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ABSTRACT

Isothermal and non-isothermal crystallization kinetics of nanocomposites of poly(3-hydroxybutyrate)
(PHB) with 4 wt% of montmorillonite Cloisite®Na* (CNa*) and chemically modified clays Cloisite®15A
and 93A (C15A and C93A) prepared by solution casting have been investigated by differential scanning
calorimetry.

Nanoparticles addition did not significantly affect the crystallinity and melting temperatures of the
PHB, regardless the type of clay.

Several models such as the Liu-Mo, Avrami, Lauritzen-Hoffman and isoconversional were found to
provide a fairly satisfactory description of the crystallization kinetics of PHB and its nanocomposites.

The results showed a slight effect of the CNa* and C93A on the crystallization kinetics param-
eters of PHB. However, a retarded effect on the crystallization rate of the polymer was found
when C15A clay was added. It was attributed to the high dispersion of this clay in the

polymer.

Consequently, the dispersion and type of clay influence the crystallization kinetics of PHB.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Poly(hydroxybutyrate) (PHB) is produced as intracellular stor-
age materials by different types of microorganisms from renewable
sources, under limited culture conditions. In the presence of an
abundant source of carbon under limited nitrogen atmosphere,
some bacteria can accumulate up to 60-80% of their weight in
the PHB. For this reason, the PHB does not contain any residues
of catalysts like other synthetic polymers. PHB is fully biodegrad-
able polyester with optical activity and piezoelectricity. It is a
hydrophobic and a highly crystalline polymer with an elevated
melting temperature. It is still expensive, quite stiff, brittle and
has a narrow processability window. The degree of its brittleness
depends on the degree of crystallinity, glass transition temperature
and microstructure [1-3].

Preparation of nanocomposites, using low percentages of inor-
ganic fillers, is among the routes to improve some of the properties
of biodegradable polymers such as thermal, mechanical and
oxidative barrier, when they are compared with traditional com-
posites. Montmorillonite is among the most commonly used
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layered silicates inorganic filler because it is environment friendly
and readily available in large quantities with relatively low
cost [4-7].

The polymer properties depend on the crystallization condi-
tions, and thus the crystallization kinetics. The introduction of clay
plays a significant role in the properties of polymers, due to the
influence of the nanoparticles on their morphology and crystalliza-
tion behavior [2]. So, it is very useful to characterize the nucleation,
crystallization and structural development of PHB in clay reinforced
polymer nanocomposites. This characterization should be used to
optimize the processing conditions for achieving high performance
polymer nanocomposites as well as realize full potential applica-
tions of these materials.

For the purpose of describing the evolution of crystallinity under
isothermal or dynamical conditions, a number of mathematical
models have been proposed [8], based on the notion of primary
nucleation and subsequent crystal growth mechanisms. In this case,
we used the Liu-Mo theory to model the dynamical scans, and the
Avrami equation, Lauritzen-Hoffman model and isoconversional
method to analyze the isothermal results.

In this work, an extensive study of the crystallization kinetics of
clay/polymer nanocomposites was done in order to understand the
influence of different clays on the crystallization behavior of PHB.
The isothermal and non-isothermal behavior will be important for
predicting the crystallization behavior of the materials according
to the organic modifier of the nanoparticle.
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Organic modifier and the interlayer distance of the clays.

Clay

Cloisite®Na* (CNa*)

Cloisite®93A (C93A)

Cloisite®15A (C15A)

Organic modifier

d(001)

11.7A

CHj3 CH3
H- NL— HT CH; — I‘\It HT
i i
23.6A 315A

2. Materials and experimental methods
2.1. Materials

A Dbiodegradable polymer, polyhydroxybutyrate (PHB)
(Mn=42,500) was kindly supplied by PHB Industrial S.A., Brazil.
Montmorillonite Cloisite®Na*, organically modified Cloisite®C15A
and Cloisite®C93A were supplied by Southern Clay Products (TX,
USA). The organic modifier and the interlayer distance of the clays
are shown in Table 1.

Films of PHB and its nanocomposites were obtained by casting
process. A homogeneous solution of PHB in chloroform was pre-
pared by stirring at 450 rpm while heating at 60 °C, for 15 min. Then,
the solution was placed on glass Petri dishes and it was allowed to
evaporate at room temperature. Nanocomposites were prepared
by the addition of a chloroform clay solution, previously sonicated,
to the PHB solution. The solution was evaporated following the
procedure previously mentioned. Nanocomposites contained 4%
(w/w) of each kind of montmorillonite. All films were stored in
a desiccator at room temperature for 30 days to allow complete
crystallization of PHB [9]. The film thickness of PHB and nanocom-
posites was 0.05 mm.

2.2. Methods

2.2.1. X-ray diffraction analyses (XRD)

XRD analyses were performed with CuKa (A =1.54 A) radiation
in a Philips PW 1710 X-ray diffractometer system. Every scan was
recorded in the range of 260 =2-60° at a scan speed of 2°/min with
an X-ray tube operated at 40 kV and 40 mA [4].

2.2.2. Differential scanning calorimetry (DSC)

Thermal behavior and crystallization kinetics were performed
using a Perkin-Elmer Pyris 1 DSC. About 5-8 mg of sample was
sealed in an aluminum pan, and all scans were carried out under
inert nitrogen (20 mlmin—1).

The melting temperature and the overall crystallinity of the
samples were obtained leading one scan from room temperature
to 200°C at a rate of 10°C/min.

The overall crystallinity was calculated according to the follow-
ing equation:

AHp(mc/mp) N
AHy

where AHp, is the melting enthalpy measured from heating exper-
iments, AHy is the theoretical enthalpy of 100% crystalline PHB
(AHp=146]/g[10]), m. is the nanocomposite weight and m, is the
weight of PHB in the nanocomposite.

The non-isothermal crystallization behavior of PHB and its
nanocomposites was studied by cooling the samples from 195 °C to
room temperature at constantrates of2.5,5,10,12.5and 15 °C/min.
It should be noted that it was necessary to melt the sample at 195 °C
for at least 1 min to erase its previous thermal history as well as to
avoid its thermal degradation, as it was found in our previous work
[9].

X (%)= 100 (1)

The isothermal crystallization experiments were done by heat-
ing the sample from —30°C to 195 °C at a scanning rate of 30 °C/min
and holding it temperature for 1min. Then, the sample was
quenched to a desired isothermal crystallization temperature Tc, at
a cooling rate of 80 °C/min. It was assumed that the crystallization
was finished when the exothermic trace converged to a horizontal
baseline. After that, the melting temperature of the samples crys-
tallized at T¢, was obtained leading a scan from room temperature
to 200°C at a rate of 10 °C/min.

3. Results and discussion
3.1. X-ray diffraction analyses (XRD)

In general, the crystallization behavior of nanocomposites is
strongly influenced by the dispersion state of nanolayers in poly-
mer matrix [11,12], which can be analyzed from X-ray diffraction
analyses. Fig. 1 shows the X-ray spectra of the PHB and its nanocom-
posites films. At lower angles, the peaks corresponding to the clay
interlayer region could be observed in the nanocomposites profiles.
The d(00 1) diffraction peak of all the pristine clays was shifted to
lower angles when they were added to the PHB, showing that the
clay intergallery region was expanded. Comparing the composites
containing the modified clays, C93A showed a higher peak than
C15A in the 26 region between 2° and 5°. This suggests that most
of the C93A clay has an interlayer distance of 28.5 A, correspond-
ing to the peak at 3.1°. Though as there is only a small peak in the
2-5° spectra region of C15A, most of this clay should have an inter-
layer distance higher than 44 A (26 = 2°) that cannot be observed in
the spectra. So, it seems that C15A was better dispersed in the PHB
than C93A. The rest of the spectra pattern is very similar among
the materials studied, which is indicative of the similar crystalline
morphology of PHB in spite of the clay added.

4000 +

3500
PHB+4% C15A

3000 -

2500
PHB+4% C93A

2000 -

Intensity (A.U.)

— PHB+4% CNa’

1000 -

: PHB
500

Fig. 1. XRD of PHB and its nanocomposites.
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Fig. 2. DSC melting curves of PHB and its nanocomposites.

3.2. Thermal behavior of PHB films and its nanocomposites

In order to study the thermal behavior of PHB films and
its nanocomposites, dynamic DSC thermograms were performed
(Fig. 2). The fusion temperature (T ) and the percentage of crys-
tallinity (X.) were calculated from those curves and summarized
in Table 2. It was observed that the clay incorporation had a lit-
tle effect on the crystallinity and melting temperature of PHB. This
was probably because the clay is predominantly confined to the
amorphous phase, without significantly affecting the development
of crystals in the polymer matrix. In this way, the glass transition
temperature of the PHB increased with the addition of the different
clays, resulting from the hindrance of segmental motion of the PHB
chains by the clay.

3.3. Non-isothermal crystallization behavior

Fig. 3 shows the curves of the heat flow as a function of tem-
perature during the non-isothermal crystallization of PHB in a DSC,
at the selecting five speeds of cooling rate. The crystallization peak
temperature (T¢) of PHB decreases with the increase of the cooling
rate and the same result was obtained for its different nanocompos-
ites. Additionally, comparing the nanocomposites behavior, it was
observed that the T¢ of the nanocomposites was higher than that
of the PHB, except for the composite containing C15A, indicating a
slow rate of crystallization in the latter case.

From the DSC assays, the relative degree of crystallinity, (T), as
a function of temperature can be calculated as follows (Eq. (2)):

" dH./dT
oT) = fTTO,% (2)
Ji dHe/dT

where Ty and T, are the initial and final crystallization tempera-
tures, respectively.

Table 2

Thermal properties of the materials studied.
Material Tm (°C) Ty (°C) Xc
PHB 175.9 -5.8 66.5%
PHB +4% CNa* 175.7 -3.7 66.2%
PHB +4% C93A 176.1 -25 65.1%

PHB +4% C15A 175.7 -23 65.9%

5.0
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Fig. 3. DSC dynamic scans of PHB at different heating rates.

The «(T) curves versus temperature for the PHB and its dif-
ferent nanocomposites at a rate of 5°C/min are shown in Fig. 4.
Those curves of experimental data showed a sigmoidal shape, sim-
ilar among the materials, as well as the slow rate of crystallization
of the nanocomposite containing C15A clay.

To study the non-isothermal crystallization kinetics, several the-
oretical models were used [8,13-15]. One of them is the theory
proposed by Liu-Mo [16]. This method is used to connect the Avrami
equation with the Ozawa equation.

In the Avrami model, the relative degree of crystallinity, a(T), is
related to the crystallization time, ¢, as:

o(t) =1 —exp(Zt") (3)

where n is the Avrami exponent and Z; (where Z; =z;") is the crys-
tallization rate constant involving both nucleation and growth rate
parameters. This theory provides useful data on the overall crystal-
lization kinetics. The parameters, n and Z;, can be used to interpret
qualitatively the nucleation mechanism, morphology and the over-
all crystallization rate of the polymer.

1,0 =
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0,8
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T T
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Temperature (°C)

Fig. 4. Relative degree of crystallinity vs. temperature for PHB and its nanocompos-
ites.
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Fig. 5. Plots of In(B) as a function of In(t), PHB +4% C15A.

The theory proposed by Ozawa describes the effect of the cool-
ing rate on the crystallization from the melt by replacing the time
variable in the Avrami equation with a variable cooling rate term
as follows:

a(T)=1—exp (%g)) (4)
In[—In{1 — «(T)}] = In K(T) — mIn(B) (5)

where «(T) is the relative degree of crystallinity, K(T) is a cooling
function related to the crystallization rate, m is the Ozawa exponent
depending on the dimension of crystal growth and § is the cooling
rate.

So, the Avrami equation relates o with t and the Ozawa equation
relates it with B, thus the relation between g and t can be used to
connect both equations. Then, the expressions obtained from the
combination of both models are shown in Eqs. (6)—(8):

In(Z;) + n In(t) = In[K(T)] — m In(B) (6)
In(B) = % In [Kg)] ~ D incey 7)
In(8) = In[F(T)] — a In() (8)

where the kinetic parameter F(T) = [K(T)/Z]!/™, represents the value
of cooling rate chosen at a unit crystallization time when the sys-
tems have a defined degree of crystallinity; 8 is the cooling rate, and
a is the ratio of the Avrami exponent (n) to the Ozawa exponent (im)
[16].

Plotting In(B) versus In(t), to a certain degree of crystallinity
(20%,40%,60% and 80%) it is possible to determine the values of F(T),
from the intercept of the lines (Fig. 5). It can be seen that these plots
show good linearity. The physical meaning of F(T) is the cooling
rate that must be selected to achieve the system a given degree of
crystallinity within a unit of crystallization time.

The values of F(T) calculated for the PHB and its nanocompos-
ites are listed in Table 3. The bigger the value of F(T), the higher the
degree of crystallinity. In general, the F(T) values of the nanocom-
posites were similar to the one of the PHB, except for the composite

Table 3
F(T) values for the different materials studied.

% a(T) PHB PHB +4% CNa* PHB +4% C15A PHB +47% C93A
20 2.49 2.56 3.19 2.52
40 2.85 2.81 3.60 2.90
60 3.07 3.00 3.92 3.16
80 3.27 3.17 4.18 3.39
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Fig. 6. DSC thermograms of isothermal crystallization at different crystallization
temperatures to PHB +4% C15A.

containing C15A, that were higher. These findings indicated that
the addition of the clay C15A lowered the crystallization rate. It
is consistent with the results showed in Fig. 4, where the curves
of the PHB and the composites containing CNa* and C93A were
similar among them; whereas the PHB/C15A curve was markedly
displaced to the left.

3.3.1. Nucleation activity (¢)

Dobreva et al. [17] has developed an equation for calculating
the nucleation activity (¢) of different substrates during the non-
isothermal crystallization of polymer melts. If the reinforcement is
extremely active, the nucleation activity will tend to zero, while for
inert reinforcement, it will be close to one.

For nucleation from the melt, the cooling rate is represented by
Eq. (9) at temperatures close to melting:

B
In B=A {ATCZ} (9)
where g is the cooling rate, A is a constant, AT¢ (=T — T¢) is the
degree of subcooling, T, is the temperature corresponding to the
peak temperature of DSC crystallization, Ty, is the melting tem-
perature and B is a parameter related to the three dimensional
nucleation. The value of B for the pure polymer and its nanocom-
posites (B") was obtained from Eq. (9). Then, ¢ can be calculated by
Eq. (7):

- (5

The calculated values of the nucleation activity were between 0.76
(for the composites containing CNa* and C93A) and 1.01 (for the
composites containing C15A). It showed a slight nucleating activity
of CNa* and C93A clays, while an inert behavior of the C15A.

3.4. Isothermal crystallization behavior

The DSC crystallization exotherms for the PHB and its nanocom-
posites that had been isothermally crystallized at different
crystallization temperatures (Tc) are shown in Fig. 6.

In order to analyze the isothermal crystallization process, the
crystallization kinetics of PHB and its nanocomposites was com-
pared. The curves of « as a function of crystallization time ¢ for the
PHB and its nanocomposites, at Tc =112 °C, are reported in Fig. 7, as
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Fig. 7. The relative degree of crystallinity with time for the crystallization of PHB.

an example. By using Eq. (2) modified to isothermal experiments, o
was calculated from the curves of heat flow versus time at different

The crystallization rate of the nanocomposites increased with
the decrease of T¢, due to the higher supercool degree. The plots of
o versus time for the PHB and nanocomposites are similar among
them, showing a sigmoidal shape. It was observed that the presence
of C15A clay retarded the crystallization phenomenon.

The crystallization half-time (t;,) obtained from the isothermal
crystallization curves of pure PHB and the PHB/clay nanocompos-
ites is shown in Fig. 8. This time corresponds to the necessary
polymer to reach 50% of its maximum crystallinity. In general,
the value of t;, for pure PHB and the PHB/clay nanocomposites
increases with increasing the temperature of crystallization. It was
observed that the t;, values of the PHB nanocomposites with C93A
and CNa* were slightly lower than that of pure PHB. This result indi-
cated that the incorporation of C93A and CNa* slightly increased
the crystallization rate of the PHB matrix. In other hand, the value
of t1, of PHB/C15A was higher than that of pure PHB, indicating
retardation in the crystallization rate of the polymer due to the
C15A addition.

4.5 A
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4.0 —0—PHB +4% CNa’
—%— PHB +4% C93A
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Fig. 8. Crystallization half-time vs T¢ for PHB and its nanocomposites.
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Fig.9. Overall rate of crystallization as a function of T¢ calculated from experimental
data and SLF model.

The reciprocal value of t;, is assumed to be equal to the experi-
mental rate (G~ 1/ty,) of the isothermal crystallization [18]. It can
be noted in Fig. 9 that the crystallization rate decreased with the
increment of T¢, since it is closer to Ty, and it was low when the
C15A clay was added to the PHB.

The Lauritzen-Hoffman model [18] was widely used to deter-
mine the dependence of the overall rate of crystallization, G, on the
crystallization temperature. The model expression is the following:

G = Goexp (R(T_—UTOO)) exp (ﬂ_"IZGT> (11)

where Gy is a constant independent of temperature; U is the acti-
vation energy for the transport of crystallizable segments; T, is a
hypothetical temperature at which molecular motion associated
with viscous flow is stopped and is related to Tg, as Too =Tg —C,
where C is a constant; AT is the degree of subcooling, given by
Tmo — Tc, where Ty, is the melting temperature in equilibrium; R is
the gas constant; fis a factor representing the variation of enthalpy
in the molten unit volume with temperature, given by f = 2T/(T, +
T); and K is the constant of nucleation [19]. In the present work,
K¢ was calculated using the nucleation Lauritzen-Hoffman equa-
tion constants modified by Suzuki (SLF method), where C=30K
and U= 1500 cal/mol. The values of Ty,o were reported in Table 4.
The plot of the expression of SLF is shown in Fig. 9, where it was
observed a good correlation with the experimental data. The fit
allows to predict the behavior of the system in the whole range of
temperature, which is helpful because it is not easy to be experi-
mentally measured for PHB at low temperatures [20].

In order to fully understand the evolution of crystallinity dur-
ing the isothermal crystallization, the Avrami model (Eq. (3)) was
also employed to analyze the crystallization kinetics of PHB and
its nanocomposites [20]. By fitting the experimental data, n and Z;
values can be obtained from the plots of the linearized form of the
Avrami equation:

In{—In[1 - «]} =InZ; +nint (12)

Table 4 displays the values of Z; and n of the PHB and its nanocom-
posites, calculated by the Avrami model. The constants n of the
materials studied, which represents the nucleation mechanism and
crystals growth dimension, varies from 2.64 to 1.87, indicating a
two-dimensional growth of crystals. The presence of nanoclay did
not show a notable influence on the crystallization mechanism of
the pure PHB, having the nanocomposites with C15A the lowest
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Table 4
Values of Tc, Tmo, Z;, n and E, from the Avrami method.

Materials T (°C) NAvrami 7 Ea Tino (°C)
105 1.87 1.5593
107.5 2.08 0.7509
110 2.03 0.5866

PHB 112.5 2.23 0.3149 —133.56 (2 =0.99) 185.8
115 2.45 0.1165
117.5 2.57 0.0547
120 2.52 0.0281
105 191 1.2863
107.5 1.89 1.0857
110 2.1 0.7519

PHB +4% CNa* 112.5 2.19 0.3218 —131.85 (12 =0.98) 1824
115 232 0.2091
117.5 2.54 0.0652
120 2.64 0.0223
105 1.89 1.4704
107.5 1.97 1.1106
110 2.08 0.6944

PHB +4% C93A 112.5 2.17 0.3737 —130.76 (> =0.99) 183.8
115 2.34 0.227
117.5 2.5 0.0651
120 2.61 0.0293
105 2.29 1.3185
107.6 2.31 0.5864
110.2 2.39 0.2784

PHB +4% C15A 112.7 2.37 0.1544 —135.13 (12 =0.98) 181.5
115 2.40 0.0899
117.5 2.42 0.0607
120 2.52 0.0159

values of Z;. The experimental data were fit using these parameters
and it was observed a good correlation with the Avrami predic-
tions (straight lines in Fig. 7). The n and Z; values were between
the ones obtained by other authors, i.e. n value between 1.5 and 3.0
[15,20,21].

The simplification of the classical temperature dependence of
Z;, previously proposed [22] can be used in order to calculate the
effective activation energy:

Zi=Zoexp | o] (13)
where Zy is the temperature independent preexponential factor, R
is the gas constant, T¢ is the crystallization temperature and E; is
the crystallization activation energy.

The value of the activation energy of the PHB nanocomposites
with C93A and CNa* was slightly higher than that of pure PHB. How-
ever, the value corresponding to PHB/C15A was somewhat lower
than that of pure PHB. As these activation energy values represent
the energy of the overall crystallization process, this could be the
reason of the mismatch with the previous results (nucleation and
tij2)-

: Then to elucidate this finding, the effective activation energy
was calculated through the model-free isoconversional method,
which accounts for its dependence on the whole range of the
relative degree of crystallinity [8].Isoconversional analysis was per-
formed by modifying Eq. (13) for an isothermal process, obtaining
Eq. (14):

dln(da/dt) | | 9In(k(T)) dln f(a) ,
] -, o
Int,;=1In [#} + If—; (14)

where g(«) is the integral form of the kinetic model, t is the time,
Tis the temperature, A is a constant, R is the gas constant and E is
the isoconversional effective activation energy. From the slope of
the plot of In ty; vs 1/T;, E, values of the samples were obtained at

each «, without assumption of a kinetic model. Fig. 10 describes the
variation of the activation energy of PHB and its nanocomposites
with the relative degree of crystallinity. The average values of the
apparent activation energy (E;) using Avrami methods were very
close to the values of the effective activation energy (E, ) calculated
by isoconversional method. The activation energy of PHB, PHB + 4%
CNa* and PHB+4% C93A increase with the relative crystallinity,
in a similar way. This suggests that the crystallization of PHB and
these nanocomposites becomes more difficult as crystallization
progresses. Instead, the activation energy of nanocomposite with
C15A remained almost unchanged with the degree of crystallinity.
However, its value of the effective activation energy is the high-
est at the beginning of the crystallization process. This could be
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Fig. 10. Activation energy of PHB and its nanocomposites varying with relative
crystallinity.
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associated with a decrease in the diffusion rate of polymer
molecules [23] in the most tortuous morphology due to the good
dispersion of C15A in the PHB, as it was observed in the DRX pat-
terns. These results are now in accordance with the above results
related to the nucleation activity and t;,.

4. Conclusions

In order to analyze the influence of the clays on the kinetic of
crystallization and crystallinity of the PHB, nanocomposites based
on PHB and 4% (w/w) of different types of clays were obtained.

It was found that the nanoparticles addition had a little effect
on the crystallinity degree and melting temperature of the PHB,
regardless of the type of clay used. However, the nanocomposites
glass transition temperature was higher than the one of PHB, prob-
ably due to the steric hindrance caused by the clays. In addition, the
PHB crystalline structure was not modified by the clays, as it was
observed by DRX.

To study the crystallization kinetics, several isothermal and non-
isothermal theoretical models were used.

From non-isothermal analysis it was observed a retarded effect
on the crystallization kinetics of the PHB when C15A clay was added
to the polymer, due to the diminution in the crystallization peak
temperature and the increment of the Liu-Mo parameter. On the
other hand, a slight effect of the CNa* and C93A on the kinetic
parameters was found. Additionally, the use of isothermal kinet-
ics models gave similar results about the influence of the type of
clay on the crystallization rate of PHB.

Therefore, it can be concluded that the incorporation of the C15A
clay decreases the crystallization rate of PHB chains, without chang-
ing the level of crystallinity. The crystallization effective activation
energy of nanocomposite with C15A remained nearly unchanged
with the degree of crystallinity, but having the highest value at the
beginning of crystallization process. It was related to the best dis-
persion of this type of clay in the polymer, as it was observed in the
DRX patterns. So, the crystallization kinetics was greatly affected
by the dispersion and the organic modifiers of the clays.
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