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Abstract

Non-isothermal melt and cold crystallization kinetics of poly(3-hydroxybutyrate) (PHB) and titanium dioxide (PHB/ TiO,) compounds, with
TiO, content ranging from 1-10% per weight, were investigated at different cooling/heating rates (5, 7.5, 10, 15, 20 and 30 °C/min) using Differential
Scanning Calorimetry (DSC). Pseudo-Avrami model as well as Friedman’s isoconversional methods were used for analyzing the non-isothermal
crystallization process. The results showed that the models provide a fair description of the non-isothermal crystallization processes, provided
that the model parameters n and In(K) were determined for the specific condition of interest. It was found that TiO, accelerates the crystallization.
Friedman’s effective activation energy reveals that melt and crystallization processes follow different mechanisms.
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Introduction

Poly(3-hydroxybutyrate) (PHB) is a very promising, completely
biodegradable and biocompatible polymer,
renewable sources. It has been used in a number of industrial

available from

applications, including packing, food containers, prosthesis,
suture threads, devices for controlled drug release, containers
for plant germination, blankets for pesticides release, etc. The
crystallization and melting behavior of PHB has been studied
with the objective to control its microstructure, since the physical
properties of the polymer depend on the crystallization conditions
during processing, and there is still much to be learned about the
way it responds to thermal treatment [1-7]. Our research group is
involved in the study of non-isothermal crystallization of PHB by
means of DSC [8-10]. For a number of reasons, polymer materials,
including PHB, are modified with natural or synthetic fillers. In this
work we added TiO, into a PHB matrix, with concentrations ranging
from 1% to 10% per weight.

TiO, is a widely used white pigment because of its brightness
and very high refractive index. Important application areas of TiO,
are paints, varnishes, paper, plastics, rubber, cosmetic products
and foodstuffs. Several studies have been performed concerning
the effect of TiO, into polymer matrices [10-15]. The present
contribution is concerned with PHB/ TiO, compounds prepared by
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melt mixing in a laboratory internal mixer; five compositions were
produced with TiO, content ranging from 1% to 10% by weight.
The non-isothermal melt and cold crystallization processes were
investigated by DSC applying heating/cooling/reheating cycles (six
different heating/cooling rates). Kinetic results were described
using the Pseudo-Avrami model. Friedman’s isoconversional
methodology [16] was employed to estimate the activation energies
as functions of the relative crystallinity.

Methodology

Materials

PHB was supplied by PHB Industrial SA (Brazil) and was used
without any further treatment. TiO, was purchased from Evonik
Degussa Co. (manufacturer’s specification P25), with a surface
area of 50m?/g and a 75:25 anatase: rutile ratio. According to the
manufacturer, the mean crystal sizes of the anatase and rutile
phases are approximately 25 and 94nm.

Compounding

PHB compounds containing 1, 2, 4 and 10% per weight TiO,
were prepared in a Haake Rheomix 600 laboratory internal mixer
fitted with high intensity rotors, with the chamber temperature
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kept at 180 °C. The nominal rotor speed was set at 60rpm and the
material was processed for 10min. Equally neat PHB was processed
in the mixer. All samples were stored in a desiccator over silica gel
overnight prior to processing and DSC analyses.

Differential Scanning Calorimetry (DSC)

Non isothermal melt and cold crystallization tests of PHB and
PHB/ TiO, compounds carried out in a TA Instruments DSC Q20
differential scanning calorirmeter, under a nitrogen flow of 50ml/
min. Samples weighting between 4 and 6mg were heated to 190
°C and held this temperature for 3min; the melt was cooled to 20
°C and re-heated to 190 °C at predefined constant rates (5, 7.5, 10,
15, 20, and 30 °C/min). The heat flow was recorded as function of
temperature and time and the exothermal (crystallization) peaks
were analyzed.

Results and Discussion

Crystallization Half Time

The crystallization half time (t, /Z) is defined as the time interval
from the onset of crystallization until 50% of the total relative
crystallinity is reached. This parameter may be used to judge the
influence of TiO, filler on the average crystallization rate during
the first half of the process. Figure 1 shows t, , as function of
the heating/cooling rate for the different compounds tested. At
moderately low heating or cooling rates the half crystallization

time diminishes with the rate that becomes practically independent
Crystallization Rate and Friedman Analysis

The onset of crystallization peak cannot be determined with
precision by DSC, which limits the significance of the crystallization
half time. Conversion rate versus relative crystallinity plots are
presented in Figure 2 for the lowest cooling/heating rate tested,
showing the acceletating effect of TiO, on both, melt and cold.
The plots show also the higher asymmetry of the peaks for melt
crystallization compared with those for cold crystallization.
Figure 3 shows the apparent activation energy estimated by
Friedman’s method versus the relative crystallinity for melt and
cold crystallization. Activation energy for cold crystallization
decreases with conversion and shows a significant dependence on

of it at above 10 °C/min. The addition of filler reduces the half
crystallization time for melt crystallization but has little effect
on cold crystallization. These findings suggest that above certain
temperature the filler accelerates crystal growth, a situation that
occurs in melt crystallization at low cooling rates. Below that
temperature the filler has little effect on crystallization rate, due
perhaps to reduced polymer chain mobility; this happens for melt
crystallization at high cooling rates and cold crystallization at any
heating rate.
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Figure 1: Crystallization half time of neat PHB and PHB/
TiO, compounds as a function of the heating/cooling
rate, considering melt and crystallization processes. (Data
points only available where crystallization peaks were

observed).
N J

it, while the opposite is verified for melt crystallization: activation
energy slightly increases and is fairly independent of conversion,
suggesting that different mechanisms govern the two processes.
Addition of TiO, to the PHB matrix reduces the apparent activation
energy for cold crystallization, an observation consistent with the
increase in crystallization rate of the compounds, compared with
the neat matrix as shown in Figure 2. However, full agreement
between activation energy and conversion rate cannot be expected,
as different compounds crystallize at different temperatures. The
negative activation energies observed are unphysical and may result
from the treatment of a complex multi-step process as a single step
reaction with an Arrhenius type temperature dependence [17,18].
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Figure 2: Conversion rate versus relative crystallinity for neat PHB and PHB/TiO, compounds. Left: Melt crystallization
at cooling rate 5 °C/min. Right: Cold crystallization at heating rate 15 °C/min, for TiO, contents higher than 2%, no cold
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Figure 3: Dependence of the apparent activation energy on the relative crystallinity (x) for neat PHB and PHB/TiO, compounds.
Left: Melt crystallization; Right: Cold crystallization.
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Kinetic Correlation Via Pseudo-Avrami Model relative crystallinity interval 0.05 < x < 0.95. Numerical values
of the parameters In (Kp) and np are given in Table 1. The small
uncertainty in the parameters recommends the model for data

correlation of existing experimental data.

Pseudo-Avrami parameters were estimated by linear regression
plotting In[-In(1-x)] versus In(t), using only data points within the

Table 1: Pseudo-Avrami parameters obtained by curve fitting procedure for melt and cold crystallization events.

Filler content Cooling/heating rate
[%] [°C/min] n InK n InK
Melt Crystallization Cold Crystallization
5
7.5 4.069 +/- 0.007 -1.986 +/- 0.003
4032 +/-0.006 -7.358 +/-0.011
. 10 3.355 +/- 0.003 5693 +/-0.006 3.506 +/- 0.014 -0.231 +/- 0.005
15 2.487 +/-0.001 2966 +/-0.001 3.781 +/- 0.007 -0.291 +/- 0.002
20 2911 +/- 0.004 23744/-0.003 4.333 +/-0.014 -0.314 +/- 0.004
30 3.582 +/- 0.005 +1.298 +/- 0.003
5
7.5 0
3.093 +/- 0.001 3.993 +/- 0.009 -0.274 +/- 0.003
10 3.008 +/- 0.002 4632 +/-0.002 +0.126 +/- 0.003
-4.183 +/-0.003
1 -2.400 +/- 0.001 4430 +/-0.009
15 2.585 +/-0.001 : ’ +0.816 +/- 0.003
4.214 +/- 0.007
20 2.357 +/-0.001 -1.224+/-0.001 +0.782 +/- 0.002
3.449 +/- 0.003
30
5
7.5
3.708 +/- 0.004 -5.554 +/- 0.006
10 3.083 +/- 0.002 -3.290 +/- 0.002 3.834+/-0.005 +0.685 +/- 0.003
+1.387 +/- 0.005
2 15 2.916 +/- 0.001 -2.695 +/- 0.001 3.825+/-0.009
+0.840 +/- 0.003
20 2.635 +/-0.001 -1.725 +/- 0.001 3:526 +/-0.005
30
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5 3.274 +/-0.003 -3.724 +/- 0.003

7.5 3.344 +/- 0.004 -3.069 +/- 0.003

4 10 3.360 +/- 0.005 -2.339 +/-0.003
15 2.806 +/-0.001 -1.345 +/- 0.001

20 2.711 +/- 0.001 -0.736 +/- 0.001

5 4119 +/-0.007 -4.571 +/-0.007

7.5 3.843 +/-0.005 -2.699 +/-0.003

10 10 3.653 +/- 0.005 -1.731 +/-0.002
15 3.339 +/-0.003 -0.839 +/-0.001

20 2.970 +/-0.003 -0.021 +/-0.001

Conclusion 7. Bucci DZ, Tavares LB B, Sell 1 (2007) Biodegradation and physical

The Pseudo-Avrami model turned out to be suitable for a
description of the non-isothermal crystallization kinetics of PHB
and PHB/TiO, compounds, this statement holds for both, melt and
cold crystallization events. It was found that TiO2 nanoparticles
accelerate both, melt and cold crystallization. Friedman'’s effective
activation energy reflects the different nature of the melt and cold
crystallization mechanism.
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