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Abstract In the article, the thermal oxidative degradation
kinetics of pure polypropylene/aluminum trihydroxide (PP/
ATH) and PP/ATH/organo Fe-montmorillonite (Fe-OMT)
nanocomposites were investigated using Kissinger, Fried-
man and Flynn—Wall-Ozawa methods. The results showed
that thermal oxidative degradation of PP/ATH/Fe-OMT
nanocomposites to PP/ATH were complex reaction: the
whole process of thermal oxidative degradation were
composed with the decomposition of ATH, the cracking
and charring of the backbone chains of PP, and the oxi-
dative degradation of char, which the curses of energy
mutative with the process of thermal oxidative degradation.
The control steps were different in each degradation stage.
The activation energy was high in the original degradation
stage. It was due to the molecular structure and may closely
relate with onset temperature. In the intermediate process,
the activation energy was low. In the last stage of the
degradation, the activation energy was graveled because
the carbon may be oxidized. In the whole process of
thermal oxidative degradation, the activation energy of PP/
ATH/Fe-OMT nanocomposite was higher than that of PP/
ATH.
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Introduction

In recent years, the interest in flame-retardants used in
polyolefin has been focused on the aluminum trihydroxide
(ATH) due to their halogen-free, low toxicity, the absence
of dioxins, and low smoke occurring in fire accidents.
ATH decomposes and releases water during burning,
which reduces the heat and temperature from the substrate
[1]. Typically about 60 wt% of filler is required. In addi-
tion, very high metal hydroxide concentrations are usually
needed to achieve an acceptable degree of flame retar-
dancy and impact strength [2]. The synergistic effect of
natural montmorillonite on ATH flame retardant additives
in the PP matrix can improve the mechanical property
[3, 4]. In a previous report, PP/ATH/Fe-OMT nanocom-
posites were prepared and characterized [5]. The structure
of PP/ATH/Fe-OMT nanocomposites was exfoliated,
which were characterized by XRD and TEM. The thermal
stability and flame retardancy of PP/ATH/Fe-OMT nano-
composites were better than that of PP/ATH. The syner-
gistic effect of Fe-OMT in flame retardancy of PP/ATH
was good and the Fe-OMT showed remarkable catalytic
charring effect.

The flammability of polymers is related to their thermo-
oxidative degradation behavior at high temperatures. As a
consequence, the thermal decomposition details of the
materials influence their flame-retardancy to a considerable
degree and deserve a deep investigation. The thermal
decomposition behavior of materials can be measured by
thermogravimetric (TG) analysis. According to the TG
data, the kinetic parameters of thermal decomposition of
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materials such as apparent activation energy (E,), pre-
exponential factor (A), and apparent reaction order (7) can
be calculated using various kinetic models such as Fried-
man [6], Kissinger [7], Coats-Redfern [8], Flynn—Wall-
Ozawa [9, 10], and Horowitz-Metzger [11] methods.
Consequently, the thermal decomposition of the flame-
retarded polymeric materials can be quantitatively descri-
bed to reveal the flame-retarding mechanism from the
viewpoint of kinetics.

The kinetics of degradation of polymer nanocomposites
is also a major concern in the case of polymer with low
flammability such as nanocomposites [12—14]. According
to those studies mentioned above, the influence of the
compositions of Fe-OMT on the kinetic parameters of
thermo-oxidative decomposition of the flame-retarded PP
material was not reported, that is, the relationship between
thermal kinetic parameters of the flame-retarded material
with ATH and the corresponding flame retardancy was still
not clear. Based on our previous contributions [5], in this
article, we studied the kinetics of the thermo-oxidative
degradation of the flame-retarded PP/ATH and PP/ATH/
Fe-OMT nanocomposites using different kinetic models
including Kissinger, Friedman, and Flynn—Wall-Ozawa
methods. The kinetic parameters obtained by the above
different methods were then compared and meanwhile
were connected with the flame-retardancy of the related
materials. Kissinger and Flynn—Wall-Ozawa methods were
used because they can conveniently obtain the relative
activation energy without prior knowledge of the reaction
mechanism and the reaction order. Using those methods,
we calculated activation energies of thermal degradation of
PP/ATH and PP/ATH/Fe-OMT nanocomposite and discuss
influence of Fe-OMT on thermal stability and inflaming
retarding.

Kinetic methods

The application of dynamic TG methods holds great
promise as a tool for unraveling the mechanisms of physical
and chemical processes that occur during polymer degra-
dation. The basic assumption of the thermal kinetics is that
the Arrhenius equation representative of the reaction rate
dependence of the temperature can be applied in the thermal
analysis reaction, i.e., for a simple reaction Asgig —
Byotia + Cgas, its reaction rate da/dz can be written as:

do

~—k 1
- =H(3), (1)
where o = (Wy — W,)/(Wy — W) (Wy, W, and W, are
the initial, actual, and final mass of the sample, respec-

tively, in the TG test), f{o) and k are functions of conver-
sion and temperature, respectively.

@ Springer

Arrhenius equation has the following formula:
k= Ae E/RT, (2)

where E is the activation energy, A the pre-exponential
factor, and R the gas constant. flz) depends on the
particular decomposition mechanism. The simplest and
most frequently used model for fla)in the analysis of TG
data is

fla) = (1—a), (3)

where n is the order of the reaction, substitution of Eqgs. 2
and 3 in Eq. 1 gives

do
Al - n —E /RT. 4
Al - e )
Kissinger method [12] involves obtaining the temperature
values (Thax) that occurs at the maximum rate, where d(do/
dr)/dt is zero, differentiation of Eq. 4 with respect to ¢ and

setting the resulting expression to zero gives

Ep
RT2

max

— An(1 =t e E KT, (5)

where f is heating rate in TG analysis (K min~") setting as
p=dr/ds.

Kissinger assumes that the product (1 — oy )" ' is
independent of S and the following expression can be
derived:

AR . E
1n<T2i> = {lnE—a—i—ln[n(l — Olmax) 1}} TR

max

(6)

where T,,,,x corresponds to the temperature at the inflexion
point of TG curve and o, is the conversion degree at the
inflexion point.

Plot of In(B/T?,) against 1/Ty., produces a fitted
straight line. According to the slope of this straight line
(E/R) the apparent activation energy E can be calculated,
i.e., if slope B = E/R, then E = BR. The advantage of the
Kissinger model is that the apparent activation energy can
be obtained without the knowledge of any thermal degra-
dation reaction mechanism in advance.

Flynn—Wall-Ozawa method [15], which is essentially the
same as that of Flynn and Wall, represents a relatively simple
method of determining activation energy directly from mass
loss versus temperature data obtained at several heating
rates. Equation 4 is integrated using Doyle’ s approximation,
and the result of the integration after taking logarithms is:

AE E
lgf(0) =lg— — Igf — 2.315 — 0.4567 —, (7)

where f3, A, E, and T have the known meanings, f(«) is the
integral function of conversion. This is one of the integral
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methods that can be used to determine the activation
energy without knowledge of the reaction order. It is used
to determine the activation energy for given values of
conversion. The activation energy for different conversion
values can be calculated from In f versus 1/T plot.

Friedman method [16] is a differential method, and it
directly based on Eq. 4 whose logarithm is

ln<((11—f> zln[ﬁ<i—f)} =InA+nin(1 — a) —%.

Using this equation, it is possible to obtain values for
E over a wide range of conversions by plotting
In(da/dr)against 1/T for a constant value.

(3)

Experimental
Materials

Polypropylene (PP, F401), maleic anhydride grafted PP
(PP-g-MA), ATH (ATH, OL104/G), Fe-MMT (synthesized
as follows: hydrous oxide was prepared by mixing
Na,Si05-9H,0 with FeCl;-6H,0 and Zn(COOCH3),-2H,0
solutions to set the atomic ratio at Si-Fe-Zn = 4-1.7-0.3;
the detailed method of synthesis followed previous reports
[17]). The cation-exchange capacity (CEC) was 102 m
equiv/100 g for Fe-MMT. The Fe-MMT was modified by
cetyltrimethyl ammonium bromide (CTAB), and the
product was called Fe-OMT.

Preparation of the samples [5]

The PP (the content of maleic anhydride grafted PP was
15% in the PP matrix), additives and desired amounts of
Fe-OMT (2 wt%) and ATH were premixed, then extruded
at 443 K using a twin-screw extruder (TE-35, JiangShu,
China) at 60 rpm for 10 min. The nanocomposites were
then compression molded into sheets of 1 mm by a hot
press at 443 K and 10 MPa for 10 min, followed by
cooling to room temperature.

Characterization

The thermal properties of PP/ATH and PP/ATH/Fe-OMT
nanocomposites were investigated by TG analysis with a
TAS0 Thermoanalyzer instrument. They were heated in the
temperature range 293-973 K using heating rates of 5, 10,
15, and 20 K min_l, with a controlled dry air flow of
50 cm® min~'. The temperature and the mass scales were
calibrated using high-purity standards (indium, nickel,
zinc, aluminum, and gold) over a specific range of heating
rates with a calibration parameter of their respective
melting points.

Results and discussion

In our previous report [5], the structure of PP/ATH/Fe-
OMT (2 wt% Fe-OMT) nanocomposite was characterized

Fig. 1 TG/DTG curves of PP/ 100 0
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Fig. 2 TG/DTG curves of PP/
ATH/Fe-OMT(2 wt% Fe-OMT)
at different heat rate in air flow
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by the XRD and TEM. The sample was exfoliated nano-
composites and TG was applied to test the thermal prop-
erties of nanocomposites. The thermal stability and flame
retardancy of PP/ATH/Fe-OMT nanocomposites was better
than that of PP/ATH.

Figure 1 shows the TG and DTG curves of the flame-
retarded PP materials with ATH. Three thermal decom-
position steps in the temperature range 373-923 K. The
first step of the decomposition was at 523-573 K which
was the decomposition of ATH. At 623-723 K, the major
degradation products of PP are olefins. Owing to the

protective charred ceramic surface layer and the inner clay
layers acting as a sealed microreactor [18], the degradation
products were sealed within the PP matrix (allowing more
time to interact with the Fe* catalyst), and dehydrogena-
tion, aromatizing reactions leading to char formation occur.
These olefins can activate the hydrogen and dehydroge-
nation can easily occur in PP in the presence of Fe*" cat-
alyst, generating conjugated dienes which react with an
activated double bond and cause cyclization, and the cyclic
compounds can further dehydrogenate and aromatize to
form char. When the temperature is over 773 K, the char

Table 1 Inflection point temperature of TG curves for different materials at different heating rates

Heating rate/K min™" Tinfiection point 1/K

Tinﬂeclion point Z/K

PP/ATH PP/ATH/Fe-OMT PP/ATH PP/ATH/Fe-OMT
5 574.5 576.8 631.2 636.7
10 577.1 580.2 663.3 668.2
15 581.3 584.4 694.6 700.5
20 583.2 586.4 712.3 721.6
Fig. 3 In f and I/Tp relation -9.4 - 94
curves of PP/ATH and PP/ATH/ -96 1 96
Fe-OMT at first course using -9.8 - PPIATH s _* PPIATHEe.OMT
Kissinger method «— ~10.0 1 —
R 102 ] o —10.0
=8 104 ] R=0099182 & 102
f= . c
-_— _10.6 J y=237.4678 — 27.67797x - _104 A= 0.99254
-10.8 1 —10.6 | y=39.76937 — 28.99441x
-11.0 4 -10.8 *
-11.2 . . . . . . ’ . . . . .
170 171 172 173 174 175 169 170 171 172 173 174
1000/ T 1000/Tp

Table 2 The activation energies (E,) obtained using the Kissinger method

Samples *E,1/KJ/mol **F.»/KJ/mol Correlation coefficient (R;) Correlation coefficient (R»)
PP/ATH 230.1 42.7 0.9918 0.9971
PP/ATH/Fe-OMT 241.1 50.5 0.9925 0.9995
* E, inflection point; of E,, ** E,, inflection point, of E,
Fig. 4 In  and 1/Tp relation -98r 100l
curves of PP/ATH and PP/ATH/ 100} . Eil:]?a'l;l-flit
Fe-OMT nanocomposite at _102] o T PPATHIFe-OMT
second course using Kissinger “— __ -104f
method S —10.4+ LN R=0.99953
S 106} S —10.6r
£ A- 099707 E ol ¥=149782-607409
-10.8} ’ - Ter
gl ¥=2:44396-531323 110k
—11.2}F -11.21
1.210 1.‘45 1.;50 1.55 1.60 1.I6 1,|40 1,4‘15 1_50 1,‘55 1,éo
1000/Tp 1000/Tp
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Table 3 Kinetics data of PP/ATH and PP/ATH/Fe-OMT nanocom-
posite obtained by the Friedman method

Conversion o PP/ATH PP/ATH/Fe-OMT
E,/KJ/mol 1gA/s E.,/KJ/mol 1gAls
0.05 115.22 7.59 194.98 15.11
0.1 135.13 9.48 220.11 17.29
0.2 140.63 9.90 178.70 13.23
0.3 29.09 —0.36 76.45 3.59
0.4 57.88 2.10 63.36 2.47
0.5 51.43 1.63 63.56 2.50
0.6 50.52 1.62 66.87 2.78
0.7 54.87 2.04 73.22 3.27
0.8 75.67 3.63 95.90 4.76
0.9 119.52 6.23 128.83 6.36
240
220 |-
200 B Friedman method
180 [
160 L —m— PP/ATH
T s ®— PP/ATH/Fe-OMT
Q 140 |
S I
g 120
W0 [ o
80 | o ,_,./
60 [ bt o 2B /.
" T—n -____._.-'
40 |- ./
20 [ L 1 1 | .
0.0 0.2 0.4 0.6 0.8 1.
o

Fig. 5 Thermokinetic curves of PP/ATH and PP/ATH/Fe-OMT
nanocomposite under Friedman method

had burnt and many small alveoli were left; the Al,O3
acted as framework and formed three-dimensional mesh
structure [5].

Kinetics analysis using Kissinger method

The inflection point temperatures of the TG curves of
various samples shown in Figs. 1 and 2 are included in
Table 1. According to Eq. 7, plots of In(B/T?,,) against
1000/Tax produce the fitted straight lines as shown in
Figs. 3 and 4. The obtained slopes of various straight lines
were used to calculate the corresponding apparent activa-
tion energy (Table 2). As can be seen, the correlation
coefficient (R) was very high; the relativity of the various
fitted straight lines is very good, showing the feasibility of
Kissinger method. According to our previous report [5],
thermal stability of PP/ATH/Fe-OMT nanocomposites was
better than that of PP/ATH. However, in this study, the
nanocomposites with Fe-OMT showed higher mean acti-
vation energy than that of PP/ATH. It is observed that
incorporation of OMT in the presence of polymer signifi-
cantly increases activation energy [19], suggesting that the
addition of Fe-OMT may change the thermal oxidative
degradation behavior of PP/ATH/Fe-OMT nanocomposites
[20].

Kinetics analysis using Friedman methods

The Friedman methods were also chosen here. All data are
shown in Table 3 and Fig. 5. We can find that the activa-
tion energy of PP/ATH/Fe-OMT nanocomposite was
higher than that of PP/ATH, which was in accordance with
the results obtained from Kissinger method. The span of E,
was large in the whole course of the thermal oxidative
degradation. The trend variation of the E, was coincident

Table 4 Kinetics data of PP/ATH and PP/ATH/Fe-OMT nanocomposites obtained by the Flynn—Wall-Ozawa method

Conversion o PP/ATH PP/ATH /Fe-OMT
E,/KJ/mol 1gA/s Correlation coefficient (R) E./KJ/mol 1gA/s Correlation coefficient (R)

0.05 114.48 7.51 0.9884 231.96 18.88 0.9878
0.1 131.69 9.16 0.9865 247.36 20.04 0.9936
0.2 159.16 11.71 0.9974 255.36 20.47 0.9896
0.3 91.05 5.27 0.9967 107.09 6.64 0.9863
0.4 65.04 2.82 0.9991 71.36 3.30 0.9767
0.5 55.97 1.98 0.9986 62.95 2.52 0.9923
0.6 52.13 1.66 0.9975 61.63 2.38 0.9981
0.7 50.09 1.51 0.9954 63.70 2.62 0.9984
0.8 52.83 1.77 0.9949 72.11 3.18 0.9993
0.9 99.35 5.35 0.9573 104.12 5.26 0.9988
Mean 87.18 - - 127.76 - -
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Fig. 6 thermokinetic curves of PP/ATH and PP/ATH/Fe-OMT
nanocomposite under Flynn—Wall-Ozawa method
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Fig. 7 Ozawa plots of PP/ATH and PP/ATH/Fe-OMT nanocompos-
ite at different conversions

with the curves of TG. The results showed the thermal
oxidative degradation of PP/ATH and PP/ATH/Fe-OMT
nanocomposites was complex process.

Kinetics analysis using Flynn—Wall-Ozawa method

Flynn—Wall-Ozawa method was used to calculate the
activation energy for different conversion values by fitting
the plots of In f versus 1/T plot. All data are shown in
Table 4; Figs. 6 and 7. From the mean activation ener-
gies of PP/ATH and PP/ATH/Fe-OMT nanocomposites

@ Springer

obtained by the Flynn—Wall-Ozawa method, it was very
easy to gain the same conclusion as those obtained from
Kissinger and Friedman methods. The mean activation
energies of PP/ATH and PP/ATH/Fe-OMT nanocomposite
were 87.18 and 127.76 kJ mol ™", respectively.

All the three methods obtain the conclusion that the
introduction of the clay to the PP/ATH increases the acti-
vation energy of thermal oxidative degradation. The
enhanced thermal stability of the PP/ATH was likely to be
associated with this increase. From TEM results, stacked
silicate monolayers can be observed, which are randomly
distributed in the PP matrix [5]. According to the barrier
model [21], these stacked silicate monolayers were barri-
ers. Thus, the degradation rate of a PP/ATH/Fe-OMT
nanocomposite should be limited by the diffusion of gas-
eous decomposition products through the surface barrier of
the silicate char [20].

Conclusions

In conclusion, the methods of Kissinger, Friedman, and
Ozawa showed their applicability to the kinetic description
of thermal oxidative degradation of PP/ATH and PP/ATH/
Fe-OMT nanocomposites. The whole process of thermal
oxidative degradation was complicated. It was proved that
PP/ATH/Fe-OMT nanocomposite had higher activation
energies of thermal oxidative degradation than those of PP/
ATH. On the other hand, the nanocomposites had higher
residues above 723 K than PP/ATH, indicating that Fe-
OMT can enhance the charring action of the copolyesters.
These results suggested that the nanocomposites show a
higher thermal stability than PP/ATH.
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