Applied Polymer

SCIENCE

Parameters Characterizing the Kinetics of the Nonisothermal
Crystallization of Thermoplastic Starch/Poly(lactic acid) Composites as
Determined by Differential Scanning Calorimetry

Sha Li,>2 Zhouyi Xiong,* Peng Fei,>? Jie Cai,> Hanguo Xiong,* Jun Tan,*'? Yan Yu3

LCollege of Food Science and Technology, Huazhong Agricultural University, Wuhan 430070, China

2Research Institute of Comprehensive Utilization of Biomaterials, Huazhong Agricultural University, Wuhan 430070, China
3International Central for Bamboo and Rattan, Beijing100102, China

Correspondence to: H. Xiong (E-mail: xionghanguo@163.com)

ABSTRACT: To guide the use of thermoplastic starch (TPS)/poly(lactic acid) (PLA) composites, the nonisothermal crystallization
kinetics of pure PLA and TPS/PLA composites were investigated with differential scanning calorimetry (DSC) at three different
cooling rates. The results indicate that the TPS/PLA composites showed different crystallizations because of their different contents
and different cooling rates. TPS, as a nucleating agent, improved the crystallinity of the PLA and constrained the mobility of the
PLA chains. Three theoretical models, namely, the Avrami, Ozawa, and Mo models, were used to describe the process of noniso-
thermal crystallization. The Avrami analysis modified by Jeziorny and the Mo method was successful in describing the nonisother-
mal crystallization process of the pure PLA and the TPS/PLA composites. However, the Ozawa analysis could not give an adequate
description. Kinetic parameters such as the Avrami exponent, kinetic crystallization rate constant, relative degree of crystallinity,
and crystallization enthalpy, among others, were determined at various scanning rates. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
000: 000-000, 2013
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INTRODUCTION Poly(lactic acid) (PLA) is the most widely used commercial

With the development of technology in petrochemical polymers polymer because of its superior biodegradability and mechan-

. . . . ical properties.® However, its high cost and slow rate of deg-
an increasing number of nondegradable materials have been intro-

. ) radation mainly hinder its application in many high-technol-
duced. However, the environment has also become considerably ogy areas. >0 To address these problems, PLA is usually
polluted and damaged as a result of the use of nondegradable | ived with other cheap biodegradable polymers." Blending

materials for disposable items.'™ In recent years, the growing con-  is also improve the properties of

commonly used to
cern regarding environmental issues and the need for biodegradable

materials have stimulated interest in biodegradable polymers.*”

polymers.'?

To overcome the aforementioned drawbacks of PLA and starch,
PLA was mixed with starch. The miscible blending of starch
with PLA was expected to improve their respective undesirable
properties and exhibit a certain synergistic effect as well. For

As an abundant raw material with low cost, starch has many
distinguishing features and has been considered a dynamic source
material.® It has been applied in the production of degradable

plastics and blend films, which are materials used commonly in
the agricultural, medicine, and packaging industries.” However,
compared with most petroleum-based polymers, the poor
mechanical properties and relatively high hydrophilic nature of
starch prevent its widespread use in many applications. For
improving the mechanical properties of the material, the
blending of starch with other polymers is considered to be the
simplest method.

© 2013 Wiley Periodicals, Inc.
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example, the addition of modified starch into PLA is advanta-
geous in terms of reducing costs and preventing environmental
pollution.”” The melting temperature and onset temperature
(Tonser) of the crystallization of the modified starch/PLA compo-
sites decreased with the addition of modified starch into PLA;
this had a great significance for practical applications. Recently,
some works on PLA and starch blends have also been published.
Yew et al.'* studied the effect of rice starch on the mechanical,
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Figure 1. Nonisothermal crystallization exotherms of the samples at different ¢s. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com. |

morphology, water absorption, and enzymatic degradation
behaviors of PLA composites. Chanakorn and Rangrong'® used
three different types of amphiphilic molecules to produce ther-
moplastic starch (TPS)/PLA composites. However, there have
been few recent studies on the nonisothermal crystallization
kinetics of TPS/PLA composites.

The crystallization behavior of polymers is a basic problem in
polymer physics. Particularly, the filler in the polymer substantially
affects the crystallization behavior of polymer-based composites.
The crystallization process can proceed under either isothermal or
nonisothermal conditions. However, studies of the isothermal
conditions are more common because of the easier theoretical
treatment of the data. From a practical view, polymers and com-
posites usually undergo nonisothermal crystallization processes in
a practical process, so nonisothermal crystallization is more useful
than the isothermal one. The investigation of the crystallization
behavior can serve as a guide for processes and applications." In
this study, the crystallization behavior of pure PLA and TPS/PLA

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38587
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composites was observed with differential scanning calorimetry
(DSC). The nonisothermal crystallization kinetics of the PLA and
TPS/PLA composites were also examined.

EXPERIMENTAL

Materials

PLA pellets were acquired from NatureWorks with a number-
average molecular weight of 1.4 x 10* g/mol and were dried in
an air oven at 80°C for 5 h before use. Meanwhile, corn starch
was provided by the Research Institute of Comprehensive Utili-
zation of Biomaterials, Huazhong Agricultural University
(Wuhan, China). The starch was dried at 100°C for 5 h to
ensure that no weight loss occurred. The glycerol was produced
by China National Pharmaceutical Group and had a boiling
point of 563 K (101.3KPa). The starch was modified by glycerol
as a plasticizer (10 : 3 starch/glycerol w/w) to obtain TPS before
use. The starch and glycerol were mixed by a stirring kneader
(NH-20 Rugao Tong-da Machinery Manufacturing, China) at
80°C for 10 min.
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Table I. Tonser Tpear> ti/2> AH, 1, and Z, Values at Different gs

ARTICLE -

Tonset -
Sample @ (°C/min) Tonset (°C) Tpeak (°C) Tpeak (°C) AH (J/g) t1/2 (min) n Zs
TPS/PLA 2.5 119.0 98.2 20.8 30.05 7.50 2.35 0.13
0:100 35 109.0 88.9 20.1 22.58 5.23 2.25 0.31
5 108.0 87.6 20.4 13.75 4.47 2.28 0.47
TPS/PLA 2.5 109.1 102.7 6.4 40.10 3.06 1.85 0.38
20:100 3.5 110.9 97.7 13.2 31.60 4.32 2.56 0.31
5 106.8 92.6 14.2 23.71 3.09 191 0.60
TPS/PLA 2.5 111.8 103.2 8.6 21.12 421 2.48 0.21
40:100 3.5 109.1 97.7 11.4 18.76 3.78 2.35 0.37
5 110.7 95.2 15.5 16.36 3.68 3.07 0.42
TPS/PLA 2.5 109.2 101.9 7.3 15.89 3.26 2.20 0.31
60: 100 3.5 108.4 97.8 10.6 1411 3.25 2.25 0.42
5 106.2 94.2 12.0 10.17 2.36 2.26 0.63
TPS/PLA 2.5 106.6 99.0 7.6 15.29 3.25 2.87 0.22
80:100 35 108.0 96.8 11.2 13.70 3.48 2.72 0.34
5 1041 90.2 13.9 9.46 2.84 2.80 0.52
TPS/PLA 2.5 107.6 98.7 8.9 14.76 3.02 2.70 0.26
100: 100 33 105.8 96.7 9.1 12.13 2.57 2.57 0.45
5 103.5 92.7 10.8 9.37 2.46 2.17 0.63
AH: crystallization enthalpy.
Preparation of the TPS/PLA Composites where X, is the relative degree of crystallinity; # is the Avrami
The ratios of TPS to PLA particles were 0 : 100, 20 : 100, 40 :  crystallization exponent, a dimensionless constant related to

100, 60 : 100, 80 : 100, and 100 : 100 w/w, respectively. The
TPS and PLA were mixed by the stirring kneader at 175-180°C
for 1015 min. The resulting sheet was compression-molded at
180°C into a 1 mm thick sheet under a pressure of 9 MPa for
15 min and then kept at room temperature.

Thermal Measurements

Thermal analysis of the TPS/PLA composites was carried out
with a Nexus DSC 204F1 instrument which is made from
Freistaat Bayern of Germany in a nitrogen atmosphere. The DSC
instrument was calibrated with the melting temperature and
enthalpy of the standard material indium at each cooling rate (¢)
in the measurement. Samples 5-10 mg were weighed accurately
into an aluminum pan and sealed hermetically. An empty pan
was used as a reference. The DSC temperature increased from 20
to 200°C above the melting temperature at a heating rate of
30°C/min and kept at this temperature for 5 min to eliminate the
thermal history of samples. Then, the samples were cooled to
20°C at three different s, 2.5, 3.5, and 5°C/min, respectively.

Theoretical Background

Avrami Method. One of the most common models used to
describe overall isothermal crystallization kinetics is the Avrami
model. On the basis of the simplified assumption that crystalli-
zation occurs under a constant temperature, the kinetic parame-
ters of nonisothermal crystallization determined.
Therefore, the Avrami equation'®™® can be used as follows:

were

1 — X, = exp(—2Z,t") (1)
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nucleation and growth mechanisms; Z; is the crystallization rate
constant; and ¢ is the time taken during the crystallization process.

In Eq. (1), X; is defined in the following equation:

Jy(dH /dT)dT

(0,1) (2)
fT (dH./dT)d

where dH/dT denotes the heat flow at temperature T and T,

and T, are the end and the onset crystallization temperature,

respectively.

To handle the data conveniently, eq. (1) is usually written in a
double-logarithmic form as follows:

In[—In(1 - X;)]=InZ + nint (3)
Nonisothermal crystallization can also be analyzed with the
Avrami equation, but considering the characterization of the
investigated process, Jeziorny'® considered the effect of .
Therefore, Z, was corrected by ¢ as follows:

InZ.=(InZ)/¢ (4)

where Z, is the kinetic crystallization rate constant.

Ozawa Method. Nonisothermal crystallization is a rate-depend-
ent process, so Ozawa” took into account the effect of ¢ and
extended the Avrami equation to describe the kinetics of noni-
sothermal crystallization. Compared with the Avrami model, the
main difference was that the time variable was replaced by ¢.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38587
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Figure 2. Plots of X, versus ¢ for the nonisothermal crystallization of the samples at three ¢s: (a) TPS/PLA = 0 : 100, (b) TPS/PLA = 20 : 100, (c) TPS/
PLA = 40 : 100, (d) TPS/PLA = 60 : 100, (e) TPS/PLA = 80 : 100, and (f) TPS/PLA = 100 : 100 w/w. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

With the assumption that the nonisothermal crystallization
process may be composed of infinitesimally small isothermal
crystallization steps, the following equation was derived:

In[—In(1 — X;) =InK(T) — mln @] (5)

where K(T) is the crystallization rate constant and m is the
Ozawa exponent, which depends on the nucleation mechanism
and crystal growth.

Mo Method. Mo proposed a different kinetic equation to
describe nonisothermal crystallization in which the Avrami
equation was combined with the Ozawa equation. Its final form

. . 21,22
is given as follows:

Inp=InF(T)—alnt (6)
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where o refers to the ratio of n to the Ozawa exponent m (o0 =
n/m) and the parameter F(T) = [K(T)/Z]"™ where F(T) refers
to the value of the ¢ chosen at a certain crystallization time
when the system amounts to a certain degree of crystallinity.
The smaller the value of F(T) was, the higher the crystallization
rate became. Therefore, F(T) has a definite physical and practi-
cal meaning.

RESULTS AND DISCUSSION

Nonisothermal Crystallization Behavior of the PLA and
Starch/PLA Composites

The DSC curves of the pure PLA and TPS/PLA composites at
three ¢@s of 2.5, 3.5, and 5°C/min are shown in Figure 1.
Some kinetic parameters can be derived from the nonisother-
mal crystallization exotherms, such as T, which is the

@WILEY i ONLINE LIBRARY
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Figure 3. Plots of In[—In(1 — X,)] versus In ¢ for the nonisothermal crystallization of samples at three ¢s. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

temperature at the crossing point of the tangents of the
baseline and the high-temperature side of the exotherm; the
half-crystallization time (#;,,), which is the time required for
50% crystallization; X, the crystallization enthalpy (AH,);
and the peak temperature (Tpeu). The kinetic parameters are
listed in Table I.

As shown in Table I, there was a decrease in T, and #,,, of pure
PLA when ¢ increased, but there were no irregular changes in the
same variables of the TPS/PLA composites after the addition of
TPS into PLA. The range of T, of the composites was 100—
110°C. However, the Ty, values of both the pure PLA and the
TPS/PLA composites decreased when ¢ increased; that is, the faster
@ was, the lower the temperature at which the maximum crystalli-
zation rate occurred. At the same time, for a given @, Ty of the
TPS/PLA composites was slightly higher than that of the pure PLA;
this indicated that the addition of TPS into PLA increased the crys-
tallization rate of PLA. Furthermore, with an increase in ¢, there

Mah\;;liﬁs WWW.MATERIALSVIEWS.COM
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was a larger range difference between Tje and Tpear. At a slower
¢, there was sufficient time for the activation of the nuclei at a
higher temperature. On the contrary, at a faster ¢, there was inad-
equate time for the activation of the nuclei. Therefore, the activa-
tion occurred at a lower temperature. #,, also proved this finding.

As shown in Table I, AH, decreased as ¢ increased, but it
shifted to lower values when the TPS loading in the composites
increased. Furthermore, for a given ¢, AH, of the TPS/PLA
composites (TPS/PLA = 20 : 100) was higher than that of
pure PLA, which indicated that TPS could act as a nucleating
agent for PLA. However, when the ratio of TPS to PLA was
higher than 0.2, AH, of the TPS/PLA composites was lower
than that of pure PLA. This finding indicated that with a
decrease in the PLA content of the composite, AH, also
decreased. In addition, TPS hindered the activity of the PLA
chains, which affected the crystallization of PLA during the
crystallization process.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38587
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Figure 4. Plots of In[—In(1 — X;)] versus In ¢ for the nonisothermal crystallization of the samples. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

X, was obtained from the area of the exothermic peak of the
nonisothermal crystallization analysis by DSC. X, is a function
of the temperature, as plotted in Figure 2. This figure shows
that all of the curves had the same S shape. Because of the
shorter crystallization time at a faster ¢, the values of X, were
lower than those at a slower ¢ at the same crystallization
temperature.

Nonisothermal Crystallization Kinetics of the TPS/PLA
Composites

Avrami Method. From the plotting of In[—In(l — X,)] versus
In t for the nonisothermal crystallization of the pure PLA and
the TPS/PLA composites at each ¢, straight lines were obtained.
These are shown in Figure 3. From the slope and intercept of
the lines, we determined n and Z, which are listed in Table 1.
The temperature varied constantly in nonisothermal crystalliza-
tion, which affected the rates of spherulite growth and nuclei
formation ascribed to their temperature dependence. Therefore,

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38587
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the Z, and n parameters did not have the same physical mean-
ing as in isothermal crystallization.

As shown in Table I, the range of n was 2-3; this indicated that
the nonisothermal crystallization of the pure PLA and the TPS/
PLA composites corresponded to a three-dimensional growth
with homogeneous nucleation. The Z values of the TPS/PLA
composites were also higher than that of the pure PLA for a
given . This result indicates that the crystallization rates of the
TPS/PLA composites were faster than that of the pure PLA; this
also proved that TPS acted as a nucleating agent for PLA. In
addition, with increasing ¢, the value of Z, increased for the
pure PLA and the TPS/PLA composites. This finding indicated
that the faster ¢ was, the faster the crystallization rate was.

Ozawa Method. In this approach, for a given temperature, the
raw data were the relative crystallinity function of ¢s, such as
those shown in Figure 4. Data analysis according to this
method could be accomplished by a drawing of the plot of

@WILEY i ONLINE LIBRARY
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Table II. Nonisothermal Crystallization Kinetic Parameters Based on the
Mo Method

Sample X F(T) o
TPS/PLA = 0 : 100 0.2 2.85 1.10
0.4 3.01 1.03
0.6 3.40 1.15
0.8 4.02 1.37
TPS/PLA = 20 : 100 0.2 1.52 0.32
0.4 1.85 0.53
0.6 2.27 0.76
0.8 3.13 1.21
TPS/PLA = 60 : 100 0.2 1.62 0.57
0.4 1.88 0.69
0.6 2.39 0.96
0.8 2.88 1.16
TPS/PLA = 100 : 100 0.2 2.10 1.64
0.4 2.95 2.02
0.6 3.83 242
0.8 5.45 3.23

In[—In(1 — X,)] versus In ¢ at a given temperature, where the
kinetic parameters m and K(T) were derived from the slope
and the intercept, respectively. The temperature range was 92—
104°C for the cooling crystallization process.

As shown in Figure 4, the Ozawa equation did not describe the
nonisothermal crystallization of the pure PLA and TPS/PLA
composites well because of the nonlinear dependence of
In[—In(I1 — X;)] on In ¢. For PLA and it composites, crystalliza-
tion was complicated because of an additional slow process,
which involved the improvement of the crystalline order and
was referred to as secondary crystallization. The secondary
crystallization effect for PLA may have been the reason for the
nonsuitability of the Ozawa equation.

Mo Method. The In ¢ was plotted versus In ¢ for the noniso-
thermal crystallization of the pure PLA and the TPS/PLA
composites (0 : 100, 20 : 100, 60 : 100, and 100 : 100) at each
relative crystallinity (X, = 0.2, 0.4, 0.6, and 0.8). The data of
the kinetic parameter F(T) and o could be estimated from the
intercept and slope, and these are shown in Table II.

o values increased as X, increased, but the physical meaning of
o was not clear. By comparing the values of In F(T) of the dif-
ferent samples, we found the values of pure PLA to be larger
than those of the TPS/PLA composites. This result indicated
that the crystallization rate of the TPS/PLA composites was
faster than that of pure PLA; this was in accordance with the
results obtained from the Avrami model. In addition, for a
given sample, the values of In F(T) increased with increasing X,.
This finding implied that a higher ¢ should be used within the
unit crystallization time at a given degree of crystallinity and
indicated that the higher X, is, the more difficult polymer
crystallization is.
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CONCLUSIONS

TPS/PLA composites prepared by melt compounding were
investigated with DSC, and the results showed that there were
different crystallizations at varied contents of TPS in the com-
posites and at different @s. Moreover, the Tjc,c values of the
TPS/PLA composites were slightly higher than that of pure
PLA; this indicated that the addition of TPS into PLA
increased the crystallization rate of PLA. AH, of the TPS/PLA
composite (TPS/PLA = 20 : 100) was also higher than that of
pure PLA; this implied that TPS acted as a nucleating agent
for PLA. However, when the ratio was higher than 0.2, AH, of
the composites was lower than that of pure PLA; this sug-
gested that TPS hindered the activity of PLA chains and
affected the crystallization of PLA during the crystallization
process.

The nonisothermal crystallization kinetics of each sample were
analyzed according to three kinetic models, namely, the Avrami,
Ozawa, and Mo models. The Ozawa equation failed to provide
an adequate description of the nonisothermal crystallization.
Meanwhile, the Avrami equation modified by Jeziorny and the
Mo method were successful in describing the nonisothermal
crystallization process of the neat PLA and the TPS/PLA com-
posites. In the Avrami method, the parameter Z. suggested that
the crystallization rates of all of the samples increased with
increasing ¢. TPS was also proven to act as a nucleating agent
for PLA. The value of n showed that the nonisothermal crystal-
lization of the pure PLA and the TPS/PLA composites
corresponded to a three-dimensional growth with a homogene-
ous nucleation. These were consistent with the findings
obtained from the Mo method.
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