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ABSTRACT:

In this work, effect of ultrasound on molecular structure development of Polylactide
(PLA) was studied. It was found that the intrinsic viscosity of PLA decreased with
increasing treating time, temperature and ultrasound time. Different from traditional
thermal degradation of PLA, the degradation of PLA under ultrasound treatment
showed that chain scission and chain combination of PLA competed with each other
in the degradation process, which could be divided into two steps. The mechanism of
ultrasound degradation of PLA was proposed. Furthermore, Thermal properties were
characterized by DSC to show heat and ultrasound effects on molecular structure
development of PLA.

Keywords: Polylactide, molecular structure, Ultrasound, degradation, combination.
Introduction

As one of biodegradable and bioresorbable polymers, Polylactide (PLA) has attracted
the interest of various research groups in last 20 years [1-9]. Since it could degrade
after application into products that were eliminated from the body by excretion or

respiration, PLA was widely applied by many researchers in the field of controlled
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release [10-14]. However, the lack of hydrophilic groups in PLA and the slowly
in-vivo degradation rate of PLA limited its application as drug carrier. Therefore, the
increase of the hydrophilicity and degradation rate of PLA was necessary. Currently,
there were several methods for the modification of PLA, such as copolymerization,
compounding, blending and surface modification. The problems, such as how to
prepare copolymers with suitable grafting ratio, how to improve compatibility and
interfacial strength of the blends, how to improve the dispersibility of the dispersed
phase in the matrix, should be resolved.

From the perspective of the preparation of PLA-based controlled release system, the
traditional method with solvent processes showed various problems such as the
environmental pollution and the residual organic solvent [15]. Hot melt extrusion
(HME), which had many advantages in the preparation of PLA-based controlled
release system [16], was introduced into the field of pharmaceutical preparation. And
it was important and necessary to control the dispersion of the drug particles in the
polymer matrix and comprehend molecular structure development of the polymer
matrix during HME.

It was found in our previous research [17-24] that ultrasound assisted melt processing
had both physical and chemical effects on the polymer and its blends and composites.
With the physical effect of ultrasound, the dispersion of the small particles in polymer
matrix could be improved [24-25]. In addition, with the chemical effect of ultrasound,
the polymers, such as PS, EPDM and PA6, would be degraded. The ultrasound

degradation of polymer melt became serious with the increase of degradation time and



the decrease of temperature. Meanwhile, the molecular scission of polymer would
lead to reactive radicals, thus the compatibility of blends was improved [17, 26-28].
Meanwhile, ultrasound was used in the field of pharmaceutics [29-31].

Since there were two factors affecting the release behavior of drug from polymeric
matrix: One was the dispersion and the dissolution property of drug [32-34]; the other
was the degradation property of the polymer matrix in release process [35-37],
ultrasound assisted HME should be one potential method to prepare PLA-based
controlled release system. Due to the degradation of PLA matrix could obviously
affect the release behavior of drugs, it was necessary for us to investigate the
molecular development of PLA matrix under ultrasound.

Until now there was no literature reported about the degradation of PLA melt treated
by ultrasound. The researches focused on the thermal degradation of PLA. The
molecular chains of PLA were easy to breakdown under hydrolytic conditions or
during thermal treatment [38-39], due to the repeated aliphatic ester structure in PLA.
It was found that the degradation of PLA was caused by several kinds of reactions,
such as thermal oxidative degradation [40], hydrolytic degradation [41] or by chain
cleavage induced by ultrasound in the solution [42]. And the thermal degradation of
PLA was affected by the structure of PLA (such as the molecular weight and its
distribution, heterogeneous monomer ratio, the content of water and residual
monomer, the content of the catalyst, etc.) and the processing conditions (such as
the processing temperature, time, pressure, etc.). Based on our previous research

about the ultrasound degradation of polymer melts, it could be surmised that



ultrasound could induce the degradation of PLA and the degradation of PLA melt
under ultrasound would be affected by the ultrasound treatment and the thermal
treatment.

In this paper, ultrasound was introduced into PLA melt. The effects of treating
temperature, treating time and ultrasound power on the molecular structure
development of PLA were discussed. A mechanism of the molecular structure
development of PLA under ultrasound was also proposed.

Experimental

Materials and Equipment

PLA used in the experiment was provided by Zhejiang Hisun Biomaterials Co., Ltd. .
PLA (REVODE101) was a thermoplastic resin derived from annually renewable
resources and it was specifically designed for extrusion applications. The melt flow
index and density of PLA was 10 g/10min and 1.25+0.05 g/cm?®, respectively.

A special ultrasound-assisted treater was developed in our laboratory, as described in
Fig. 1. The degradation temperature and the ultrasound power could be controlled
well. Diameter of the probes was 15 mm, maximum power output of ultrasound
generator was 250 W, and frequency was 20 kHz.

Sample Preparation

A certain amount of PLA granules were filled into the cavity shown in Fig. 1, and kept
at different temperature (170°C, 180°C and 190°C, respectively) for 5min, then the
ultrasound irradiation with the power of 150W were induced to PLA melts for a

certain time, then the treated PLA melts were cooled down to room temperature. The



degraded PLA samples were picked out from the cavity to measure the intrinsic
viscosity and other characters.
Measurements
The intrinsic viscosity [n] could be used to evaluate the degradation of PLA melts by
semi-quantitative analysis. The intrinsic viscosity [n] was measured at 30°C by
Ubbelohde viscometer. The solvent was tetrahydrofuran (THF). Three samples were
used to represent data.
Infrared spectra in the attenuated total reflection mode (FTIR-ATR) were obtained by
Nicolet-1S10 Fourier-transform infra-red spectrometer (Thermo Electron Co., USA).
The PLA samples were analyzed in 650-4000cm™ with a 4 cm™ resolution.
The molecular weight and molecular weight distribution were measured by
HLC-8320GPC instrument (TOSOH CORPORATION). The solvent was THF, the
standard sample was polystyrene, the temperature of column was 40°C and the flow
rate was 0.6 ml/min.
A TA-Q20 (USA) DSC was used to study the thermal properties (such as melting
temperature (Tn,) and cold crystallization temperature (T¢)) of PLA. A sample of
about 7 mg was first heated from -10°C to 180°C at 10°C /min and hold for 3 minutes
to erase the thermal history, and then it was cooled at the same speed to -10°C. Finally,
the sample was scanned again to 180°C at 10°C /min. The crystallinity of PLA was
calculated from

X=(AHm-AHc)/93.1

where the constant 93.1 J/g was the melting enthalpy (AH,,) for 100% crystalline



PLLA or PDLA homopolymers [43] and AH, was the enthalpy of the cold
crystallization of PLA.

Results and Discussion

Intrinsic viscosity

The intrinsic viscosity was proportional to the molecular weight of PLA, thus the
molecular weight and the degradation degree of PLA could be judged by the value of
the intrinsic viscosity. PLA samples were treated at different temperature for several
minutes. Fig. 2 showed the dependence of [n] on the treating temperature and time. It
could be clearly seen that [n] of PLA decreased with the increase of the treating time
at one fixed temperature. The decrease of intrinsic viscosity indicated the reduction of
viscosity-average weight of PLA. The results showed that PLA degraded under only
heat treatment, which was called as thermal degradation. From the three curves for
different heating temperature, it could be found that when the heating time was fixed,
the higher the heating temperature, the lower the intrinsic viscosity, and when the
heating temperature was fixed, the longer the heating time of PLA sample, the lower
the intrinsic viscosity. It was consistent with that reported in the literature [32].
Therefore, it could be considered that in our experiment the thermal degradation of
PLA was mainly controlled by the melt temperature and the treating time. Increasing
the processing temperature and extending the processing time would result in more
serious degradation of the PLA.

When ultrasound was applied on the PLA samples, it could be observed that when the

treating temperature and time were fixed, the [n] of ultrasound degraded PLA was



smaller than that of only thermal degraded PLA. This indicated that ultrasound could
induce the degradation of PLA and promote the decrease of the [n] of PLA, and the
process in which ultrasound was applied could be named as ultrasound degradation.
Fig. 3 also showed that with the increase of the heating time, the difference of
intrinsic viscosity between the ultrasound degraded PLA samples and the thermal
degraded PLA became greater. So it could be understood that if the treating time was
longer, the effect of ultrasound on the degradation of PLA was more obvious.

Further experiment was carried out to investigate the dependence of [1] of PLA on the
ultrasound time. All PLA samples were treated under a fixed temperature for 60
minutes. In the 60 minutes, first 5 minutes was used to make the PLA granules
melting and then the PLA melts would be treated by ultrasound for 5, 25 and 55
minutes, respectively. After ultrasound treatment, the PLA melt should be kept in the
cavity for 50, 30 and 0 minutes, respectively. In this process, the treating time of all
samples was the same in total, thus the effect of ultrasound on the degradation of PLA
could be studied excluding the effect of heat on the degradation. As was shown in Fig.
4, when the ultrasound time was fixed, the intrinsic viscosity of PLA decreased with
the increase of the treating temperature. When the treating temperature was fixed, the
intrinsic viscosity of PLA decreased with the increase of ultrasound time. It could be
found in Fig. 4 that in the period from 0 to 25 minutes, the decrease of [n] of PLA was
more serious with the increase of temperature; however, in the period from 25 to 55
minutes, the rate of the decrease of [1] of PLA was nearly same.

GPC



The effect of ultrasound time on molecular weight and the molecular weight
distribution of PLA was shown in Fig. 5. The data showed that, the molecular weight
M,, decreased with the increase of ultrasound time. When there was no ultrasound
applied in degradation, the molecular weight distribution was wide. It was interesting
that, when ultrasound was introduced in degradation, the molecular weight
distribution became narrower at first and then it broadened with the increase of
ultrasound time. Generally, in traditional thermal degradation, the molecular weight
distribution would increase with the increase of degradation time [39] so the results
from Fig. 5 indicated that the molecular structure development of PLA in the
ultrasound degradation process was different from that in the thermal degradation
process.

FTIR Analysis

In order to understand the molecular structure development of PLA in the ultrasound
degradation process, the PLA samples treated and untreated by ultrasound were
characterized through Fourier-transform infra-red spectroscopy (FT-IR).

The FT-IR spectra of the PLA samples, which were prepared at 170°C for 60 minutes,
were listed in Fig. 6. It could be observed that there was no new absorption peak in
the curves for the ultrasound degraded PLA samples and there were only some
differences of the height and area of the characteristic peaks. It meant that there was
no new type of functional group in ultrasound degraded PLA samples, but there was a
change in the concentration of certain functional groups.

It was considered that the chain scission of PLA molecules occurred at the bond of



—C-O- in the ester group due to the process of ultrasound degradation, which was
similar to the thermal degradation [40]. Therefore, the changes of the peak area of
stretching vibration of C-O bond (1180 cm-1) could be calculated to understand the
variation of the structure of PLA in the degradation reaction. Since the methyl group
did not change in the experiment, the area of the stretching vibration of methyl group
(1453 cm-1) was used as the internal standard.

From Fig. 7, it could be found that the content of -C-O- in the molecular chain, which
was calculated from FT-IR results, decreased sharply when ultrasound was applied for
short time, and then tiny increase was observed with the increase of ultrasound time.
Mechanism for Molecular Structure Development of PLA under Ultrasound

When PLA was under only heat treatment, the thermal degradation would lead to the
scission of long molecular chains of PLA and then the molecular weight distribution
of PLA became wide. However, when PLA was treated by ultrasound, the chain
scission and the chain combination of PLA competed with each other in the
ultrasound degradation process. The degradation process could be divided into two
steps. At the first step, the viscosity was high and ultrasound preferred to tailor the
long chain molecules into shorter ones, and the scission mostly occurred at the middle
of the chain [17, 21]; so the effect of ultrasound on the chain scission of PLA was
predominate. Thus it could be observed that at the initial stage of ultrasound
degradation of PLA melt, the intrinsic viscosity decreased greatly and the molecular
weight distribution became narrow due to the sharp decrease of high molecular weight

chains. At the second step, with the increase of ultrasound time, the effect of



ultrasound on the chain combination of PLA became predominate; so the
polymerization of fragments would be initiated by ultrasound and some new
molecular chains with different length would be produced, resulting in the broadening
of the molecular weight distribution. According to the discussion above, it could be
concluded that scission and combination reactions coexisted in the course of
ultrasound degradation of PLA melt. Total course of ultrasound degradation of PLA
was illustrated in Fig. 8.

Thermal behaviors of PLA prepared by different methods

The application of PLA was related to its thermal property, which was determined by
the molecular structure. Therefore, DSC was used to understand further the effect of
heat and ultrasound on the molecular structure development of PLA. From Fig. 9, it
could be seen that with the effect of ultrasound, the cold crystallization temperature
and the melting temperature decreased. The exothermic peak for cold crystallization
of thermal degraded PLA was wide and flat; while the exothermic peak of ultrasound
degraded PLA became narrow and sharp. It could be found from Table 1 that the
difference between T _, and T _,of the ultrasound degraded PLA was bigger than
that of thermal degraded PLA. At the same time, the melting peak at the higher
temperature became stronger than that at lower temperature.

The results from DSC were consistent with that from the other measurements and it
could confirm the mechanism proposed for the molecular structure development of
PLA under the effect of ultrasound. After the degradation, the macromolecules chains

would break down into shorter chains. The decrease of the melting temperature



should be ascribed to the increase of the number of short chains, since the short chains
could crystallize at lower temperature. When ultrasound was applied, the lower
melting temperature of the ultrasound degraded PLA samples indicated that the
ultrasound degraded PLA had more short chains than that of thermal degraded PLA.
As reported by Kishore and Vasanthakumari [44-45], if the molecular weight of PLA
decreased, the growth rate of the radius of crystal would accelerate and the
crystallinity would be greater. It could be found from Table 1 that the crystallinity (Xc)
of the ultrasound degraded PLA was higher than that of thermal degraded PLA. The
narrow and sharp exothermic peak of ultrasound degraded PLA indicated that
ultrasound could tailor the molecular chains into the short ones with narrow
distribution which could crystallize at lower temperature. The differences between the
DSC curves of thermal degraded PLA and ultrasound degraded PLA should be
ascribed to the different molecular structures. In the future, further studies will be
done to understand the effect of ultrasound on the crystallization properties of PLA.
Conclusion

In this paper, the effect of ultrasound on the molecular structure development of PLA
was studied. Ultrasound had great influence on the intrinsic viscosity and molecular
structure of PLA. In our experiment, the intrinsic viscosity of PLA decreased with the
increase of treating time, ultrasound time and treating temperature. Different from the
traditional thermal degradation, ultrasound could induce the degradation of PLA and it
could also initiate the combination of the fragments. New mechanism was proposed to

explain the molecular structure development of PLA melt in the presence of



ultrasound and the mechanism could be confirmed further by the thermal property of

PLA from the DSC results.
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Figure 1 Scheme of the special ultrasound-assisted treater
1: Ultrasound generator; 2: Piezoelectric transducer; 3: Horn; 4: Die;
5: Electric heaters; 6: Thermocouple; 7: Melt
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Figure 7 Dependence of A1180/A1453 on ultrasound time (treating temperature:

170°C)



CH; © CH3 ﬁ

wans CH—C— O —CH— (VW

CH; O ultrasound|degradation CHy O
vy lH—|C . <0 —cH—(lL‘-N‘
l+H l+H new OI1
CHy O| CHz |C|)
s lH—C—H HO—CH—CvvV

ncw COOH J+Ol

CHs ﬁ
s (|3H—C—()H

combination reaction

Hy O CHy ©

|
CH—C— O——CH—CV

Ca%a%avs

Figure 8 Mechanism scheme for the molecular structure development of PLA under
ultrasound
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Figure 9 DSC curves of PLA samples prepared by different methods at different
temperatures (H55: the PLA samples were treated only by heating for 60minutes; U55:
the PLA samples were preheated for 5minutes and then treated by heating and

ultrasound for 55minutes)



Table 1 The data of T

cc !

T, /T, and X  from DSC curves of PLA samples treated by different

methods
Treating Sample  The temperature for cold T, /T,,C X, ,%
temperature,'C name crystallization, 7, ,"C

170 H55 120.7 151.6/157.9 2.8

uU55 105.5 150.4/158.5 5.3
180 H55 121.9 150.9/156.5 4.6

uU55 100.4 144.5/154.0 9.0
190 H55 119.4 151.5/156.9 35

us5 98.1 141.3/151.9 7.2




