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a b s t r a c t

Polymer nanocomposites consisted of biodegradable poly(3-hydroxybutyrate) (PHB) and organically
modified montmorillonite Cloisite30B (30B) have been prepared by the solution casting method and
isothermally degraded at 230, 235, 240 and 245 ◦C. The addition of 30B increases the thermal stability o
PHB and the most pronounced effect has the addition of 1 wt.% of 30B. Kinetic analysis was performed
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using model-free isoconversional and reduced time plots (RTP) methods. The isothermal degradation of
pure PHB and PHB/30B nanocomposites can be separated in two distinct regions: the first where small
mass loss appears and the second, assigned as the main degradation mechanism, where the main mass
loss takes place. The empirical kinetic triplets (E, A, and g(˛)) for the main degradation mechanism were
determined.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Poly(3-hydroxybutyrate) (PHB) is a fully biodegradable, ther-
oplastic aliphatic polyester with biocompatibility and ecological

afety, produced in nature by at least 75 different genera of bac-
eria as an energy storage material [1]. Its physical properties are
ften compared to isotactic polypropylene since they have sim-
lar melting points and crystallinity [2]. However, it has several
rawbacks, such as stiffness, brittleness and very low thermal sta-
ility at processing temperatures that prevent its larger commercial
pplications. The thermal instability of PHB in the melt prevents
t from substituting the non-biodegradable polymeric materials in
ommercial products [3]. That is why improvement of the thermal
tability of PHB is very important.

To overcome these drawbacks of PHB we have prepared PHB
anocomposites with organically modified montmorillonite [4].
olymer nanocomposites are commonly defined as the combi-
ation of a polymeric matrix and fillers that have at least one
imension (i.e. length, width or thickness) in the nanometre
ize range [5]. It has been shown that only a few percent of

anofillers (usually from 1 to 5 wt.%) leads to greatly improved
hermal, mechanical and barrier properties of polymers [6–8]. Com-

ercially the most important type of polymer nanocomposites
re those produced using layered clay minerals (2:1 phyllosili-
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cates), especially montmorillonite. Montmorillonite is naturally
abundant, environmentally friendly and economic. It is usually
chemically modified by a cation-exchange method, by which its
sodium counterions are exchanged with adequate organic, usu-
ally alkyl ammonium cations, in order to match its compatibility
with polymer matrix what is the key to successful preparation
of polymer nanocomposites [9]. In this work, PHB nanocompos-
ites with organically modified montmorillonite Cloisite30B (30B)
have been prepared. Then, we have isothermally degraded PHB/30B
nanocomposites, investigated the influence of 30B on the ther-
mal stability of PHB and performed the kinetic analysis of this
process.

The aim of the kinetic analysis is determination of kinetic triplets
(i.e. kinetic model, g(˛), activation energy, E, and pre-exponential
factor, A) for the investigated process. It is suggested that prior
to any kinetic analysis one should investigate the complexity of
the process by determining the dependence of E on conversion,
˛ by isoconversional methods [10]. Namely, the dependence of E
on ˛ is considered as reliable criterion of the process complexity
[10] and isoconversional methods are considered as the most reli-
able methods for the calculation of E and E vs. ˛ dependence of
thermally activated reactions [10,11]. If E does not depend on ˛,
the investigated process is simple (overall single-stage) and can be

described by unique kinetic triplet. If E depends on ˛, the process
is complex and the shape of the curve E vs. ˛ indicates the possible
reaction mechanism [10,11]. In this work, E values and E vs. ˛ depen-
dence have been calculated by means of model-free isoconversional
method.

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:merceg@ktf-split.hr
dx.doi.org/10.1016/j.tca.2008.12.002
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The reduced time plots (RTP) method has been used for the
etermination of kinetic model, g(˛) of the investigated process.
TP method is considered as one of the reliable tools for deter-
ination of kinetic models of the isothermal degradation and is

roadly used in solid state kinetics [12,13]. Furthermore, E and A
alues corresponding to determined g(˛), i.e. kinetic triplets, have
een calculated.

. Experimental

.1. Materials and sample preparation

Poly(3-hydroxybutyrate) (PHB), kindly supplied by Biomer
Krailling, Germany), was used as received. Mw of 350 000
as determined viscosimetrically (chloroform, 30 ◦C) using the

quation [�] = 1.18 × 10−4M
0.78
w [14]. Organically modified mont-

orillonite Cloisite30B (30B) was purchased from Southern Clay
roducts Inc. (Gonzales, USA) and used as received. It is a natural
ontmorillonite modified with dimethyl-2-ethylhexyl (hydro-

enated tallowalkyl) ammonium cation and its properties can be
ound in [15].

PHB/30B nanocomposites (100/1, 100/3, 100/5, 100/7 and
00/10 by weight) were prepared by the solution-intercalation
ethod. The detailed preparation procedure is described in our

arlier work [4].

.2. Thermal degradation

The PHB/30B samples (sample mass 4.7 ± 0.3 mg) were isother-
ally degraded for 120 min at 230, 235, 240 and 245 ◦C in the

itrogen atmosphere (30 cm3 min−1) using a Perkin-Elmer TGS-2
hermobalance. The samples were heated at a rate of 80 ◦C min−1

rom the starting temperature (50 ◦C) to the temperature of the
sothermal degradation. Before operating, the system was stabilised
or 1 h.

. Theory

Kinetic analysis of the solid state decompositions, like the
sothermal degradation of PHB and its nanocomposites, is usually
ased on a single step kinetic equation:

d˛

dt
= k(T)f (˛) (1)

here t is time, T is temperature, k is rate constant, f(˛) is differential
orm of the kinetic model and ˛ is conversion defined as the ratio
m0 − m)/(m0 − mf), where m0, m and mf refer to the initial, actual
nd residual mass of the sample.

Arrhenius equation expresses the explicit temperature depen-
ence of the rate constant, which gives:

d˛

dt
= A exp

(−E

RT

)
f (˛) (2)

here A is the pre-exponential factor and R is the gas constant. E,
and f(˛) are called kinetic triplet and can be used to kinetically

escribe the time evolution of a physical or chemical change of the
olid-state reactions that are ruled by a overall single-stage pro-
ess. Since the determination of E, A and f(˛) of thermally activated
eactions is interlinked problem, the kinetic analysis should start

ith determination of one element of the triplet with high accu-

acy [16] and that is E. As mentioned in Introduction, model-free
soconversional methods are considered as the most reliable meth-
ds for the calculation of E and E vs. ˛ dependence. For this purpose
e have used model-free isoconversional method which is based on
Acta 485 (2009) 26–32 27

the following equation:

ln t = −ln
(

A

g(˛)

)
+

(
Eiso

R

)
1
T

(3)

where g(˛) is the integral form of the kinetic model.
This method requires ˛ vs. t data from at least three different

temperatures for determination of Eiso. For a constant value of ˛,
the first term in Eq. (3) is constant and Eiso can be determined from
the slope of the straight line ln t vs. 1/T.

Reduced time plots (RTP) method has been applied to determine
the reaction model of the investigated change. The experimental
reduced time plots (RTPs) are developed by plotting ˛ as a func-
tion of a reduced time variable, t/t˛, where t˛ is time required
to obtain a specified conversion; in our case ˛ = 0.9. Here t0.9 has
been chosen because final value of ˛ had crossed 0.9 in all cases.
If the experimental RTPs are superimposable (i.e. with the lim-
its of the reproducibility at individual temperatures) the kinetic
model does not change with temperature of isothermal degra-
dation. These experimental RTPs are compared with RTPs of the
theoretical kinetic models. Each theoretical kinetic model has the
unique RTP curve irrespective of the nature of the system, tempera-
ture and other factors which affect the reaction rate [17]. Therefore,
the theoretical kinetic model that gives the best fit of the exper-
imental results can be considered as true kinetic model of the
investigated process. This is why this approach can be labelled as
“model free” [18].

After determination of g(˛), one can calculate the rate constants,
k for each investigated temperature from the slope of the plot g(˛)
vs. t:

g(˛) = k(T)t (4)

These values of k are then used for calculation of E and A that cor-
responds to the determined kinetic model, from the slope and the
intercept of Eq. (5), respectively:

ln k(T) = ln A − E

R

1
T

(5)

In this way, the kinetic triplets of the investigated processes are
calculated. In order to check their correctness, E values that cor-
respond to the determined kinetic models are compared with Eiso
values obtained by model-free isoconversional method. If the cor-
rect kinetic triplets have been determined, E and Eiso values should
be similar.

4. Results and discussion

4.1. Isothermal thermogravimetry

Fig. 1 shows the isothermal TG curves of pure PHB at 200, 230,
235 240 and 245 ◦C and PHB/30B 100/1 nanocomposites at 230,
235 240 and 245 ◦C, while Fig. 2 shows the isothermal TG curves
for all PHB/30B nanocomposites at 230 ◦C. Recommended temper-
ature range for processing of PHB is 180–200 ◦C [19]. After 120 min
of isothermal degradation at 200 ◦C the mass loss of pure PHB was
19 wt.% (Fig. 1). Since the addition of 30B has increased the ther-
mal stability of PHB under the non-isothermal degradation [4],
the same effect under isothermal conditions could be expected.
Therefore, isothermal degradation of PHB and its nanocomposites
should be performed at temperatures higher than 200 ◦C in order
to investigate the whole degradation process in a reasonable time.
Also, kinetic analysis is more useful if it is performed in the whole

degradation range. We have chosen temperatures 230, 235, 240 and
245 ◦C for isothermal degradation of PHB/30B nanocomposites. At
these temperatures the main reaction involves random chain scis-
sion as well as at the processing temperatures [19,20]. Also, at these
temperatures the degradation rate of PHB is high enough and PHB
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ig. 1. The isothermal TG curves for pure PHB and PHB/30B 100/1 nanocomposites
t 230, 235, 240 and 245 ◦C.

s completely volatilized, i.e. constant weight loss is established
fter 45, 36, 26 and 20 min at 230, 235, 240 and 245 ◦C, respectively
Fig. 1). Within 120 min at these temperatures constant weight loss
s established for all other analysed samples what is necessary in
rder to use isothermal data for kinetic analysis.

It is obvious from Figs. 1 and 2 that addition of 30B in amounts up
o 5 wt.% shifts the establishment of constant weight loss to longer
egradation times compared to pure PHB, i.e. improves its thermal
tability. The most pronounced effect has the addition of 1 wt.% of
0B when the establishment of constant weight loss is shifted up
o 5 min towards longer degradation times compared to pure PHB.
his shift depends on the temperature of isothermal degradation
nd is higher at lower degradation temperatures.

Increase in the thermal stability of polymer nanocomposites
ompared to pure polymer is usually attributed to the mass bar-
ier effect of silicate layers to volatile products generated during
hermal decomposition. Silicate layers are impermeable for volatile
roducts [8,21] and labyrinth effect of the silicate layers may slow
own their diffusion and delay the weight loss. Due to their high

hermal stability, clay particles can also act as the thermal insulator
ut only if they are well dispersed in polymer matrix and in amounts
elow which their agglomeration occurs. The better the dispersion
f nanofiler is achieved, the more significant enhancement of ther-

ig. 2. The isothermal TG curves for pure PHB and PHB/30B nanocomposites at
30 ◦C.
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mal stability could be expected [22]. In addition, one has to take
into account the fact that conformations and segmental motions of
polymer chains in nanocomposites are dramatically different from
those in the bulk. Chen et al. [23] have shown that nanoconfine-
ment in both intercalated and exfoliated nanocomposites enhances
intermolecular interaction so that polymer chains encounter larger
energy barrier to their motion, i.e. their mobility is hindered. Hin-
dered molecular mobility suggests a decrease in chemical reactivity
or an increase in thermal stability of the nanocomposites. Chen et
al. [23] also state that nanoconfinement controls the early stages of
degradation and therefore contribute to the enhancement of ther-
mal stability of polymer–clay nanocomposites at the early stages of
degradation. The barrier effect occurs after the nanoconfinement
has been disintegrated, i.e. at later degradation stages.

Fig. 2 shows that when the amount of 30B is over 5 wt.%, thermal
stability of PHB is decreased compared to pure PHB. The possible
explanation for this behaviour is the degradation of the ammonium
salt used for the modification of montmorillonite [22,24,25]. Exper-
imental results show that 30B loses 8.48, 8.93, 8.94 and 9.86 wt.%
after 120 min at 230, 235, 240 and 245 ◦C, respectively, i.e. under-
goes thermal degradation in this temperature region. It is known
that the thermal degradation of ammonium salts generally pro-
ceeds by Hofmann elimination during which the ammonium cation
loses an olefin and an amine and leaves an acid proton on the surface
of the montmorillonite as the counterion. This acid site on the sur-
face of the montmorillonite probably has a catalytic effect during
the initial stages of PHB decomposition and is more pronounced at
higher 30B loadings. Obviously, there are two opposing effects of the
30B influencing the thermal stability of PHB: ones that have positive
effect and ones that have negative effect on the thermal stability of
PHB, as described earlier. Up to 5 wt.% of 30B the thermal stabil-
ity of PHB is improved compared to pure PHB, what indicates that
activities which have negative effect on the thermal stability of PHB
are either overcame or inhibited by positive ones, while at higher
loadings activities which have negative effects are the dominating
ones.

Residual mass of the analysed samples, mf increases almost lin-
early with the amount of 30B (Fig. 3) what is expected considering
the high thermal stability of 30B in this temperature region.

4.2. Kinetic analysis
Kinetic analysis starts with the application of the model-free iso-
conversional method (Eq. (3)). From the slopes of the straight lines
ln t vs. 1/T, Eiso values are obtained for each analysed sample at each
selected ˛, without assumption of kinetic model. The obtained Eiso
values and their dependence on ˛ are shown in Fig. 4. It is concluded

Fig. 3. Effect of 30B content on the residual weight of PHB/30B nanocomposites.
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Table 1
Eiso values obtained by model-free isoconversional method in the conversion ranges where they are practically independent on ˛.

Sample

PHB PHB/30B100/1 PHB/30B100/3 PHB/30B100/5 PHB/30B100/7 PHB/30B100/10

Conversion, ˛ 0.10–0.90 0.10–0.90 0.10–0.90 0.10–0.90 0.10–0.90 0.30–0.90
Eiso (kJ mol−1) 107.9 ± 5.7 106.3 ± 2.2 112.2 ± 3.1 110.6 ± 2.4 96.1 ± 5.4 113.5 ± 5.3
r2 0.99618 0.99967 0.99926 0.99436 0.99732 0.99766
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ig. 4. The dependence of Eiso on ˛ evaluated by means of model-free isoconversional
ethod for pure PHB and PHB/30B nanocomposites.

rom Fig. 4 that the dependence of Eiso on ˛ can be distinguished
nto two main conversion regions, the first for ˛ < 0.10 in which Eiso
ncreases with ˛ and the second for 0.10 ≤ ˛ ≥ 0.90 in which Eiso val-
es are practically constant. This dependence of Eiso on ˛ indicates
complex reaction with the participation of at least two different
echanisms, which is very usual case for polymers [24,26,27]. The

rst part corresponds to the part where small mass loss appears
˛ < 0.10) while the second part, where the substantial mass loss
akes place (0.10 ≤ ˛ ≥ 0.90), is attributed to the main degradation

echanism. The exception is sample PHB/30B 100/10 where Eiso
ncreases in the conversion range ˛ < 0.30 and is practically constant
n the conversion range 0.30 ≤ ˛ ≥ 0.90.

Firstly, kinetic analysis of the main degradation mechanism is
erformed. Since in the conversion ranges where the main degra-
ation mechanism occurs Eiso values are practically constant, the

sothermal degradation of pure PHB and PHB/30B nanocomposites

n these conversion ranges can be kinetically described with the
nique kinetic triplet. The average Eiso values obtained by model-

ree isoconversional method for all investigated samples in these
onversion ranges are shown in Table 1.

able 2
lgebraic expressions for f(˛) and g(˛) for the most frequently used mechanisms [28].

echanism Symbol f(˛)

eaction order model Fn
a (1 − ˛)n

andom nucleation and growth of nuclei
(Avrami–Erofeev eq.)

Am
b (0.5 ≤ m ≤ 4) m(1 − ˛)[−l

D diffusion (parabolic law) D1 1/2˛
D diffusion (bidimensional particle shape) D2 1/[−ln(1 − ˛
D diffusion (tridimensional particle
shape) (Jander eq.)

D3 (3(1 − ˛)2/3)

D diffusion (tridimensional particle
shape) (Ginstling–Brounshtein eq.)

D4 3/(2[(1 − ˛)

ower law Pz
c z˛[1 − 1/z]

a n = 1/2 corresponds to phase boundary controlled reaction (contracting area, R2) and n
lso tested n = 2 (F2) and n = 3 (F3) kinetic models.
b m = 1, 2, 3 or 4 when the growth rate of nuclei is proportional to the interphase area a

A0.5, A1, A1.5, A2, A2.5, A3 and A4).
c z = 2, 3 or 4 (P2, P3 or P4).
Fig. 5. Experimental RTPs for PHB/30B 100/1 nanocomposite at 230, 235, 240 and
245 ◦C and RTPs of the theoretical kinetic models defined in Table 2.

In order to determine the kinetic model of the main degra-
dation mechanism, experimental and theoretical RTPs have been
constructed. Fig. 5 shows experimental RTPs for PHB/30B 100/1
nanocomposite obtained at 230, 235, 240 and 245 ◦C in the whole
conversion range. The experimental RTPs obtained at these temper-
atures are superimposable what indicates that the kinetic model at
the specific conversion degree does not change with temperature of
the isothermal degradation. The small differences are probably due
to experimental uncertainties. This also means that the isothermal
degradation of PHB/30B 100/1 nanocomposite in the conversion
range 0.10 ≤ ˛ ≥ 0.90 can be kinetically described with the unique
kinetic triplet, as concluded earlier from Eiso vs. ˛ dependence
obtained by model-free isoconversional method. The experimental

RTPs were compared with the RTPs of the theoretical kinetic mod-
els from Table 2, as shown in Fig. 5. The results from Fig. 5 show
that Avrami–Erofeev kinetic model A4 (A4; g(˛) = [−ln (1 − ˛]1/4

or f(˛) = 4(1 − ˛)[−ln (1 − ˛](1−1/4)) matches the best experimental

g(˛)

−ln(1 − ˛), for n = 1 (1 − (1 − ˛)(−n + 1))/(−n + 1), for n /= 1
n(1 − ˛)](1 − 1/m) [−ln(1 − ˛)]1/m

˛2

)] (1 − ˛) ln(1 − ˛) + ˛
/(2[1 − (1 − ˛)1/3]) [1 − (1 − ˛)1/3]2

−1/3 − 1]) (1 − 2˛/3) − (1 − ˛)2/3

˛1/z

= 2/3 corresponds to phase boundary controlled reaction (contracting volume, R3);

nd can be 0.5; 1.5 or 2.5 in some cases of diffusion controlled growth rate of nuclei
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Table 3
Empirical kinetic triplets obtained by RTP method for the main degradation mechanism.

Sample Conversion, ˛ g(˛) E (kJ mol−1) ln A (min−1) r2

PHB 0.10–0.90 [−ln(1 − ˛)]1/3.33 111.1 23.1 0.99482
PHB/30B 100/1 0.10–0.90 [−ln(1 − ˛)]1/4.01 107.4 22.0 0.99966
P 1/3.81
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HB/30B 100/3 0.10–0.90 [−ln(1 − ˛)]
HB/30B 100/5 0.10–0.90 [−ln(1 − ˛)]1/3.44

HB/30B 100/7 0.10–0.90 [−ln(1 − ˛)]1/3.03

HB/30B 100/10 0.30–0.90 [−ln(1 − ˛)]1/2.51

TPs of PHB/30B 100/1 nanocomposite among all considered the-
retical kinetic models in the conversion range 0.10 ≤ ˛ ≥ 0.90. For
ther investigated samples, Avrami–Erofeev kinetic models A2.5,
3 and A4 were found to match the best experimental results.
xperimental RTPs of pure PHB and PHB/30B 100/5 nanocompos-
tes were between A3 and A4 kinetic model. Kinetic models A4,
3 and A2.5 match the best experimental RTPs of PHB/30B 100/3,
HB/30B 100/7 and PHB/30B 100/10, respectively. Usually, the the-
retical kinetic models cannot fit exactly the experimental results
nd, in our opinion, it is necessary to calculate the empirical kinetic
odels that emerge from the experimental results. It means that

arameter “m” of the Avrami–Erofeev kinetic model should be cal-
ulated from the experimental results. Therefore, in our case Eq. (4)
urns into:

−ln(1 − ˛)]1/m = kt (6)

nd after taking the natural logarithm of Eq. (6) and rearranging
ne obtains:

n t = 1
m

ln[−ln(1 − ˛)] − ln k (7)

hen from the slope of the plots ln t vs. ln[−ln(1 − ˛)] (Eq. (7))
arameter “m” can be obtained for each temperature of isother-
al degradation. The “m” values for PHB/30B 100/1 at 230, 235,

40 and 245 ◦C were 3.89, 3.97, 4.04 and 4.16, respectively, what
ave the average value of 4.01, i.e. g(˛) = [−ln(1 − ˛]1/4.01 which
s very similar to the value determined by RTP method. In the
ame way, parameter “m” for all other investigated samples was
etermined and the obtained empirical kinetic models g(˛) of the
ain degradation mechanism are shown in Table 3. In each anal-

sed case, straight lines with the very high correlation coefficient
ere obtained. The high linearity may support the suitability of the
mpirical kinetic model for the main degradation mechanism of the
sothermal degradation of analysed samples.

From the intercept of the plots ln t vs. ln[−ln(1 − ˛)] rate con-
tant “−ln k” for PHB/30B 100/1 at 230, 235, 240 and 245 ◦C are
btained. Then, from the Arrhenius plots −ln k vs. 1/T (Fig. 6), E and

ig. 6. −ln k vs. 1/T plots for pure PHB and PHB/30B nanocomposites in the conver-
ion range 0.10 ≤ ˛ ≥ 0.90 (0.30 ≤ ˛ ≥ 0.90 for PHB/30B 100/10).
113.9 23.7 0.99915
111.8 23.2 0.99556
98.9 20.4 0.99762

114.4 24.2 0.99773

ln A values that correspond to the empirical kinetic model were cal-
culated from the slope and intercept, respectively, and their values
are shown in Table 3. Straight lines with the very high correlation
coefficient (r2) were obtained.

In order to check the correctness of the empirical kinetic triplets,
the E values that correspond to empirical kinetic models were
compared with the Eiso values obtained without assumption of
the kinetic model [13,29]. Since the E values that correspond to
empirical kinetic models (Table 3) are almost identical to Eiso val-
ues (Table 1), we consider that these empirical kinetic triplets can
describe the main degradation mechanism very well. In this way,
empirical kinetic triplets of the main degradation mechanism were
calculated without any assumptions concerning kinetic model what
is, as mentioned earlier, considered as the only trustworthy way of
obtaining kinetic parameters.

Furthermore, Fig. 6 shows the dependence of the rate constant
(−ln k) on 30B content and temperature of isothermal degradation.
The results show that addition of 30B reduces the rate constant
values compared to pure PHB when added in amounts up to 5 wt.%,
i.e. reduces the rate of the isothermal degradation of PHB. The most
pronounced effect has the addition of 1 wt.% of 30B what is in accor-
dance with the earlier conclusions about influence of the 30B on the
thermal stability of PHB.

Finally, the goodness of fit for each theoretical and empir-
ical kinetic model in the conversion range 0.10 ≤ ˛ ≥ 0.90
(0.30 ≤ ˛ ≥ 0.90 for PHB/30B 100/10) was estimated by using the
residual sum of squares (Eq. (8)):

S2
j = 1

n − 1

n∑
i=1

(
ti

t0.9
− gj(˛i)

gj(0.9)

)2

(8)

where n is the number of data points (in our case n = 41), ti the
time required to obtain conversion ˛i, and t˛ the time required to
obtain conversion ˛ = 0.9. Since the minimum value of S2 does not
necessarily indicate “the most probable” kinetic model, we have
performed the so-called F-test (Eq. (9)):

Fj =
S2

j

S2
min

> F1−p,n−1,n−1 (9)

where S2
min is the minimum value of all S2

j
and F1−p,n−1,n−1 is a

percentile of the F-distribution for (1 − p)100% confidence probabil-
ity. According to F-test, only those reaction models which obey Eq.
(9) should be discriminated as giving S2

j
that are significantly larger

than S2
min and therefore not belonging to the set of “the best fit”

models. The reaction models which obeyed Eq. (9) fit experimen-
tal data as accurately as the model that gives S2

min [12]. Fj values
in Table 4 show that from the point of view of F-test the empirical
and earlier mentioned theoretical Avrami–Eforeev kinetic models
are “the most probable” ones (A4 for PHB, PHB/30B 100/1, PHB/30B
100/3 and PHB/30B 100/5; A3 for PHB/30B 100/7 and A2.5 PHB/30B

100/10), although power low kinetic model P2 (P2; g(˛) = ˛1/2) can-
not be ruled out in case of pure PHB.

The corresponding E and ln A values for these “the most proba-
ble” theoretical kinetic models calculated by using Eq. (4) are shown
in Table 5. Since these E values significantly differ from Eiso values, it
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Table 4
Results of F-test for theoretical end empirical kinetic models.

g(˛) Fj
a, Sample

PHB PHB/30B 100/1 PHB/30B 100/3 PHB/30B 100/5 PHB/30B 100/7 PHB/30B 100/10

EKMb 1.00 1.00 1.00 1.14 1.00 1.00
A0.5 373.90 724.69 622.53 575.22 472.33 542.54
A1 = F1 177.65 368.53 311.43 276.41 213.27 193.10
A1.5 81.21 185.22 153.04 128.40 90.19 61.92
A2 34.74 91.39 73.09 56.31 33.79 14.63
A2.5 12.81 42.74 32.48 21.68 9.50 1.13
A3 3.36 17.78 12.34 6.19 1.20 1.90
A4 1.06 1.04 1.01 1.00 4.83 18.43
R2 99.27 221.38 183.97 156.49 112.78 74.11
R3 122.71 266.01 222.50 192.43 142.48 107.05
F2 365.52 708.24 608.36 562.26 461.61 539.69
F3 501.82 948.89 819.94 768.96 645.08 823.60
D1 177.24 369.77 312.26 276.24 212.61 168.38
D2 231.41 469.21 398.84 358.79 283.18 262.32
D3 304.49 601.07 514.11 469.89 379.70 401.60
D4 256.23 514.24 438.15 396.55 315.83 308.40
P2 1.07 7.28 4.52 1.96 2.18 17.01
P3 8.34 3.83 5.15 10.79 20.74 54.35
P4 21.79 17.32 19.30 29.78 44.37 85.12

a F1−p,n−1,n−1 = 1.69; n = 41; p = 0.05.
b Empirical kinetic model.

Table 5
E and ln A values for “the most probable” theoretical kinetic models.

Sample Kinetic model E (kJ mol−1) ln A (min−1) r2

PHB
A4 129.8 27.3 0.99019
P2 129.7 27.4 0.99013

PHB/30B 100/1 A4 118.8 24.2 0.99962
PHB/30B 100/3 A4 125.8 26.4 0.99808
P
P
P

i
f
p

o
(
(
c

d
o
l
m
p
s
t
(
r
t

Table 7
Values of the empirical kinetic triplets obtained by RTP method for the early stage
of the isothermal degradation of pure PHB and PHB/30B nanocomposites.

Sample Conversion, ˛ g(˛) E (kJ mol−1) ln A (min−1)

PHB <0.10
[−ln(1 − ˛)]1/3.31 122.0 25.7
˛1/3.23 123.3 25.9

PHB/30B 100/1 <0.10
[−ln(1 − ˛)]1/3.19 133.5 28.0
˛1/3.11 134.9 28.3

PHB/30B 100/3 <0.10
[−ln(1 − ˛)]1/2.77 138.7 29.3
˛1/2.70 140.3 29.6

PHB/30B 100/5 <0.10
[−ln(1 − ˛)]1/2.93 125.5 26.3
˛1/2.86 126.5 26.5

PHB/30B 100/7 <0.10
[−ln(1 − ˛)]1/2.76 119.3 25.1
˛1/2.69 121.0 25.4

T
E

C
E
r

HB/30B 100/5 A4 118.5 24.7 0.99696
HB/30B 100/7 A3 114.0 23.9 0.99477
HB/30B 100/10 A2.5 138.1 29.8 0.99837

s our opinion that empirical kinetic models are the best description
or the main degradation mechanism of isothermal degradation of
ure PHB and PHB/30B nanocomposites.

The same kinetic analysis has been performed for the early stage
f the isothermal degradation, i.e. in the conversion range ˛ < 0.10
˛ < 0.30 for PHB/30B 100/10), in which Eiso values increase with ˛
Fig. 4). The average Eiso values for all investigated samples in these
onversion ranges are shown in Table 6.

In order to determine the kinetic model for the early stage of
egradation, the experimental RTPs were compared with the RTPs
f the theoretical kinetic models from Table 2, as described ear-
ier. Fig. 5 shows that A4 and P3 (P3; g(˛) = �1/3) kinetic models

atch the best experimental RTPs of PHB/30B 100/1 nanocom-
osites among all considered theoretical kinetic models. For other

amples, the same theoretical Avrami–Erofeev kinetic models as for
he main degradation mechanism and power law kinetic models
P2; g(˛) = �1/2 and P3) were found to match the best experimental
esults. The empirical kinetic models, i.e. parameters “m” and “z” of
he Avrami–Erofeev and power law kinetic models for all analysed

able 6
iso values obtained by model-free isoconversional method for conversion ranges in which

Sample

PHB PHB/30B100/1 PHB/30B100/3

onversion, ˛ <0.10 <0.10 <0.10
iso (kJ mol−1) 84.3 ± 8.4 94.9 ± 8.8 97.6 ± 9.6
2 0.99886 0.99986 0.99946
PHB/30B 100/10 <0.30
[−ln(1 − ˛)]1/2.92 123.7 26.5
˛1/2.76 128.0 27.5

samples were calculated, respectively, together with corresponding
E and ln A values (Table 7). The E values that correspond to empiri-
cal kinetic models are not in a good agreement with Eiso values for
these conversion ranges. Therefore, we can conclude that the calcu-
lated empirical triplets can not kinetically describe the early stage of
the isothermal degradation of PHB/30B nanocomposites. This was
expected considering increasing dependence of Eiso on ˛, i.e. com-
plexity in the reaction kinetics in this conversion range. It is also

known that at very low and very high conversions truly isothermal
conditions can not be accomplished and therefore useful kinetic
data are difficult to obtain [30]. These are probably the reasons for
disagreement between isoconversional and empirical values, i.e. for

they increase with ˛.

PHB/30B100/5 PHB/30B100/7 PHB/30B100/10

<0.10 <0.10 <0.30
96.9 ± 6.4 73.8 ± 10.2 84.9 ± 16.4
0.95387 0.99293 0.99562
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nability to kinetically describe isothermal degradation of PHB/30B
anocomposites in the early stage of the isothermal degradation
ith the unique kinetic triplet.

. Conclusions

PHB/30B nanocomposites were isothermally degraded for
20 min at 230, 235, 240 and 245 ◦C in the nitrogen atmosphere.
ddition of 30B in amounts 1–5 wt.% reduces the rate of isothermal
egradation of PHB, i.e. increases its thermal stability. The most pro-
ounced effect has the addition of 1 wt.% of 30B. From the E vs. ˛
ependence it can be concluded that the isothermal degradation of
HB/30B nanocomposites proceeds by two mechanisms: the first
ne corresponds to small mass loss and the second one to the main
egradation mechanism where the main mass loss takes place. The
rst one can not be described with the unique kinetic triplet, while
mpirical kinetic triplets were calculated for the main degradation
echanism and they are of Avrami–Erofeev type. The E values from

he empirical kinetic models agreed excellently with the Eiso values
rom the model-free isoconversional method what supports the cal-
ulated empirical kinetic triplets. The empirical kinetic models fit
he best experimental results compared to all considered theoreti-
al kinetic models.

It can be concluded that 30B did not affect the degradation
echanism but only the thermal stability and decomposition rate

f PHB.
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