, peak II, and peak III (300, 400, and 465 °C), and
the heat treated sample was subjected to mass spectral
analysis to analyze the residual fragment after heating the
compound at that temperature. The major mass spectra
peak of M-Ph;C; heated at 300 °C, i.e., at the maximum
peak decomposition temperature of peak I, was at the
m/z value of 305 and 279 (Fig. 17). 305 m/z was the
molecular weight of undecomposed propyl triphenyl
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Fig. 13 Activation energy plot (E;) for peak I, peak II, and peak III
of M-Ph3C3

phosphonium cation and 279 m/z closely matched with the
molecular weight of triphenyl phosphine oxide (277). The
presence of these fragments revealed that major part of
propyl triphenyl phosphonium salt intercalated montmo-
rillonite, when heated within the temperature region of
250-310 °C, remained undecomposed. A small part of
inserted organics within interlayer space of montmorillo-
nites decomposed to yield triphenyl phosphine oxide at the
above said temperature region. According to Xie et al. [13],
decomposition of alkyl triphenyl phosphonium intercalated
montmorillonites gave triphenyl phosphine oxide during
heating in the presence of nucleophile OH . It was
observed in previous experiments that in spite of the
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Fig. 14 Activation energy plot (E;) for peak I, peak II, and peak III
of M-Ph3C3
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Fig. 15 Activation energy plot (E) for peak I of M-Ph3C;,

preheating of intercalated montmorillonites at 200 °C, little
moisture resorption took place [16]. Besides, during
decomposition all intercalated montmorillonites were
heated in ambient atmosphere. Therefore, nucleophilic
attack at phosphonium cation was quite possible. Due to
nucleophilic attack at phosphorous, alkyl group was
expelled and rearrangement within the residual species led
to the formation of triphenyl phosphine oxide (Scheme 1).
As stated in our earlier article [16], during intercalation
within montmorillonites, adsorption of organic cations
occurred at clay mineral surface. These excess adsorbed
cations were mainly attached by Van der Waals forces. The
intercalated cations were more strongly confined within the
interlayer space. However, the surface adsorbed molecules
were less strongly attached with the clay surfaces. The
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Fig. 16 Activation energy plot (E5) for peak I of M-Ph;Cy,

mass spectral data pointed toward the fact that surface
adsorbed propyl triphenyl phosphonium cations desorbed
and decomposed when heated at temperatures corre-
sponding to peak I region but strongly bonded intercalated
part of the cations remained thermally stable during the
heat treatment.

Activation energies for different processes Thermal
treatment of each intercalated montmorillonites within
peak I temperature zone gave two activation energies
which was assigned to two types of reactions involved.
Surface adsorbed organic cations were of two kinds. Pri-
mary organic molecular layers, which were directly
attached to the clay surface and molecular layers attached
with the primary layers mainly by Van der Waals attrac-
tions. These primary molecular layers were more strongly
held by electrostatic forces rather than the secondary lay-
ers. As lower activation energies should be required to
overcome Van der Waals attachment, E; was assigned to
the desorption and decomposition of those secondary layers
which were mainly held by Van der Waals attraction.
Consequently, E, was assigned to the removal of surface
attached primary molecular layers. M-Ph;C;, gave only
one major DTG peak in lower temperature region.

279 —— Mass spectra of MPh,C; at 325 °C
247
225
I
279 —— Mass spectra of MPh,C, at 465 °C
79 149 ’
L |
279 —— Mass spectra of MPh,C, at 400 °C
79 579
| |
305
— Mass spectra of MPh;C4 at 300 °C
279 579

| .
T T T T T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900
m/z

Fig. 17 Mass spectra of selected samples

M-Ph;C,, was pretreated similarly as M-Ph;C; for mass
spectral analysis to realize the decomposition pattern of it.
So, mass analysis of M-Ph;C,, was done after heating it at
325 °C, i.e., the maximum peak decomposition tempera-
ture of peak I of the sample. The mass spectra plot has been
furnished in Fig. 16. Mass spectral result of M-Ph3C,
showed major peak at 279 m/z with a few minor peaks.
This was evident from the result that all the intercalated
and surface adsorbed dodecyl triphenyl phosphonium cat-
ion decomposed at 265-355 °C temperature region and the
major reaction pathway followed by M-Ph;C;, was the
rearrangement of dodecyl triphenyl phosphonium to tri-
phenyl phosphine oxide. So, the thermal decomposition
pattern and stability of intercalated M-Ph;C,, were dif-
ferent from that of M-Ph3;Cs. It can be concluded from
above observation that the decomposition pathway was
mainly guided by the heating temperature as well as the
nature of cationic head group and chain length of interca-
late. It was evident from mass spectra analysis of M-Ph;C3
that along with triphenyl phosphine oxide, other minor
fragments were formed during decomposition of organics
at the temperature region of peak I. The fragment, which
gave peak at 579 m/z, may be a dimer formed due to any

Table 2 List of activation energies of different intercalated montmorillonites

Intercalated clay  Peak I temperature zone

Peak II temperature zone

Peak III temperature zone

E/kKImol™!  E/kImol™!  T,./°C EJ/kImol™' EykImol™! T,./°C E/kImol™! E/kImol™! T,./°C
M-Ph;C; 8.8 9.6 280 2.7 134 395
M-Ph;C, 48 12.4 290 15 10.3 348 5.4 19.8 500
M-Ph;C; 55 12.0 300 15 16.9 400 5.8 17.4 465
M-Ph;Ci» 35 11.3 325

Tmax Maximum peak decomposition temperature
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Scheme 1 Probable reaction
path to yield triphenyl
phosphine oxide

| —

Scheme 2 Cleavage of sp> carbon—phosphorous bond

dimerization reaction at any step of fragmentation. So
during low temperature mass loss, alongwith desorption
and decomposition, dimerization might have occurred.
Activation energies E; and E,, which were derived by
heating the intercalated montmorillonites in peak I tem-
perature region, included contributions from all these
possible processes. E; and E, were plotted against chain
length of intercalates. The plot of chain length versus E,
peak I gave a straight line with a negative slope and that of
chain length versus E, peak I gave a straight line with a
positive slope (Figs. 18, 19). The plots revealed that acti-
vation energy E; of peak I was decreased with increment of
carbon in organic chain whereas activation E, of peak I
followed the reverse trend. Mass analysis of M-Ph;Cj
heated at 400 and 465 °C, i.e., maximum peak
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Fig. 18 Plots of chain length versus E; of peak I, peak II, and
peak III

Q /)—H Path 1 @
_pLC\— —_— P—

decomposition temperature of peak II and peak III was also
done (Fig. 17). For the sample heated at 400 °C, peak for
undecomposed propyl triphenyl phosphonium at 305 m/
z was absent where as a new peak was generated at 79 m/
z along with the prominent peak at 279 m/z. Besides, there
was a peak at 579 m/z which might be due to the formation
of any type of dimer fragment. The peak at 79 m/z closely
resembled with the molecular weight of phenyl ring (78)
which was also possible to form during the course of
reaction at high temperature. The mass spectral data dis-
closed the fact that when the intercalated montmorillonites
were heated at temperatures 250-310 °C of peak I tem-
perature region, intercalated molecules remained stable but
beyond this region the entire organic molecules within
montmorillonites were decomposed as indicated by the
absence of 305 m/z peak from mass spectra analysis. The
rearrangement reaction was present at higher temperature
region as peak at 279 m/z was present in all the three mass
spectral results. The additional species present during
heating the intercalated montmorillonites at peak II and III
temperature region was the phenyl fragment. All the
intercalated molecules were decomposed after two major
reaction pathways during higher temperature decomposi-
tion. In one reaction path, nucleophilic attack and
sequentially rearrangement took place to form triphenyl
phosphine oxide (Scheme 1). The other reaction route was
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Fig. 19 Plots of chain length versus E, of peak I, peak II, and peak III
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proceeding through the cleavage of P-sp” hybridized carbon
bond of phenyl carbon (Scheme 2) leading to the formation
of benzene. It was very difficult to assign activation energies
Ej and E; deduced from peak Il temperature region to each of
the above said reaction paths. However, the results from
mass spectral analysis revealed that peak 79 m/z was found
during higher temperature organic decomposition. So, it was
evident that the cleavage of P-phenyl carbon bond initiated at
higher temperature which again proved that higher energy
was required for that reaction. So, it was quite reasonable to
assign that above said reaction process contributed most
toward higher activation energy value (E,). Mass spectral
analysis at maximum peak III temperature of M-Ph;C;
(465 °C) showed minor peaks along with the previously
recognized peaks at 279 and 79 m/z value. During the heat
treatment at 465 °C, decomposition as well as fragmentation
occurred at different mechanistic pathways. All these
decomposition pathways contributed toward the activation
energy values. However, major reaction pathways were
same as that heated at 400 °C. The variation of E| and E,
deduced from peak II and peak III temperature zone with
chain length of intercalates followed different trends in two
different peak regions, respectively (Figs. 18, 19). However,
there was a strong correlation of maximum peak decompo-
sition temperature of peak II and peak III with E, values of
those peaks. For higher maximum peak decomposition
temperature, higher E, values were found (Table 2). It was
observed that E, peak II value of M-Ph;C; was 13.4
kJ mol™', and its maximum peak decomposition tempera-
ture was 395 °C but this value decreased to 10.3 kJ mol ™" for
M-Ph;C,; as its maximum peak decomposition temperature
decreased to 348 °C. Similar relation was observed for E,

| —— M-Ph,C, ai 465 °C
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Fig. 20 FTIR plot of M-Ph;C; at different temperature
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peak IIT with maximum peak decomposition temperature of
peak III of the intercalated montmorillonites.

FTIR analysis

FTIR analysis of Ph3C;, heated at the maximum peak
decomposition temperature of peak II and peak III, was
done (Fig. 20). The plots showed peaks at 2,848 and
2,919 cm™! with very little intensity. The bands were for
asymmetric and symmetric stretching of CH, group,
respectively [38]. As major part of intercalated organics
was decomposed at those temperatures, the peaks were
most possibly due to the presence of trace amount of
fragmented alkyl groups.

Conclusions

(1) During the decomposition of alkyl triphenyl phospho-
nium intercalated montmorillonites, surface adsorbed
organics were desorbed and decomposed during lower
temperature mass loss in DTG. Intercalated organics
were decomposed at higher temperature.

(2) Activation energies of decomposition pathways were
evaluated. For lower temperatures, activation energies
were correlated with desorption and decomposition
process of different surface layers. Mainly two
reaction pathways contributed to the activation ener-
gies deduced during heat treatment at peak II
temperature zone. The first one was due to a
nucleophilic attack followed by a rearrangement
reaction, and the other involved the cleavage of sp-
C bond. During decomposition of organics at peak III
temperature regions, mainly above said reaction
pathways along with some other fragmentation pro-
cesses were followed.

(3) The higher activation energy (E,) at higher temper-
ature peaks (peak II and peak III) was found to be
dependent on the maximum peak decomposition
temperature of the respective peaks.

(4) The decomposition pattern of highest chain length
intercalate, i.e., M-Ph3C;, showed a total loss of
surface adsorbed and intercalated organics at lower
temperatures (265-355 °C) thereby disclosing the
fact that it has lower thermal stability than the other
selected intercalates.

(5) Thermal degradation mechanism was mainly depen-
dent on the heating temperature, cationic head group,
and chain length of intercalates.
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