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ABSTRACT 

THE EFFECT OF CHAIN EXTENDER ON THE MOLECULAR WEIGHT AND 
HYDROLYTIC DEGRADATION OF POLY(LACTIC ACID) 

By 

Wanwarang Limsukon 

The effect of chain extender (Cex) on the molecular weight properties and hydrolytic 

degradation of modified PLA films (PLA–Cex) was determined and compared with PLA 

without Cex (PLA–Con). Effects of the Cex content and the residence time on the 

molecular weight were reviewed using melt blending and compression molding. A 

response surface methodology was applied to design the experiments and estimate the 

optimal conditions for obtaining the maximum weight average and number average 

molecular weight achieved at 1.5 wt% Cex and residence time of 17 minutes.   

The hydrolytic degradation experiments were run in water from 40 to 95 °C and in 

50% ethanol from 40 to 85 °C. The rate of hydrolytic degradation of PLA–Cex film was 

estimated using mathematical models, and it was considerably lower than that of PLA–

Con in all conditions. The activation energy for hydrolysis above Tg was determined using 

the Arrhenius equation, showing no significant difference between PLA–Cex and PLA–

Con. The Vogel-Tammann-Fulcher (VTF) and the Williams-Landel-Ferry (WLF) models 

were used for studying the hydrolytic degradation of polymers over a broad range of 

temperature crossing Tg. A master curve was constructed using the time-temperature 

superposition principle. The experimental data at 85 °C were used to predict the 

degradation behavior at 40 °C. It was found that PLA–Cex would take approximately 72 

percent more time than PLA–Con to degrade to soluble oligomer chains.  
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CHAPTER 1 

Introduction 

1.1 Background and motivation 

The production and use of fossil-based plastics for packaging materials have 

rapidly been increasing over the past two decades due to the benefits of broad availability, 

reasonable price, and tailorable properties. However, non-degradable fossil plastic takes 

hundreds of years to disintegrate or never breaks down. According to the U.S. 

Environmental Protection Agency’s report in 2015, plastics was one of the major portions 

of the municipal solid stream (MSW). Approximately, 34,500 thousand tons or 13 percent 

of the total MSW generated were plastic. The report also shows that only about nine 

percent of plastic waste was recycled and composted [1].  

Biodegradable plastics introduced around 1980 have attracted widespread 

interest, mainly due to increased environmental awareness and education to conserve 

fossil fuel resource and reduce the accumulation of plastic waste from daily single use 

applications. Biodegradable refers to materials that can be broken down into natural 

elements, carbon dioxide and water by the enzymatic action of microorganism [2].  

Poly(lactic acid) (PLA) is the most common biodegradable plastic from biobased 

resources generally derived from the fermentation of sugars obtained from agricultural 

byproducts [3,4]. PLA has been approved for use in food packaging, and it has been used 

as a partial substitute for PS, HDPE, and PET in different forms, for example, rigid 

thermoforms, oriented films, and beverage bottles. So, several studies have focused on 

developing the stability, processability, biodegradability, and recyclability of PLA to serve 

specific requirements suitable for a wide range of industrial applications [5]. However, 
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one of the major drawbacks of PLA is that it can undergo hydrolytic degradation leading 

to a significant deterioration of its performance. Several techniques have been developed 

to improve the hydrolytic stability of PLA. For example, Rodriguez et al. [6] and Huang et 

al. [7] investigated the effect of PLA blended with PMMA and a natural rubber, 

respectively. Another approach proposed by Li et al. [8] was adding different types of 

nucleating agent particles (i.e., titanium dioxide, carbon nanotubes, and graphene 

nanoplatelets). Unfortunately, none of the methods have resulted in a significant effect on 

the hydrolysis kinetics, and molecular weight reduction of PLA.  

Modifying PLA’s structure by using chain extenders is a method that has been 

widely used during melt processing to connect or reconnect the backbone chains and 

finally obtain a modified structure of PLA with higher molecular weight, which depends on 

the chemical structure of chain extender and the mechanism of the chain extension 

reaction. One of the commercial chain extenders used in several research studies has 

been a multi-functional epoxy-based chain extender [10–19]. According to the research 

findings, it can improve mechanical, rheological, physical properties, and maintain optical 

properties [11,18,19]. However, the effect of thermal and hydrolytic stability of modified 

PLA with chain extender is still unclear and scarcely reportedly. Therefore, detailed 

understanding is required to evaluate the influence of the chain extender on the hydrolytic 

degradation of PLA.  

The effect of temperature on hydrolytic degradation is very crucial. Thus, the 

service time of materials depends on the temperature conditions. If hydrolysis 

experiments are conducted at low temperature, it may take more than three years for PLA 

to be entirely degraded [16]. So, the time-temperature superposition principle can be 
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applied to use to determine the hydrolytic degradation behavior of PLA over a broad range 

of temperature. The mathematical models were used in the experimental analysis and 

allowed using the experimental data under accelerated condition (i.e., higher 

temperatures) to predict values at the lower temperature of interest [20–22]. 

1.2 Overall goal and objectives  

The overall goal of this thesis is to determine the hydrolytic degradation of modified 

PLA films with chain extender in water and 50% ethanol over a wide range of temperature 

and compare with regular PLA films. To achieve this goal, this project aims to accomplish 

the following objectives. 

1) To determine the factors affecting the chain extension reaction of the modified 

PLA on the molecular weight variation. 

2) To understand the effect of the modified PLA with chain extender on the 

hydrolytic degradation at different temperatures.  

3) To describe the kinetic effects of hydrolytic degradation of the modified PLA 

using the experimental data in mathematical models. 

4) To construct a master curve to predict the hydrolytic degradation process of 

modified PLA at lower temperature. 
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CHAPTER 2 

Literature Review 

2.1 Poly(lactic acid) - PLA 

The development of biodegradable materials has recently attracted attention as an 

environmentally friendly alternative to traditional petrochemical-based plastics. Poly(lactic 

acid) (PLA) is a biodegradable polymer synthesized from bio-derived monomers, which 

is compostable under industrial conditions. Lactic acid (2-hydroxy propionic acid) is the 

basic building block for PLA preferentially produced by bacterial fermentation of 

carbohydrate sources. Lactic acid (LA) has a chiral carbon so that it exists in two optically 

active configurations, L-lactic acid (LLA) or (s)-lactic acid and its mirror image, D-lactic 

acid (LLD) or (r)-lactic acid showing opposite polarized light rotation. LLA can be used to 

produce a lactide which is an intermediate for polymerization of PLA with greater yields 

and higher molecular weight. The production of pure LLA can be prepared by the 

homofermentation using species of Lactobacillus genus such as Lactobacillus 

delbrueckii, L. amylophilus, L. bulgaricus, and L, leichmanii under conditions of pH values, 

temperature, and oxygen content [1,2]. Polycondensation of the hydroxyl and the 

carboxylic acid functional groups of LA molecules can be used to produce an oligomer of 

PLA and generates water as a byproduct. Since this reaction is reversible, a water 

removal process is needed. When LA is converted into a higher molecular weight 

polymer, the reaction mixture becomes more viscous, so that the removal of water 

becomes critical. Therefore, direct condensation is generally limited to yield a low 

molecular weight PLA which is glassy, brittle, and weak in mechanical properties [3,4]. 

Although condensation polymerization is the cheapest reaction process, to obtain high 
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molar mass PLA, several catalysts, chain coupling agents and additional methods are 

required, increasing cost and complexity. Ring-opening polymerization (ROP) is the 

commercial method used to achieve high molecular weight PLA [3,5–7]. ROP requires 

several steps starting with a direct polycondensation reaction of lactic acid to produce low 

molar mass prepolymer (around 1-5 kDa [8]). The second step is a catalytic 

depolymerization reaction to synthesize lactide, a cyclic LA dimer, under high temperature 

and low pressure. Since LA has two optical configurations, lactide exists in three 

diastereomeric structures: L-lactide, D-lactide, and DL-lactide or meso-lactide. The 

terminal step is the ROP reaction of the lactide and final polymerization. The pathway for 

the synthesis of PLA polymers is illustrated in Figure 2.1. The different fractions of the 

lactide monomer affect the three produced stereoisomers, poly(L-lactide) (PLLA), poly(D-

lactide) (PDLA), and poly(DL-lactide) (PDLLA). The stereochemical purity of PLA 

produces polymers with different characteristics such as crystallinity, melting point, and 

mechanical properties [9,10]. 

 
Figure 2.1 The pathway for the synthesis of PLA: (a) direct polymerization, (b) ROP of 

lactide, and (c) polycondensation with additional methods. Figure adapted from Ren [8]. 

Lactic acid 

Hydrolysis 

Depolymerization 

Low molecular PLA 

Depolymerization 

(a) 

(c) (b) 

Lactide 

High molecular PLA 
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2.2 Packaging Applications of PLA  

Current commercial PLA production has enabled high-volume packaging 

applications with desirable functionalities, not only because of its biodegradability but also 

due to its good processability and acceptable properties [10–12]. PLA can be processed 

for extrusion, injection molding, thermoforming, foaming, blending, casting and blown film 

[14]. PLA properties are comparable to other petroleum-based materials especially 

polystyrene, due to its excellent clarity, high strength, and moderate barrier properties 

[15]. Currently, PLA has been used on short shelf life products such as dairy containers, 

drinking cups, lids and laminating films. However, it has some significant drawbacks 

which limit its uses in packaging applications; for instance, it has poor toughness, high 

brittleness, low melt strength, and low thermal stability [8]. In addition to the mentioned 

properties, PLA is subject to hydrolytic degradation, which is one of the most critical 

drawbacks to PLA restricting the expansion of the PLA market for longer shelf life and 

higher temperature requirements. 

2.3 Hydrolytic Degradation of PLA 

The degradation of PLA is dominated by the hydrolytic degradation process 

occurring in the presence of water that penetrates the amorphous region of the polymer 

matrix and then hydrolyzes the ester bonds. During the degradation process, PLA 

consists of mainly three components: long molecular chains, water-soluble oligomers able 

to diffuse out of the matrix, and LA monomers as illustrated in Figure 2.2. The cleavage 

of the molecular chains by water molecules causes PLA to break into smaller segments 

and generate shorter chains. The reduction of the chain length results in decreased 

molecular weight leading to the deterioration of PLA properties [10,16–18].  
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Figure 2.2 The major components of the hydrolyzed PLA: long molecular chain, oligomer, 

and monomer. Dots illustrate ester linkages. Figure adapted from Pan [19]. 

 As the degradation proceeds, PLA undergoes structural changes due to the mass 

loss. This phenomenon is called an erosion process, due to oligomers and monomers 

diffusing out of the polymer [20]. Figure 2.3 shows a schematic illustration of surface 

erosion and bulk erosion mechanisms. If the degradation rate on the surface is faster than 

the diffusion of water molecules into the matrix, surface erosion occurs. The surface 

erosion occurs mainly on the surface of the PLA at constant velocity during degradation. 

On the other hand, if the water diffusion rate is much higher than the hydrolysis, PLA 

tends to under the homogenous degradation and subsequently bulk erosion which occurs 

throughout the entire materials. Several studies reported that the hydrolytic degradation 

of PLA thin film mainly takes place through the bulk erosion pathway [10,21–24]. 

Burkersroda et al. [24] found that the hydrolytic degradation mechanism of PLA changes 

from the bulk to surface erosion when its thickness is more significant than 7.4 cm, which 

is called the critical thickness (Lcritical). 

long chain monomer oligomer 
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Figure 2.3 Schematic illustration of surface erosion and bulk erosion mechanism. The 

black to white gradient represents the degree of degradation. Figure adapted from 

Burkersroda et al. [24]. 

2.3.1 The kinetics of PLA hydrolysis  

The hydrolytic degradation of PLA is a complex process affected by various 

factors. Initially, when PLA is exposed to high humidity, a water molecule randomly reacts 

with an ester linkage in the PLA chain to cleave it and produce two shorter chains with 

carboxyl and hydroxyl ends. The reaction of the chain scission of PLA is given by: 

in which R and R’ denote the repeating units of the initial PLA chains. (R – C(CH3) – 

COOH) and (R’ – OH) represent the hydrolyzed PLA with carboxylic acid and hydroxyl 

ends. In general, the hydrolysis rate depends on the concentration of the ester bonds, 

and acidic products, while water molecules are abundant and remain constant [25].  

Table 2.1 shows a list of the simple kinetic models used in research studies to 

estimate the rate of hydrolysis by tracking the change in molecular weight, which is 

 R–C(CH3)COO–R’ + H2O →  R–C(CH3)COOH + HO–R’ (2.1) 

Surface erosion 

Bulk erosion 

Degree of degradation 
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considered to be a sensitive parameter for modeling degradation. In order to determine 

the rate of reaction, the hydrolysis can be described by two main mechanisms, non-

catalytic and autocatalytic reactions. The non-catalytic reaction generally occurs in the 

beginning of the degradation when no catalyst is required. The rate of non-catalytic 

degradation can be determined as a function of the concentration of ester bonds 

expressed using molecular weight as shown in Equation A1 (Table 2.1). Several studies 

have reported that the major reaction in the hydrolytic degradation of PLA is preferentially 

autocatalytic hydrolysis by generating carboxylic acid end groups which have a high rate 

of dissociation.  

The rate equation is expressed as: 

 d[COOH]/dt = k’[COOH][H2O][E] (2.2) 

where [COOH], [E] and [H2O] are the concentration of carboxylic acid end groups, esters 

and water molecules, respectively. k’ is the rate of degradation. [H2O] and [E] can be 

assumed constant throughout the hydrolytic degradation, while [COOH] is equal to 1/Mn. 

The first order reaction can be expressed as: 

in which Mn0 and Mn are the initial and time-dependent molecular weight of PLA. t is time. 

Equations A2–A7 show the applications of the first order reaction in the hydrolysis studies. 

In certain cases, the change in the concentration of water and ester bonds is considered, 

and the second and third order reaction can be applied as shown in Equation A8.  

 

 [COOH]	= [COOH]0exp(kt) (2.3) 

 Mn= Mn0exp(− kt) (2.4) 
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Table 2.1 The studies using mathematical models for hydrolytic degradation  

Eq. Hydrolysis system Model Mechanism Ref 
A1 Polyester elastomer in 

high humidity 

1
Mn,t

−
1
Mn,0

= kt 
Non-catalytic [26] 

A2 PLLA in PBS solution  1nd order: Mn,t= Mn,0exp(− kt) Autocatalytic [26-29] 

A3 PLA in water and 

ethanol solution 
1nd order: Mn=	Mn0exp(− kt) Autocatalytic [31–33] 

A4 PLGA in PBS solution 1nd order: Mw=	Mw0exp$kd%t− tlag&' Autocatalytic [34] 

A5 PLGA in PBS Solution  1nd order: Mw=	Mw0exp(− kdegt) Autocatalytic [33-34] 

A6 Polyglyconate in PBS 1nd order: Mn=	Mn0exp(− kt) Autocatalytic [37] 

A7 PLA – PCL in PBS 

solution 
1nd order: Mn=	Mn0exp(− umt) Autocatalytic [38] 

A8 PLA in aqueous 

solutions: HCl, PBS, 

and NaOH 

2nd order:
1

Mn
=

1
Mn0

+
1
M0

k2cSt 

3rd order: log(Mn)= log%Mn0& −  k3cBcSt 

Autocatalytic [39] 

A9 PLA, PCL, and PLGA in 

PBS solution Mn= )
[A]0

ρ
∙

exp(c1t) − 1
1+ c2exp(c1t)

+
1
Mn,0

/
01

 

c1=	([E]0 + [A]0)k,	c2=
[A]0
[E]0

 

Autocatalytic [40] 

A10 Hydrolytic degradation 

of biodegradable 

polymer for medical 

device 

 

dRs

dt
=	k1CE + k2CE )Cm +

 Col 

m
/

n

 

CE =CE0 − Col  

Mn=	
CEM0

Nchain0 +  Rs − 1
 Col 
m 2

 

Non-catalytic 

Autocatalytic 

[39–45] 

A11 Hydrolytic degradation 

of biodegradable 

polymer for medical 

device 

 

dRrs
dt

= kr1CE + kr2 )Cm +
 Col 

m
/

n

 

dRes

dt
=	ke1Cend + ke2Cend )Cm +

 Col 

m
/

n

 

CE =CE0 − (Col + Cm) 

Mn=	
CEM0

Nchain0+ Rrs − 1
 Col 
m 2

 

Non-catalytic 

Autocatalytic 

(random and 

end scission) 

[46-47] 
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Referring to Equation A10 (Table 2.1), the model has been proposed by Pan [19]. 

It was developed for modeling degradation of biodegradable medical devices. The model 

can be capable of depicting the hydrolytic process which describes the changes of the 

physical and chemical compositions. Variations of this model can be found in many 

studies [39-47], which provided a better understanding by taking into account more 

variables affecting the hydrolysis behavior; for example, the diffusion of small oligomers, 

the initial molecular weight, and monomer residues. 

The rate of chain scission reaction can be written as: 

 		
dRs

dt 	=	k1CE + k'2CE CH+ (2.5) 

in which Rs is the total number of chain scissions per unit volume, k1 and k'2 are the rate 

constant of the non-catalytic and auto-catalytic reaction, respectively, and CH+  is the 

concentration of the catalyst H+. During the hydrolytic degradation of a PLA chain, the 

scission of one ester bond produces two shorter polymer chains. As the total number of 

ester units of all the long chains per unit volume (CE) decreases due to chain cleavage 

reactions, the total number of ester units of all the short chains (Col) gradually increases, 

which can be expressed as: 

where CE0  is the initial CE . CE0 can be calculated from the molecular weight of the 

repeating unit and the initial density of PLA. Moreover, the concentration of the carboxylic 

end groups increases and accumulates inside the sample. Since the hydrolytic 

degradation of PLA is predominantly autocatalytic, the reaction is catalyzed by hydrogen 

ions from the dissociation of carboxylic end groups [28,48,50].  

 CE 	=	CE0 − Col  (2.6) 
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The production of H+ can be represented as: 

 R–C(CH3)COOH ⇌ R–COO– + H+ (2.7) 

The acid dissociation constant (ka) can be written as: 

 		ka=
CH+CCOO-

CCOOH
 (2.8) 

in which CH+ and CCOO- are the concentration of the catalyst H+ and COO– .  

At equilibrium: 

 kaCCOOH	=	CH+CCOO–	=CH+
7 (2.9) 

  CH+= [ kaCCOOH]	0.5 (2.10) 

Substituting Eq. (2.10) into Eq. (2.5), the rate of chain scission can be expressed as: 

 dRs

dt =	k1CE+k'2CE[kaCCOOH]0.5 (2.11) 

Due to the limited mobility of the molecular chains, only the carboxylic end groups of the 

oligomers can catalyze the hydrolytic degradation. The concentration of –COOH end 

groups can be determined as: 

 CCOOH =
Col

m  (2.12) 

where m is the average degree of polymerization of oligomers.  

 dRs

dt =k1CE+k'2CE 9ka
Col

m :
0.5

 (2.13) 

 dRs

dt =k1CE+k2CE[Col]0.5 (2.14) 

in which	k2 =	k'2 9
ka

m:
0.5
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Random scission End-chain scission 

Generally, the hydrolytic degradation process experiences a combination of 

random and end-chain scission. A schematic illustration of chain scission is presented in 

Figure 2.4. In random scission, the ester bonds are randomly cleaved along the PLA 

chains. Then, shorter chains and oligomers are produced. Alternatively, the end-chain 

scission occurs only at the ester bonds next to the chain ends generating monomers. 

Hence, random scission is the main factor for a reduction in the average molecular weight. 

Nevertheless, it has been reported that the end-chain ester groups are more susceptible 

to cleavage. It can occur up to 100 times more than random scission [51]. 

 

 

 

 

 

 

 

 

Figure 2.4 Schematic illustration of random and end-chain scission: (a) example of the 

locations of chain scission, (b) the products obtained from chain scission 

By using statistical analysis, the relationship between the production of the short 

chains and the chain scission can be determined as [49]: 

 Col

CE0
= α	∙	 )

Rs

CE0
/

β

 (2.15) 

where α	and β are dimensionless constants used to describe the relationship between Col 

…

end chain 

Shorter chain Oligomer Monomer 

(a)  

(b)  
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and Rs. The set of both factors represents the nature of the chain scission. The α	and β 

can be determined by fitting the equation with experiments with Monte Carlo simulation. 

The relationship of α	and β was reported for two extreme cases [19,52]. In the case of 

end-chain scission, one monomer was produced by one chain scission; therefore, the 

α	and β were equal to 1. On the other hand, for random chain scission, the values of α	and 

β were estimated as α = 36 and β = 2.  The values of α	and β have a significant effect on 

the hydrolytic degradation mechanism, particularly the auto-catalytic reaction. Han et al. 

[44] and Sevim and Pan [46] studied the hydrolysis kinetics by simulating using existing 

data for PLA degradation. The values of α	and β were set as 0.4 and 1, which expressed 

the combination of random and end scission so that one oligomer was achieved after ten 

chain scissions occur which m (in Eq. (2.14)) was assumed as 4. It was found that this 

set of values can be used to fit the experimental data of the hydrolysis of PLA of Lyu et 

al. [50], Weir et al. [53], and Grizzi et al. [54]. 

Substituting Eq. (2.6) and (2.15) into Eq. (2.14) gives: 

 dRs

dt = CE0 ;1− <α )
Rs

CE0
/

β

=> ?k1+k2 ; CE0 ∙ α )
Rs

CE0
/

β

>
0.5

@ 
(2.16) 

During hydrolysis experiments, the degree of crystallinity of PLA drastically 

increases. The polymer crystals form and grow due to an increase of the new potential 

nucleation entities and the chain mobility of the short chains to crystallize 

[10,17,42,47,55]. Therefore, the reduction in CE during the degradation is calculated by 

subtracting the concentration of the crystallinity. Eq. (2.6) can be adjusted as: 

in which w is the number of ester units per unit volume of the crystalline phase which can 

 CE = CE0 −  Col − w%XC − XC0& (2.17) 
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be calculated from the molecular weight of the repeating unit of PLA and the initial density 

of the polymer crystal. XC0 and XC are the initial and time-dependent degree of 

crystallinity. As aforementioned, the chain cleavage dominantly occurs in amorphous 

regions, while the crystallites are much harder to hydrolyze and remained as crystal 

residues after the degradation process.  

So, Rs has to consider only the amorphous phase, which can be rewritten as: 

dRs

dt =CE0 ;1− <α)
Rs

CE0
/

β

−
w%XC − XC0&

CE0
=> ?k1+k2 ;α)

Rs

CE0
/

β

∙ 1
1

1-XC
2>

0.5

@ (2.18) 

Eq. (2.18) can be written into a normalized form as: 

dRAS

dt = B1− 1α%RAS&
β − wA%XC − XC0&2C Dk1+k2 9CE0 ∙ α%RAS&

β∙ 1
1

1-XC
2:

0.5

E (2.19) 

where	RAS,	ω,and	Mn are the normalized forms can be expressed as:	
Rs

CE0
,	
𝜔

CE0
, and	

Mn

Mn0
 

The average molecular weight of the degraded polymer can be assessed by 

quantifying the weight of all chains in the amorphous and crystalline regions. The number 

average molecular weight can be calculated as: 

where M0 is the molecular weight of the repeating unit of PLA and Nchain0 is the number 

of the polymer chains in the unit volume, which can be assessed from the initial density 

of the polymer and initial molecular weight. The short chains, the small oligomers and 

monomers, are assumed to be soluble in the hydrolysis media. They can migrate out of 

the matrix and cannot be detected by the measurements of molecular weights of the 

hydrolyzed sample [44].  

 Mn= )
%CE0+wXC0&	M0

Nchain0+	Rs
/ (2.20) 
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Eq.(2.20) can be adjusted by discounting the short chains as follows: 

Mn= H
%CE0+wXC0 − Col&M0

Nchain0+Rs − 1
Col
m 2

I=

⎝

⎜
⎛
)CE0+wXC0 − α∙CE0∙ 1 Rs

CE0
2

β
/M0

Nchain0+Rs − )
α
m ∙CE0∙ 1 Rs

CE0
2

β
/
⎠

⎟
⎞

 (2.21) 

Now, the normalized Mn can be expressed as: 

2.3.2 Parameters affecting hydrolytic degradation  

The hydrolytic degradation of polymeric biodegradable materials is diverse and 

complex. There are a lot of parameters affecting its rate and the behavior of degradation 

associated with the surrounding media and the characteristics of the material. The major 

factors listed below are crucial to take into account when studying and controlling the 

hydrolysis of PLA. 

2.3.2.1 pH 

The chain scission reaction that occurs during hydrolytic degradation of PLA can 

be catalyzed by the presence of a high concentration of hydroxide (OH−) and hydronium 

(H3O+) ions in the alkaline and acidic media, respectively. Figure 2.5 illustrates a 

suggestion for the mechanism of hydrolysis in alkaline and acidic environments proposed 

by de Jong et al. [56]. It has been reported that the hydrolysis of PLA under acidic 

conditions undergoes chain-end scission faster than intramolecular scission when the 

molecular weight of PLA is less than 100 kDa [10,57]. Sailema-Palate [58] explained that 

the differences in the pH of media have a significant effect on the hydrophobicity. In 

alkaline solution, the hydroxyl ions are entrapped on the outer surface, which can reduce 
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the diffusion into the inner structure of the material [59]. As a result, surface erosion 

mechanism can occur. Jung et al.[60] evaluated the hydrolytic degradability of PLA in 

acidic and basic aqueous solutions by varying pH. A higher degradation rate constant 

was discovered under strongly basic conditions compared to ones in strong acid, while 

the lowest rate constant occurred at intermediate conditions. Thus it was confirmed that 

the hydrolysis of PLA can be accelerated by acidic or alkaline conditions.

 

Figure 2.5 Suggestions for the mechanism of hydrolytic chain scission of PLA: (a) in 

alkaline and (b) in acidic media, adapted from de Jong et al. [56]. 
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2.3.2.2 Temperature 

The rate constant of the kinetic reaction of hydrolysis of PLA is highly affected by 

the temperature of the media. Hydrolysis proceeds slowly at low temperatures, while the 

reaction takes less time at higher temperatures. It has been widely accepted that as the 

temperature increases, the rate of reaction increases without changing the mechanism 

[44]. Weir et al. [53] reported that the hydrolysis mechanism of PLA at 50 °C and 70 °C 

proceeds via bulk degradation similarly to that tested at 37 °C. Many hydrolysis studies 

have been carried at elevated temperatures in order to accelerate the reaction and 

extrapolate the result to others at lower temperatures [61].  

The activation energy (Ea) which is the minimum energy required to initiate the 

chemical reaction of the material can be determine using the Arrhenius model as below:  

where k is the rate constant, k0 is the pre-exponential factor, Ea is the activation energy 

of the reaction, R is the gas constant (8.314 kg m2/s2 K-1 mol-1), and T is the experimental 

temperature in Kelvin. The Ea	 is obtained from the slope of the plot of log k versus T-1. 

Generally, the experimental temperature used for the hydrolytic degradation can 

be separated into two ranges by the glass transition temperature (Tg) which is the 

boundary temperature between the glassy rigid and rubbery flexible states of polymer. 

Many studies have reported that the Ea values for  hydrolytic degradation conducted at a 

temperatures below and above Tg were distinctly different [9,39,44,62]. When the 

hydrolysis temperatures are above Tg, the molecular chains have high segmental mobility 

and free volume, which is defined as the space between molecules. As a result, water 

 kk =  k0 exp 1
−Ea

RT 2 
(2.23) 
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molecules can penetrate into amorphous and attack the ester bonds causing chain 

scission reaction. In contrast, if the degradation temperature is less than Tg, the molecules 

has less mobility and lack of space among the molecular chains as shown in Figure 2.6. 

The change in the slope of Arrhenius plot below and above Tg, can be illustrated by Figure 

2.7. It demonstrates that Ea values of the two ranges are different. Therefore, the 

hydrolytic degradation above Tg cannot be used for predicting the result of hydrolysis 

below Tg. 

 
Figure 2.6 Free volume diagram of polymer chains at the temperature below and above 

Tg. Figure adapted from Danner [63]. 

 
Figure 2.7 Arrhenius plot of rate constant at the temperature below and above Tg 
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The effect of temperature on the rate of hydrolysis over at below and above Tg has 

been investigated using the Vogel-Fulcher-Tammann (VTF) equation. 

The VTF equation is expressed in the following form: 

whereas Ts is called “Vogel Temperature” which is a temperature that the movement of 

the polymer chains is totally zero. For viscoelastic polymer, Ts has been found to be 

approximately 50 K below its Tg [39]. T is the experimental temperature and EVTF is the 

activation energy of VTF equation. 

William-Landel-Ferry (WLF), an mathematical equivalent model of the VTF 

equation, can be expressed as follows [64–66] :  

 log(αT) =)
	−	C1(T− Ti)
C2+(T− Ti) 

/ (2.27) 

where αT is the shift factor as ratio of hydrolysis rate at an experimental temperature (T)  

to one at a temperature of interest (Ti) The shift factor can be calculated using the EVTF 

estimated from the experiments at the range of temperatures of interest and used to 

construct the master curve at Ti  [64,65]. Lyu et al.[39] studied the accelerated hydrolysis 
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testing of PLA and proposed the master curve of the degradation at 37°C by shifting the 

experimental data at elevated temperature. 

2.3.2.3 Crystallinity 

In hydrolytic degradation, the morphology of semi-crystalline polymer can be 

explained by a two-phase structural model, amorphous and crystalline regions. As 

previously mentioned, the hydrolytic degradation of polymers dominantly occurs in the 

amorphous regions because the water molecules can penetrate faster compared to in the 

restricted crystal area. It can be observed that the hydrolytic chain scission provides extra 

mobility which encourages the molecular chains to form crystal structures in both initially 

amorphous and semi-crystalline polymers [17,18,47,67,68]. The Avrami model as shown 

in Eq.(2.29) is one of the classical theories used for predicting chain cleavage-induced 

crystallization [69] : 

where kc is a kinetic rate constant, t is crystallization time, and n is the Avrami exponent. 

 Studies of the properties of the semi-crystalline polymer are much more 

complicated than ones of amorphous polymers. On the other hand, there are some 

phenomena relating to several properties, for instance, mechanical properties, oxygen 

permeation, and complex behaviors, that cannot be explained by the two-phase model. 

A three-phase model has been purposed to provide a complete understanding of the 

properties of semi-crystalline materials. The different regions can be considered as the 

crystalline fraction (CRF), the mobile amorphous fraction (MAF), and the rigid amorphous 

fraction (RAF) [70–78]. Figure 2.8 shows a schematic illustration of a spherulite with 

oriented lamellar stacks growing from a nucleation point and the three different regions: 

 Xt  = 1− exp[−(kct)n] (2.29) 
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CAF, MAF, and RAF of semi-crystalline PLA. The RAF relates to an intermediate phase 

between the CRF and MAF which has high density and restricted mobility due to the 

fixation of the RAF chains to the crystalline lamellar stack. 

 

Figure 2.8 Schematic illustration of a spherulite with oriented lamellar stacks growing 

from a nucleation point and the three different regions, adapted from Martin et al. [72] 

Many research studies have investigated the complex characteristics of the RAF 

of a three-phase model. Generally, the fraction of non-crystalline phase contributes to the 

Tg of the polymer, which can be observed as a change in heat capacity over the glass 

transition. The RAF naturally mobilizes at a broad range of temperature between the Tg 

and Tm depending on the various degrees of coupling between the crystals and the 

amorphous phase [25]. Moreover, the RAF formation is dependent on the crystal 

perfection [76,79]. One of the important properties affecting the hydrolytic degradation of 

PLA is the water diffusion. Drieskens et al.[80] evaluated the change in morphology of 

PLA during cold crystallization at a different temperature. They reported that the 

permeability decreased with the crystallinity increasing; however, it did not represent a 

linear relationship with the decrease in the amorphous fraction. They also concluded that 

the RAF could be one of the morphological factors affecting the diffusivity and 

permeability. Rio et al. [78] studied the effect of the CRF and RAF on the free volume of 
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PLLA using positron annihilation lifetime spectroscopy (PALS) and found that the RAF 

increased with the increase of CRF during annealing time. The formation of RAF can 

increase the free volume due to the occluded areas in the inter-spherulite boundaries and 

the de-densification of the amorphous fraction. As a result, the diffusivity of the molecules 

was found to be increased and decreased through the RAF and CRF, respectively. Due 

to the balance of the two phases, the overall diffusivity was assumed to be constant. 

Sangroniz et al. [77] observed a different result for PDLA-PLLA 50:50 which naturally has 

a small amount of RAF compared to PLLA. They reported that the crystallinity increased 

with the annealing time, while the RAF decreased due to the more compact nature of the 

crystalline phase and more mobility of the chains in the amorphous regions of the 

stereocomplex PLA. Contrarily to the PLLA properties, the diffusivity of PDLA-PLLA was 

decreased compared to PLLA owing to the smaller effect of RAF. The existence of the 

RAF have been confirmed in many studies [67–77]; however, the properties of the RAF 

have not been fully investigated. 

2.3.2.4 Molecular weight 

The effect of molecular weight on the hydrolytic degradation of PLA-based 

materials has been examined in many studies. It was reported that the hydrolysis of PLA 

with molecular weight less than 4x104 g/mol was accelerated as molecular weight 

decreased because PLA matrix with shorter molecular chains has higher chain mobility, 

hydrophilicity, and concentration of catalytic end groups, while the effect was not 

significant in higher molecular weight polymer [54,81–84]. Gleadall et al. [49] studied the 

effect of initial molecular weight on the degradation of bioresorbable polyesters by 

considering the type of hydrolysis, namely noncatalytic random scission, autocatalytic 
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random scission, noncatalytic end scission, and autocatalytic end scission. They found 

that by considering the reaction in one-unit volume of polymer, a lower initial molecular 

weight of polymer had a greater number of chains. They have a higher chance to produce 

of oligomers and monomers. Moreover, the concentration of carboxyl ends of PLA chains, 

especially the short chains, had a significant impact on both autocatalytic end and random 

scissions.  

2.3.2.5 Molecular branching 

Nowadays, branched PLA has been developed using various methods during ROP 

and post-polymerization modification to achieve desired properties and stabilities. The 

branched PLA can be produced with many topologies, for example, star-shaped, comb-

shaped, hyperbranched, H-shaped, long-chain branched, and dumbbell-shaped PLA 

which have different characteristics [85,86]. Simmons and Kontopoulou [87] studied the 

hydrolytic degradation of long chain branched PLA at 60 °C and found that the branched 

chain structure had a significant effect on the degradation behavior and elevated the rate 

of hydrolysis. However, Numata et al. [88] investigated the effect of the number of 

molecular branches of PLA on the alkaline hydrolysis. They concluded that PLA with 

fewer branches had no effect on the hydrolytic degradation since the effect of branched 

PLA is dependent on the number of catalytic terminal groups and hydrophilic ends. 

According to Corneillie and Smet [86], the special structures of modified branched PLA, 

for example, dumbbell-shaped PLA, exhibited decrease of hydrophobicity, and 

degradation. Tsuji and Hayashi [89] studied the hydrolytic degradation of a linear 

aliphatic, and star-shaped polyester which had two and four hydroxyl ends, respectively. 

They found that the rate of degradation decreased with increasing branching structure 
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because it had higher mobility and a greater number of hydrophilic hydroxyl groups which 

affected the diffusion rate and the concentration of water molecules. 

2.4 Controlling the hydrolytic degradation by using chain extender 

The chain extension reaction is a conventional method developed to modify the 

molecular chains of aliphatic polyesters. The higher molecular weight polymers can be 

obtained by adding chain extenders during melt processing to connect the reactive ends 

of two polymeric chains. A variety of chain extenders have been developed to serve 

different types of mechanism. Chain extenders can be divided into two categories, 

activating-type, and addition-type. The activation-type chain extenders, for example, 

diphenyl carbonate, diphenyl terephthalate, and diphenyl oxalate, act as intermediates 

for linking two polymer chains. After the reaction ends, they are not part of the final 

product. Therefore, the chain extenders coming as byproducts can be contaminated and 

need to be removed from the polymer system. In contrast, the reaction of addition-type 

chain extender does not produce a byproduct. This type of chain extender, generally 

including epoxides, anhydrides, and cyanates, can connect the polymer molecules 

through a ring opening reaction [90]. The addition-type chain extender tends to provide 

branching structure. The degree of branching and its characteristics that occur in the 

reaction depend on the amount of reactive functionality, the concentration of chain 

extender, and condition of the reaction [90–92]. Najafi et al. [43] studied the properties of 

PLA nanocomposites with epoxy-based chain extender. They found that the epoxy 

groups of the chain extender favorably react with carboxylic ends and negligibly react with 

the hydroxyl group. Figure 2.9 represents a schematic of the basic chain extension 

reaction. Nowadays, multifunctional epoxy-based chain extenders have been 
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commercially used for many purposes such as enhancing the molecular weight of PLA in 

the production and recycling process, increasing the thermal stability, and improving 

properties [93–97]. 

 

Figure 2.9 Schematic of the basics of chain extension: (a) PLA chains, (b) chain extender, 

and (c) chain – extended PLA.  represents ester linkages,    represent the end 

groups of PLA, and  represents the reactive functional groups of the chain extender. 

2.5 Response Surface Methodology 

Response surface methodology (RSM) is a statistical and mathematical technique 

commonly used in chemical and biochemical research to study the relationship between 

the yield of a chemical experiment and a set of independent variables affecting the yield 

of the experiment and/or reaction. Nowadays, RSM has been successfully applied to 

various fields of study such as agricultural and biological research, and chemical 

engineering [98–100]. It is a very useful tool for setting up and designing a set of 

experiments, which provides appropriate and sufficient measurements to obtain reliable 

response values. Moreover, it can be used to evaluate the best fit model to the 

experimental data from the design used. RSM can also be used for process optimization 

by finding the best set of factor levels to achieve the optimum yield. [101,102]. 

The RSM procedures can be summarized in four steps. The initial step is the 

determination of independent variables of the experimental system. The next step is the 

+ 
(a) (b) (c) 

,   
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selection of the experimental design, which provides the appropriate design points to fit 

with the experimental responses. The third step is the parameter estimation of the 

response value. The final step is the construction of the response surface plot and 

determining optimum conditions. Details of each step are explained below. 

In a general study, several parameters may affect the interested outcome 

response of the experiment. Due to many limitations, it is almost impossible to identify 

and study the effect of all parameters. A screening experiment can be used to select the 

independent parameters which have a significant effect or the desirable outcomes. 

Moreover, the levels of each parameter have to be investigated to focus on the region of 

interest and delimiting the experimental boundary conditions. To properly analyze a 

response value obtained from a set of the input variable, it is assumed to be continuous 

within the range of the selected region. The functional relationship between the response 

and the independent variables can be presented by a mathematical model as followed:  

where y is the continuous scale of response value, x1, x2, …, xk are the input variables and 

𝜀 is the error term. In the case that the experiments are conducted in a small range of the 

independent variables close to the initial conditions and far from a curvature effect, the 

response values can be fitted with a first-order model [98] such as: 

This model is a multiple linear regression model where the parameter β0	represents the 

intercept of the plane, and β1,	β2, … ,βk are the partial regression coefficients. When the 

curvature of the response surface is large, the optimum solution, which is the most 

 y	= f%x1,	x2, …,xk&+ε (2.30) 

 y	=	β0+Wβixi

k

i=1

+ε (2.31) 
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desirable response value, is expected to appear in this location. A second-order 

polynomial (or higher-order polynomial) is required for fitting the response surface by 

adding additional terms of the interactions. Therefore, if the model appropriately 

represents the experimental process, the optimum conditions can be identified [103,104]. 

The second-order polynomial model is expressed as: 

where βii and  βijrepresent the quadratic and interaction main effects.   

To estimate the parameters in the model, a design of experiment has to be 

selected to provide the appropriate prediction. The most common designs for fitting first-

degree models are 2k factorial, Plackett-Burman, and simplex design, while the second-

order designs frequently used are the 3k factorial, Box-Behnken, and central composite 

designs (CCDs) [103]. The most popular for second-order designs is the CCD. This 

design consists of the following parts: (1) F factorial points, where the factor levels are 

coded as -1 and 1; (2) axial points consisting of 2k located on the axis at a distance of a 

from the design center; and (3) n0 center points. The selection of the axial distance is very 

crucial depending on the nature of the region of interest and region of operability 

[102,103]. An example of experimental CCD for three variables is shown in Figure 2.10 

and described in Table 2.2. 
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Figure 2.10 Center composite design for three variables (k = 3) 

The experimental data resulting from the combined effect of the variables is used 

for fitting a mathematical model. The application of analysis of variation (ANOVA) is 

generally used to determine a set of models that can be fit to experimental data and 

provide statistical analysis for an existing fitted model [105]. The optimal conditions of the 

experiments are evaluated from the predicted model [103,106]. The visualization of the 

predicted model can be presented graphically by the contour and response surface plots 

of the responses as a function of the independent parameters as shown in Figure 2.11.  

Table 2.2 Experimental center composite design for three variables (k = 3) 
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Figure 2.11 (a) Three-dimensional response surface plot for the second-order model, and 

(b) two-dimensional contour plot 
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CHAPTER 3 

Experimental 

3.1 Materials 

Poly(lactic acid) resin (PLA 4032D with a D-lactide content of 3.8-4.2%) was 

supplied by NatureWorks LLC (Minnetonka, MN, USA). Joncryl® ADR4300F, a styrene-

acrylic multi-functional epoxide oligomeric agent with Epoxy Equivalent Weight (EEW) of 

445 g/mol, provided from BASF (Sturtevant, WI, USA) was used as a chain extender. The 

general structure of JoncrylÒ can be seen in Figure 3.1. Ethanol (200 proof, 

HPLC/spectrophotometric grade) and water (certified for HPLC grade) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA) and VWR (Radnor, PA, USA), respectively. 

Tetrahydrofuran (THF) obtained from Pharmco-AAPEP (North East, CA, USA) was used 

as the mobile phase solvent in size exclusion chromatography (SEC) experiments. 

 

Figure 3.1 General structure of JoncrylÒ: R1–R5 are H, CH3, a higher alkyl group, R6 is an 

alkyl group, A and B are each between 1 and 20, and C is between 1 and 12, adapted 

from Cailloux et al. [1]. 
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3.2 Methods 

3.2.1 Experimental design 

A response surface methodology (RSM) study was conducted aiming to optimize 

the molecular weight of PLA after the chain extension reaction using a software program, 

JMP® software version 14.2.0, 2018 created by SAS Institute Inc., (Cary, NC). The two 

design factors were the content of chain extender (Cex) (x1, wt% on PLA basis) and the 

residence time in the melt blending process (x2, minutes) with the range of x1 and x2 

between 0-2 wt% and 5-15 minutes, respectively. For this process, the most appropriate 

design of RSM was faced-centered central composite design (FCCCD), where the axial 

points occur at the center of the faces (boundaries) since the experiment was designed 

to study inside the range of x as seen in Figure 3.2a. JMPÒ provided a design table where 

the experimental runs were randomly generated as shown in Table 3.1. The combination 

of the two factors was studied and optimized to obtain the maximum average molecular 

weight of the modified PLA. The experimental design contained eleven experimental 

points, four full factorial, three center, and four axial factorial points, where the distance 

from the center of the design space to axial points (α) was ± 1. The analysis was 

conducted with JMPÒ following the designed experiments. 
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Table 3.1 The experimental design condition for the two factors faced-centered central 

composite design (FCCCD) 

Run Type Coded levels Actual levels 

x1 x2 x1 (wt%) x2 (minute) 

1 F -1 -1 0 5 
2 F -1 +1 0 15 

3 F +1 -1 2 5 

4 F +1 +1 2 15 

5 C 0 0 1 10 

6 C 0 0 1 10 

7 C 0 0 1 10 

8 A 0 -1 1 5 

9 A -1 0 0 10 

10 A +1 0 2 10 

11 A 0 +1 1 15 

Note: F = Full factorial, C = Center-full factorial, and A = Axial factorial point 

 

Table 3.2  Experimental design for the additional runs to extend the residence time 

Run Coded levels Actual levels 

x1 x2 x1 (wt%) x2 (minute) 

1 -1 +1 0 15 
2 -1 +2 0 20 

3 -1 +3 0 25 

4 +0.5 +1 1.5 15 

5 +0.5 +2 1.5 20 

6 +0.5 +3 1.5 25 
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Figure 3.2 (a) Face central composite design and (b) the experimental design condition 

for the additional runs. (l, o, and ¨) symbols represent the initial experimental runs, the 

predicted data of the initial runs and the additional experimental points, respectively. 

The result obtained from the eleven runs was then analyzed by JMP® to solve the 

optimization using the desirability function following methods described in section 3.2.3. 

According to the results, the optimum residence time was initially estimated as 15 

minutes, which was on the upper boundary of the experimental conditions. Therefore, the 

initial design was expanded by using the optimal condition of chain extender content of 

1.5 wt%, and extended residence time to 15, 20, and 25 minutes as shown Table 3.2 and 

Figure 3.2b. The data set of the average molecular weight of the PLA with 1.5 wt% chain 

extender at the residence time of 5, 10, and 15 minutes was estimated from the initial 

experiment. Afterward, both the prediction and the experimental data were used to 

optimize the residence time for processing PLA with 1.5 wt% chain extender.  
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3.2.2 Model development using RSM and statistical analysis 

In order to evaluate the optimization, the response values, the molecular weight 

properties (Mn and Mw), were fitted to a second-order polynomial model that can be 

expressed as: 

where     E{Y} = Estimate of interested parameter 

				x1 = The content of chain extender (wt% on PLA basis)  

				x2	= The residence time (minutes) 

				β0	= Intercept 

				β1	= Linear main effect of the content of chain extender 

				β2	= Linear main effect of the residence time 

				β11	= Quadratic main effect of the content of chain extender 

				β22	= Quadratic main effect of the residence time 

				β12	= Interaction effect  

The model equations were fitted by the least square methodology in an attempt to 

obtain good model parameter estimates. Statistical analysis was performed using the 

JMPÒ program. Analysis of variance (ANOVA) was performed to determine if the 

parameters were statistically significant.   Moreover, the coefficient of determination (R2) 

was used to assess the level of fit of the RSM model.  

 

 

 E{Y}			= 			β0+ β1x1+	β2x2	+	β11x1
2	+	β22x2

2	+	β12x1x2 (3.1) 
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3.2.3 Optimization of molecular weight properties using the desirability method 

The desirability function was developed by Derringer and Suichin [2] in order to 

optimize multiple responses simultaneously. The D global index which is the overall 

desirability determined from the different criteria combination of the responses is obtained 

using the following equation [3]: 

where y1,y2,y3, …,yn are the responses, d1,d2,d3, …,dn are the individual desirability 

functions of each response indicating the level of the desire condition and n is the number 

of variables. The optimization of the process conditions is achieved when the value of D 

global index is maximized (close to 1).  

3.2.4 Sheet production 

PLA resins and chain extruder were dried at 50°C in a vacuum oven for 12 hours, 

premixed with chain extender, and fed into the counter-rotating conical twin-screw 

extruder with a length to diameter (L/D) ratio of 13:1 (C.W. Brabender Instruments, Inc., 

South Hackensack, NJ), at a rotation speed of 40 rpm. The temperature profile was set 

at 180 °C. The chain extender content and the residence time for melt blending were set 

following the experimental design mentioned in section 3.2.1. The extrudates were 

cooled and compressed to a sheet form by using a compression molding machine (Model 

12-10HC) (Carver Hydraulic Laboratory Press Menomonee Falls, Wisconsin, USA) set at 

176.5°C (350 °F). For the pre-heating step, the pressure was set at zero for 7 minutes 

and then increased to 20 ton for 10 minutes at the heating step. Three replicates of each 

sample were collected after melt blending and compression molding. 

 		D	= &d1&y1' × d2&y2' × d3&y3' ×…. × dn(yn)'1/n (3.2) 
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3.2.5 Cast film production 

Chain extender in the clear flake form was ground into powder by a hand grinder. 

The PLA resin and the chain extender were dried at 50°C in a vacuum oven for 12 hours. 

After drying, PLA pellets were premixed with 1.5 wt% of chain extender and then extruded 

in a Microextruder model RCP-0625 (Randcastle Extrusion Systems, Inc., Cedar Grove, 

NJ) with a screw of 1.5875 cm diameter, 24/1 LD ratio extruder. The temperature profile 

of the extruder was 335-380-390-385-385-385-385°F (168-193-199-196-196-196-196 

°C) for zone 1, zone 2, zone 3, transfer tube, adapter, feed block, and die, respectively. 

Samples were processed using three different screw speeds: 10, 20, and 40 rpm, which 

affected the mean residence time (𝑡̅)  which can be increased by reducing the screw 

speed. Neat PLA and PLA with chain extender were processed at the same conditions 

and referred to as PLA–Con and PLA–Cex, respectively. The thickness of the film was 

measured using a digital micrometer (Testing Machines Inc., Ronkonkoma, NY, USA). 

3.2.6 Molecular weight determination 

A sample of around 0.0100 g was weighed and dissolved in THF at a concentration 

of 2 mg/mL. A gel permeation chromatography (GPC) unit from Waters (Milford MA, USA) 

equipped with an isocratic pump (Waters 1515), an autosampler (Waters 717), a 

refractive index detector (Waters 2414) was used with THF running with a flow rate of 1 

mL/min. A series of HR Styragel® HR4, HR3, HR2 (300 mm x 7.8 mm (I.D)) columns with 

a controlled temperature of 35 °C was used. The molecular weight distribution (MWD) 

curve for each sample was determined by analyzing the raw data provided using 

Breeze™ 2 Software (Waters, Milford MA, USA). 
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The deconvolution of the MWDs which is a method to determine subpopulations 

of molecular chains of PLA was analyzed using Fityk 1.3.0 developed under the terms of 

the GNU General Public License for nonlinear fitting of a LogNormal function to 

experimental MWD [4]. The main peaks with the highest peak area representing the 

majority of the chain length were used to represent the average molecular weight of 

samples. The number average molecular weight (Mn) and the weight average molecular 

weight (Mw) of each sample were analyzed using the following equations: 

where i = 1 to I = ∞,	Ni is the number of molecules with the molecular weight Mi and PDI 

is the polydispersity index which is used to indicate the broadness of a molecular weight 

distribution. 

3.2.7 Characterizations of PLA–Con and PLA–Cex films 

The tensile properties, tensile strength, elongation at break, and modulus of 

elasticity, were measured using a Universal Testing Machine 5560 series (Intron, Inc., 

Norwood, MA) following ASTM D882–12 [5]. Rate of grip separation was set at 2 in/min 

and initial grip separation of 4 in. Ten samples for each specimen were tested in the 

machine direction. 

 

 Mn =
∑Ni −Mi

∑Ni
			 (3.3) 

 Mw	=
∑Ni −Mi

2

∑Ni Mi
   (3.4) 

 PDI =   
Mn

Mw
		 (3.5) 
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Thermal gravimetric analysis (TGA) was investigated using a TGA Q50 (TA 

instruments, New Castle, DE, USA) to study the effect of temperature on weight loss of 

the materials as a function of temperature. The samples were weighed on a platinum pan 

and heated from 23 to 600 °C with a constant heating rate of 10 °C×min-1 under a nitrogen 

atmosphere.  

Differential scanning calorimeter (DSC) (Q100, TA Instrument), was used to 

determine the degree of crystallinity (%XC), crystallization temperature (Tc), glass 

transition temperature (Tg), and melting temperature (Tm) for the initial condition of 

samples using the DSC thermogram of the second heating scan. While, the variation of 

the crystallinity during the hydrolytic degradation was tracked by the first heating cycle. 

Approximately 5–10 mg of samples was placed in a sealed aluminum pan, and then the 

samples were cooled to 5 °C at the constant rate of 10 °C/min, equilibrated for 3 min, and 

then heated to 210 °C at a ramping rate of 10 °C/min. The degree of crystallinity was 

calculated as following equation [6]: 

where ∆Hm is the heat of fusion, ∆Hc is cold crystallization enthalpy, ∆Hm
0  is the heat of 

fusion for 100% crystalline PLA = 93.0 J∙g-1 and %	wt	filler is the weight percentage of the 

chain extender = 1.5%.  

 

 

 %Xc 	= 	0
∆Hm − ∆Hc

∆Hm
0 11−% wt filler

100 2
3 × 100	 (3.6) 
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The Avrami theory was used to study the crystallinity process of the hydrolysis 

experiment as following equation:   

whereas Xt is the time-dependent of crystallinity fraction,kc is a kinetic rate constant, t is 

crystallization time, and n is Avrami exponent.  

Dynamic mechanical analysis (DMA) was evaluated using a TA RSA-G2 Solids 

Analyzer Immersion System (TA Instruments, New Castle, DE, USA) equipped with a 

tension geometry and set of frequency value at 1 Hz. The samples were tested under the 

two conditions, dry and wet conditions, which indicate the properties of materials before 

and after immersion in the media. For the dry condition, the samples were heated from 

25 °C to 90 °C at a constant rate of 5 °C/min. For the wet condition, the immersion cell 

was installed, and the test solution was pre-cooled to approximately 0 °C with liquid 

nitrogen. After solution preparation, the solution was filled in the immersion cell which 

contained the mounted sample.  The solution was heated to approximately 60 °C. The Tg 

of PLA was determined from the temperature at which the tan delta peak was located. 

3.2.8 Hydrolytic degradation  

The hydrolysis test method was adapted from ASTM D4754 – 18 [7] and applied 

to study the hydrolytic degradation of PLA–Con and PLA–Cex at different temperatures. 

Each hydrolysis cell consisted of a glass vial with a cap, a stainless-steel wire, and glass 

beads. Samples were cut into 2 cm diameter disks, threaded into the wire with alternating 

glass beads and stored in the vial filled with 35 mL of test media. The hydrolysis studies 

were run in two different medias, water and 50% v/v solution of ethanol in water. For the 

 Xt  = 1− exp[−(kct)n] (3.7) 
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water condition, the hydrolysis cells were stored at 40, 60, 75, 85, and 95 °C. The samples 

in 50% ethanol solution were stored at 50, 60, 75, and 85 °C. Three replicates of each 

sample were collected periodically and dried before analysis. For the characterization of 

PLA–Con and PLA–Cex during hydrolytic degradation, Mn of samples retrieved 

periodically were evaluated using GPC. The degree of crystallinity (%Xc) and the pH 

variation of the media were measured using the first heating scan of DSC analysis and a 

pH meter (Omega Engineering Inc., CT, USA), respectively. 

3.2.9 Parameter estimation: Rate constant of hydrolytic degradation 

 For hydrolytic degradation of PLA, the two mathematical models were used to 

evaluate the rate constant of hydrolytic degradation. The first order reaction equation can 

be expressed as: 

	where  Mn is the number average molecular weight (Da), Mn0 is the initial Mn	(Da), k1st is 

the rate constant of hydrolysis (h-1), and t is time (h). 

The reference model purposed by Pan [8] was adjusted to the simplified form by 

considering only the rate constant of autocatalytic degradation (more information is shown 

in Section 2.3.1). The reference equation can be rewritten as: 

d	Rs

dt = 81− 9α&	Rs'
β
− w:	&XC − XC0';< =kdeg >CE0 ∙ α&	Rs'

β
∙ 1

1
1− XC

2@
0.5

A (3.9) 

  Mn= Mn0 exp (− k1stt)    (3.8) 

 

 
Mn=	

⎝

⎛ 1+w:Xc0 − α&	Rs'
β

(1+w: Xc0) >1+
CE0

Nchain0
1	Rs −

α
m &	Rs'

β
2@⎠

⎞ (3.10) 
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where	Rs,	ω,and	Mn are the normalized forms expressed as:
Rs

CE0
,	
𝜔

CE0
, and	

Mn

Mn0
 

CE0       = The initial number of ester units of all the chain per unit volume 

 =  ρamorphous

Munit
=

 1.24 g/cm3

72 g/mol 	=1.72×104 mol/m3 

w = The number of ester unit of the crystalline phase per unit volume 

 = 
	
 ρcrystal

Munit
=

 1.36 g/cm3

72 g/mol  =1.89×104 mol/m3 

α and β = 

 

= 

The dimensionless constants represented the relationship between 

the random and end chain scissions 

0.4 and 1, respectively 
Nchain0 = The number of the polymer chains	per unit volume	 =	

 ρamorphous

Mn0
 

m = The average degree of polymerization of oligomers = 4 

Mn0, and Mn = The initial, and time-dependent of molecular weight 

XC0, and XC = The initial, and time-dependent of the degree of crystallinity 

Rs = The total number of chain scission per unit volume 

kdeg = The rate constant of autocatalytic degradation 

3.2.10 Parameter estimation: Activation energy of hydrolytic degradation 

The Arrhenius equation was used to understand the effect of temperature over the 

glass transition temperature on the rate constant of hydrolytic degradation and explore 

the effect of energy on the degradation of modified PLA with chain extender. The 

temperature dependence of the rate constant (k) was expressed as: 

where k	is the rate constant of hydrolysis (h-1), 	k0	is the pre-exponential factor (h-1), R is 

the gas constant =8.314 J/mol ∙K, and T is temperature (K), Ea is the activation energy. 

 
 

k	=	k0 exp (−
Ea

RT ) (3.11) 
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For the basic method, the linear relationship between the natural log of k and the 

reciprocal of the temperature was used to estimate Ea which can be obtained from the 

slope of −Ea/R. Due to a high correlation between the two parameters, k0  and Ea , a 

parameterization of the Arrhenius equation [9] was introduced by adding the reference 

temperature (Tref) and the rate constant of hydrolysis obtained from the first order reaction 

at Tref  (kref)	given as follows:   

3.2.10.1 Scaled sensitivity coefficients 

 A sensitivity coefficient (SE) was used to determine the sensitivity of a dependence 

variable to a parameter and the correlation among parameters. SE can be obtained by 

taking the first derivative of a dependent variable with respect to a specific parameter over 

the change in the independent variable [10]. To compare all parameters, the sensitivity 

coefficient of each parameter was plotted in the same scale by using a scaled sensitivity 

coefficient (X’):  

where i is the temperature index, j is the parameter index.  

 Since the hydrolysis experiments were conducted at several temperature 

conditions, a temperature simulation (Tsim) was generated to plot with 𝑋′IJ and 𝛽J:   

where TL and TH  are the lowest and highest temperature (K), tmin  and tmax  are the 

minimum and maximum time duration. 

 Mn=	Mn0 exp 1−kref exp >−
Ea

R 1
1
T−

1
Tref

2@ t2	 (3.12) 

 
 

X'ij	= 	βj
∂η
∂βj

    (3.13) 

 

 
Tsim= TL+

TH − TL

tmax − tmin
t	 (3.14) 
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The scaled sensitivity coefficient (SSC) was determined using a forward-difference 

approximation and initial parameter guesses in MATLABâ 2017b (MathWork, Natick, MA, 

USA). For the best estimation, the scaled sensitivity coefficients 𝑋′IJ	was expected to be 

large and uncorrelated.  

3.2.10.2 Performing the inverse problem  

 The inverse problem method was performed using Ordinary Least Square (OLS) 

estimation.	Tref in Eq. (3.11) was assessed by holding Tref at fixed values. The correlation 

coefficients kref  and Ea were plotted with Tref  values. The optimum Tref  was the 

temperature where the correlation was close to zero. For the final estimation, the optimum 

Tref was used to evaluate the kinetic parameters (Ea and Kref ) and initial molecular weight 

(Mn0) in using nonlinear regression (n-linfit function in MATLABâ 2017b).  

3.2.11 Parameter estimation: The VTF and WLF equation 

The VTF model was used to study the hydrolytic degradation of PLA–Con and 

PLA–Cex over a wide range of temperatures, both above and below Tg, which does not 

follow the Arrhenius law (more information is shown in Section 2.3.2.2).  

The VTF equation is given as:  

where EVTF is pseudo activation energy, Ts	is the temperature at which the conformation 

entropy induced by segmental motion approaches zero (is about 50 K below the Tg).  

 

 

 
 k	= k0 exp >	−

EVTF

R (T − Ts)
	@		 (3.15) 
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A parameterization of the VTF equation was proposed to minimize the correlation 

between two parameters k0 and Ea in the following form:  

 By using parameter estimation techniques following Section 3.2.10.2, the kinetic 

parameters EVTF and Kref and	Mn0 were estimated.  

The WLF equation which are mathematically equivalent to the VTF is giving as:  

where Ti is the temperature of interest, C1 and C2 are empirical constants.  αT is the factor 

to shift the data obtained at temperature T to overlap one at Ti. By comparing with the 

VTF equation, C1 and C2 can be obtained as follows: 

3.2.12 Application of the VTF and WLF equation for predicting hydrolytic 

degradation of a long-term at temperature of interest 

According to Eqs. (3.18), C1 and C2 were estimated using Ti of 40 °C.  αT values 

were calculated by substituting	C1 and C2 into Eq. (3.17) to shift the experimental data 

curves of 85 °C to construct the master curve at 40 °C based on the time – temperature 

superposition principal. 

 

 

 

 
 Mn= Mn0 exp (− kref exp >−

 EVTF

R 1
1

T− Ts
−

1
Tref − Ts

2@ t) (3.16) 

 

 
 logαT=−

C1(T− Ti)
C2+(T− Ti	)

 (3.17) 

 C1 =  
EVTF/R 

2.303 (Ti − Ts) 
 and C2 =  (Ti − Ts)	 (3.18) 
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CHAPTER 4 

Results and Discussions       

4.1 Experimental design for process optimization 

 Molecular weight properties of modified PLA with chain extender  

The processing of polymers can generate thermal and mechanical stresses leading 

to polymer degradation and weight average molecular weight changes [1]. PLA was found 

to be severely susceptible to thermal degradation of ester linkage during processing, mostly 

due to the process temperature, shear rate, and residence time [2,3]. To enhance the 

thermal stability of processed PLA, a chain modifier with chain extender (Cex), was used. 

The residence time in the melt blending process and the Cex content were studied using an 

RSM experimental design. The molecular weight distribution (MWD) of the samples 

collected from each condition were obtained from GPC. Subsequently, a deconvolution 

method was applied to analyze the multiple peak distribution by fitting several distributions. 

The main peak fitting - the highest area fraction of each MWD curve - was used to evaluate 

the number-average molecular weight (!") and the weight-average molecular weight (!#) 

of the PLA presented in Table 4.1. Further information regarding the deconvolution 

technique is provided in Section 4.4.2. 

Figure 4.1 shows the !" and !# with increasing Cex content and residence time 

after the melt blending and compression molding. The !" and !# of PLA without the Cex 

collected after the melt blending process slightly decreased with increasing the residence 

time and dropped again after the compression molding process. The presence of Cex 

provided a higher !" and !# compared with the neat PLA samples. Moreover, the !" and 

!# after the melt blending process increased as the Cex content and residence time 
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increased, indicating that the multi-functional epoxy group can react with the reactive chain 

end of PLA and increase the size of the polymer chains. By applying the second steps of 

thermal process-compression molding, the molecular weight increased further compared 

with the first thermal step, indicating that more epoxide-reactive groups in the chain extender 

react with PLA chains and increase the chain lengths as heat was applied. 

Table 4.1 Molecular weight of control and modified PLA after melt-blending and 

compression molding processes 

Run 
$%,  

Wt % 

$&''

(min) 

Melt-blending process Compression molding process 

!", Da !#, Da !"( Da !#( Da 

1 0 5  65901 ±   689 hi   106740 ±   958 G   64676 ±  1482 hi   105232 ±  2811 G 

9 0 10 64867 ±  1012 i 106917 ±  2206 G 62128 ±  1669 i 105219 ±  1800 G 

2 0 15 63828 ±  1533 i 104539 ±  3842 H 59347 ±  1101 i 100760 ±  1607 H 

8 1 5 70686 ±  1420 g 116359 ±  1402 F 93782 
 
±  1433 d 147464 ±  2465 C 

5, 6, 7 1 10 83297 ±  1649 f 127976 ±  3077 E     106899 ±  2411 c 164087 ±  2692 B 

11 1 15 87793 ±  3251 ef 139791 ±  1136 D 111353 ±  3198 acb 171580 ±  4616 A 

3 2 5 70021 ±  2035 gh 114374 ±  2678 F 109564 ±  1000 bc 162879 ±  2947 B 

10 2 10 83060 ±  1111 f 126129 ±  3302 E 113446 ±  1495 ab 166361 ±  2124 B 

4 2 15 89987 ±  1434 de 140127 ±  911 D 116303 ±  2065 a 171031 ±  2128 A 

Note: !$% = Chain extender content (wt%), $& = Residence time (min)  

Values with different lowercase and uppercase letters represent statistically significant 

differences (P < 0.05; Tukey’s HSD) of !" and !#( respectively. 
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Figure 4.1 Molecular weight of modified PLA after melt blending and compression molding 

processes. Values with different lowercase and uppercase letters represent statistically 

significant differences (P < 0.05; Tukey’s HSD) of !" and !#, respectively. 
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 Model development using Response Surface Methodology (RSM) 

Figures 4.2 and 4.3 show the linear relationship between !" and !# of PLA after 

melt blending and compression molding processes versus predicted values from RSM with 

)& = 0.95 and 0.94, respectively. Additionally, the parameter estimations of !" and !# of 

the two steps (Tables 4.2–4.5) indicate that both linear and quadratic main effects of *%'

significantly affected the !" and !#'(+ < .025). The positive parameter estimate can be 

interpreted as indicating that PLA processed with higher Cex concentration and longer 

residence time has increased average molecular weight. Moreover, the interaction terms of 

*%'and *& are significant with positive parameter estimates indicating that the addition of Cex 

would considerably increase the molecular weight of PLA when processing at longer 

residence time.  

 
Figure 4.2 Actual data vs. predicted values for PLA from RSM model after melt blending. 

The diagonal and the shaded area indicate a line of fit and 95% confidence intervals: (a) 

actual !" vs. predictions data, and (b) actual !# vs. predictions 
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Figure 4.3 Actual data vs. predicted values for PLA from RSM model after compression 

molding. The diagonal and the shaded area indicate a line of fit and 95% confidence 

intervals: (a) actual !" vs. predictions, and (b) actual !# vs. predictions 

Table 4.2 Statistical analysis of !" of modified PLA after melt blending process 

Analysis of Variance 

Source DF Sum of Squares Mean Square F Ratio 
Model 5 2831588914 566317783 97.1 

Error 27 157507101 5833596 Prob > F 
Total 32 2989096015  <.001* 

Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t| 
Intercept 82765 715 116 <.001* 

*%',-(&.' 8079 569 14.2 <.001* 

*&',/(%/.' 5833 569 10.2 <.001* 

*%0'*&' 5510 697 7.90 <.001* 

*%0'*%' -8001 876 -9.13 <.001* 

*&0'*&' -2727 876 -3.11 .004* 

Note:  *%'= Chain extender content (wt%), *& = Residence time (min) 

         * indicates statistical significance at type I error (1) of 0.05 
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Table 4.3 Statistical analysis of'!# of modified PLA after melt-blending process 

Analysis of Variance  

Source DF Sum of Squares Mean Square F Ratio 
Model 5 4729330736 945866147 84.33 

Error 27 302822428 11215645 Prob > F 
Total 32 5032153164  <.001* 

Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t| 
Intercept 128013 992 129 <.001* 

*% (0,2) 10405 789 13.18 <.001* 

*&'(5,15. 7831 789 9.92 <.001* 

*%0'*& 6988 967 7.23 <.001* 

*%0'*%  -11546 1215 -9.50 <.001* 

*&0'*& 6.00 1215 0.00 .10 

Note:  *%'= Chain extender content (wt %), *& = Residence time (min) 

         * indicates statistical significance at type I error (1) of 0.05 

Table 4.4 Statistical analysis of !" of modified PLA after compression molding process 

Analysis of Variance 

Source DF Sum of Squares Mean Square F Ratio 

Model 5 14587000000 2917500000 190.4 

Error 27 413675828 1532132 Prob > F 
Total 32 15001000000  <.001* 

Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t| 
Intercept 106053 1159 91.5 <.001* 
x1 (0,2) 25527 922 27.7 <.001* 
*& (5,15) 3163 922 3.43 .002* 

x1*'*& 3017 1130 2.67 .013* 
x1* x1  -16998 1420  -12.0 <.001* 
*&0'*&  -2217 1420  -1.56 0.13 

Note:  *%'= Chain extender content (wt%), *& = Residence time (min)    

           * indicates statistical significance at type I error (1) of 0.05 
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Table 4.5 Statistical analysis of !# of modified PLA after compression molding process 

Analysis of Variance 

Source DF Sum of Squares Mean Square F Ratio 

Model 5 24399000000 4879900000 186 

Error 27 706466518 26165427 Prob > F 
Total 32 25106000000  <.001* 

Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept  163297 1515 107 <.001* 

*%'(0,2)  31510 1206 26.1 <.001* 

*& (5,15)  4633 1206 3.84 .007* 

*%0'*&'  3156 1477 2.14 .042* 

*%0'*%'  -26323 1855  -14.19 <.001* 

*&0'*&'  -2591 1855  -1.40 .17 

Note:  *% = Chain extender content (wt %), *&'= Residence time (minute) 

         * indicates statistical significance at type I error (α) of 0.05 

The interaction effects of the Cex content and residence time for the melt blending 

process on the molecular weight properties were determined by plotting surface response 

curves. The 3D surface curves and 2D contour plots from the interactions obtained from the 

two thermal processes are shown in Figures 4.4 and 4.5. The horizontal axes show the 

independent variables, whereas the vertical axis represents the predicted response of the 

!" and !#2 The unshaded area in the contour plots is the intersection of the desirable 

response values showing that the maximum response of the !"'and !#'could be reached 

at the combination of the higher Cex content and reaction time.'

'

'
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Figure 4.4 (a) 2D contour and (b) 3D response surface plots of the effects of chain 

extender content and residence time on !" and !# after melt blending process. 
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Figure 4.5 (a) 2D contour and (b) 3D response surface plots of the effects of chain extender 

content and residence time on !" and !# after compression molding process 
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4.1.3 Optimization of molecular weight properties  

 The !" and !# were simultaneously evaluated and maximized to quantify the 

optimized conditions of the two processes using a desirability function. As shown in Figure 

4.6, for the melt blending process, a maximum !" of 91622 ± 2220 Da and !# of 

142373 ± 3078 Da were achieved with a Cex content of 1.80 wt%. When the compression 

molding step was applied, the optimum of Cex content was determined as 1.74 wt%, which 

provided the maximum !" of 118812± 3491 Da and !# of 176579± 4562 Da. For both 

methods, the optimum conditions were reached at a residence time of 15 min which was the 

upper boundary of the experimental design. It is apparent that with higher Cex content, the 

reaction needs a longer reaction time to achieve the optimal average molecular weight. 

 

Figure 4.6 Optimum condition and responses of !" and !# measured after (a) melt blending 

and (b) compression molding using the desirability function. 
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4.1.4 Additional experiments to expand the prediction of the residence time 

As reported in the optimization study, the optimal Cex content for processing the 

modified PLA using melt blending and compression molding processes was determined as 

1.74 wt%. This concentration was adjusted to 1.5 wt% due to concerns about processability 

of modified PLA with a high concentration of Cex. This issue was mentioned by Frenz et al. 

[4] where they found that a high concentration of chain extender can cause materials to be 

highly cross-linked and impossible to be processed.  

The modified PLA with 1.5 wt% chain extender was processed with an expanded 

range of residence time for the purpose of achieving the highest possible !" and !# after 

compression molding process and the optimum residence time. The molecular weight of 

PLA with 1.5 wt% Cex at three levels of residence time, 5, 10, and 15 min, was predicted 

from the previous experimental models as shown in Table 4.6. The additional experimental 

runs were processed at residence times of 15, 20, and 25 min. The result obtained from 

each condition is presented in Table 4.7. 

Table 4.6 The predicted !" and !# of PLA-Cex after compression molding process at the 

residence time of 5, 10, and 15 min  

Chain extender,  

wt% 

Residence time, 

min 

The predicted average molecular weight  

!", Da !#, Da 

1.5 5 107678 ±  3298 163670 ±  4311 

1.5 10 114567 ±  2321 172472 ±  3033 

1.5 15 117022 ±  3298 176091 ±  4310 
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Table 4.7 The experimental !" and !# of PLA-Con and PLA-Cex after compression molding 

process of the additional runs processed at the residence time of 15, 20, and 25 min 

Chain extender,  

wt% 

Residence time, 

min 

The experimental average molecular weight  

Mn, Da Mw, Da 

0 15 66587 ±  358 98567 ±  273 

0 20 65071 ±  454 98546 ±  442 

0 25 61956 ±  1772 93275 ±  4242 

1.5 15 118671 ±  2076 170692 ±  3395 

1.5 20 123813 ±  998 169055 ±  448 

1.5 25 120990 ±  1201 168931 ±  1164 

The predicted and experimental molecular weight properties were plotted as a 

function of residence time (Figure 4.7). The result indicates that the quadratic model well 

represents the actual data given a )& of 0.77 for the !" and 0.56 for the !#. To clarify a 

well-fitting regression, the predicted against actual plots and the residue plots of the !" and 

!#'were performed as shown in Figure 4.8, which represents a good fit to the experimental 

data. The statistical analysis of !" and !#'shown in Table 4.8 can be interpreted that the 

non-significant lack-of-fit of both variables (P > .05) indicated that the fitted quadratic models 

were adequate to predict the data. Additionally, the quadratic terms of both !"'and !#'were 

significantly different showing that the curvature of the molecular weight response occurred 

in the range of the additional residence time. 

 

 

 

  



 72 

 

Figure 4.7 Predicted and experimental data of (a) !" and (b) !# vs. residence time 

 
Figure 4.8 Graphical residual analysis: the predicted against actual plots and the residual 

plot of (a) !" and (b) !# 
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Table 4.8 Statistical analysis for !"'and !# of modified PLA with 15 wt% Cex 

Term "$! "#!

Intercept 109389* 173174* 

Residence time 632* 21.34 

(Residence time-15) 2  -51.4*  -88.8* 

R2 0.77* 0.56 

ANOVA, Prob > F  <.001* .002* 

Lack of fit, Prob > F 0.14 0.49 

* indicates statistical significance at type I error (1) of 0.05 

In this processing method, the chain extension reaction took place during the melt 

blending and also during the compression molding process. Therefore, increasing the 

residence time in the melt blending process can prolong the reaction time and allow the 

reactive epoxy groups to react with the PLA end-chains. Figure 4.7 demonstrates that at 

the residence time of 5–15 minutes, the increment of !" and !# increased, but after that, 

they slightly decreased. As mentioned, the higher amount of Cex needed a longer thermal 

process time to be stabilized. However, after the chain extension, the extended molecular 

length could restrict the accessibility of the chain ends to connect with epoxy functional 

groups in the reactive sites. Therefore, the free ends could not react with Cex and increase 

the molecular weight. Moreover, degradation of PLA could also be generated by random 

chain scission reactions and accelerated due to heat accumulation and increased viscosity 

with the incorporation of chain extender [3,5]. As a result, the !"'and !#'apparently dropped 

at the residence time between 20 and 25 minutes. The optimal residence time was estimated 

to simultaneously enhance the greatest !" and !# of PLA–Cex. Figure 4.9 shows the 

optimal condition achieved at the residence time as 16.73 min. The estimated !" and !#'

were estimated as 119814± 1757 Da and 173265± 2312 Da, respectively.   
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Figure 4.9 The optimum condition of the !" and !# of modified PLA using the desirability 

function 
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4.2 Processing condition for cast film extrusion of modified PLA 

PLA–Cex film was produced using the casting method with selected Cex 

concentration of 1.5 wt%. The efficiency of the chain extension reaction was influenced by 

the thermal conditions of the processing method as mentioned in Section 4.1. To process 

PΩLA–Cex film to be as efficient as possible, the residence time distribution was considered 

by varying the screw speeds (10, 20, and 40 rpm). In general, the duration that the polymer 

stays inside an extruder mixing and reacting with chain extender increases when the screw 

speed is reduced. The molecular weight determination was used to select the appropriate 

experimental condition. 

The !" result of PLA–Con and PLA–Cex obtained from each screw speed condition 

is shown in Figure 4.10 representing the effect of the residence time on the degradation of 

PLA–Con and the chain extension reaction of PLA–Cex. The molecular weight of PLA 

significantly increased with the addition of Cex. By decreasing screw speeds of 40, 20, and 

10 rpm, the !" of PLA–Cex increased to 177084 ± 642,187721 ± 1031, and 187939 ± 1913 Da, 

respectively. However, the !" values of PLA–Cex produced with the screw speeds of 10 

and 20 rpm were not significantly different. In this case, it could be attributed to the higher 

degradation of PLA chains in the unreacted regions corresponding to the noticeable 

decreasing of !" of PLA–Con processed at the longer residence time. Therefore, the PLA–

Cex produced with the screw speed of 20 rpm was selected for further processing to study 

the properties and also the effect on hydrolytic degradation because when produced at lower 

speeds, the inconsistent flow of material could cause problems in processing.  
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Figure 4.10 !"'of PLA–Con and PLA–Cex film processed with screw speed at 40, 20 and 

10 rpm. Values with different lowercase letters represent statistically significant differences 

(P < 0.05; Tukey’s HSD) of !". 

4.3 Initial characterization of the modified PLA with the chain extender 

 Thermal properties 

The thermal gravimetric analysis (TGA/DTA) of PLA–Con and PLA–Cex was studied 

to measure the change in the weight (%) as a function of temperature representing the 

decomposition process, thermal characteristics and also predicted properties of the 

polymers. The TGA and DTG thermograms of PLA–Con and PLA–Cex are shown in Figure 

4.11. The curve of PLA–Con showed an initial temperature of decomposition (67) at 260°C, 

whereas the 67'of PLA–Cex was found at a lower temperature of 253°C. The temperatures 

of maximum weight loss (684*) of PLA–Con and PLA–Cex were 366°C and 363°C, 

respectively. Although the TGA curves of both samples were very similar, this reduction 

could be evidence that the incorporation of Cex into PLA could achieve long branched 

structures contributing to an increase in chain mobility. Therefore, the thermal stability of 
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PLA slightly decreased when reacted with the chain extender, which is in general agreement 

with previous studies [6–8]. Baimark and Cheerarot [7] studied the effect of chain extension 

on the thermal stability of PLA and explained that the architecture of PLA had a significant 

impact on the thermal stability. The modified PLA with a higher ratio of Cex presented a 

greater degree of branching structures exhibiting lower thermal stability compared to the 

linear long molecular chains of PLA–Con. 

 
Figure 4.11 Thermal stabilities of PLA–Con and PLA–Cex: a) TGA thermogram b) DTG 

thermogram  

W
ei

gh
t, 

%
 

D
er

iv
at

iv
e 

w
ei

gh
t, 

%
/ °

C
 

Temperature, °C 

(a) 

(b) 



 78 

The effect of the chain extender on the thermal properties of PLA was also examined 

using differential scanning calorimeter (DSC). The second scan of the heating curves of 

PLA–Con and PLA–Cex are shown in Figure 4.12, and the thermal properties, 69('6:'('68, 

and ;$<'  are shown in Table 4.9. 6:'and 69'of the PLA–Con and PLA–Cex were not 

significantly different. The decrease in the 68' indicates that the presence of long chain 

branches of PLA–Cex can affect the packing efficiency and cause the formation of imperfect 

crystal morphologies compared to the neat PLA [9,10]. The initial degree of crystallinity does 

not show any difference. Moreover, it can be assumed that both samples were entirely 

amorphous.  

 

Figure 4.12 DSC thermograms of PLA–Con and PLA Cex (the 2nd heating scan).  

Table 4.9 Thermal properties of the second heat scan of PLA–Con and PLA–Cex films 

Samples 6:, °C' 69, °C' 68, °C' $9(;'
PLA–Con 60.8 ±   0.2a 127.1 ±  0.4a 150.7 ±  0.2a 0.1 ±  0.1a 
PLA–Cex 61.0 ±   0.3a 125.4 ±  0.9a 149.5 ±  0.2b 0.1 ±  0.1a 

Values with different lowercase letters represent statistically significant differences 

(P < 0.05; Tukey’s HSD). 
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 Mechanical properties  

The mechanical properties of PLA–Con and PLA–Cex film were evaluated by tensile 

testing measured in the machine direction. Figure 4.13 compares the strain-stress curves 

of PLA–Con and PLA–Cex while Table 4.10 reports the Young’s modulus, tensile strength 

and elongation at break. PLA–Con clearly presents a brittle behavior showing poor 

elongation at break of around 2%. The tensile stress and the Young’s modulus were 

approximately 49 MPa and 2.8 GPa, respectively. This behavior results from the lack of 

energy absorbing capability of PLA, which cannot dissipate the kinetic energy during 

deformation and the lack of the chain entanglement during the crack propagation [11]. 

Addition of the chain extender significantly increased the elongation at break to ~108%, 

average tensile stress of 62 MPa and the Young’s modulus of around 3.62 GPa. This 

indicates that the higher molecular weight and branched molecular chains produced with the 

presence of chain extender enhance the tensile strength and toughness of PLA–Cex.  

Table 4.10 Mechanical properties of PLA–Con and PLA–Cex films 

Samples Modulus, GPa Tensile stress, MPa Elongation at break, % 

PLA–Con 2.8 ±  0.1a 49.1 ±  0.7a    2.3 ±   0.1a 

PLA–Cex 3.6 ±   0.1b 62.2 ±  9.9b 108.5 ±  16.1b 

Values with different lowercase letters represent statistically significant differences 

(P < 0.05; Tukey’s HSD). 
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Figure 4.13 Tensile properties of PLA–Con and PLA–Cex 

 Dynamic mechanical analysis 

Dynamic mechanical analysis (DMA) is a general technique to measure the thermal 

transition of materials under a mechanical stress which relates to the internal motions of the 

molecules of polymers. In this study, the PLA film was tested in both dry and wet conditions 

to investigate the initial 6: and also the 6: of film while immersed in water and in 50% ethanol. 

The 6:'was determined as the temperature at which the tanδ value reaches a maximum. As 

reported in Table 4.11, the initial 6:'of PLA–Con was 61.1± 0.5 °C and PLA–Cex was 

60.4± 0.5 °C, which were not significantly different. Additionally, there was no difference in 

6:'measured by DSC and DMA under dry conditions as shown in Table 4.9. 

Figures 4.14 and 4.15 represent the tanδ curves of PLA–Con and PLA–Cex 

immersed in water and in 50% ethanol, respectively. Table 4.11 shows that the 6: values of 

the films immersed in water decreased to approximately 53 °C for PLA–Con and 54°C for 

PLA–Cex due to the plasticization effect of the water penetrating the polymer matrix and 

making the molecular chains more flexible. The 6:'of PLA–Con immersed in 50% ethanol 

decreased to 37 °C due to the stronger plasticization effect of ethanol solution compared to 

water. For PLA–Cex film immersed in 50% ethanol, the peaks of tanδ curve'appears at two 
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temperatures of approximately 50 °C and 38 °C indicating the existence of two phases. The 

relaxation at the higher temperature, which is the main peak, affected the 6:'of the fraction 

PLA incorporating the chain extender, while the lower temperature locating near 6:'of PLA–

Con representing the 6:'of the neat PLA fraction. 

Table 4.11 The 6: of PLA–Con and PLA–Cex films from DMA under the dry and wet 

conditions (water and 50% ethanol) 

solution PLA–Con, oC PLA–Cex, oC 

- 61.1 ± 0. 5Aa 60.4 ± 0.5 Aa 

pure water 52.9 ± 0.4 Ba 53.7 ± 1.2  Ba 

50% 

ethanol 
36.8 ± 0. 8Ca 

38.0 ± 0.3Ca (the 1st peak) 

50.3 ± 0. 3Db (the 2nd peak) 

The values within a column followed by the same uppercase letters and the values within a 

row followed by the same lowercase letters are not significantly different (a=0.05). 

 
Figure 4.14 The thermal transition of PLA–Con and PLA–Cex immersed in water obtained 

from DMA under wet conditions 
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Figure 4.15 The thermal transition of PLA–Con and PLA–Cex immersed in 50% ethanol 

obtained from DMA under wet conditions 

4.4 Hydrolytic degradation study of control and modified PLA 

The effect of temperature on the degradation of modified PLA with chain extender 

was studied in two kinds of media, water and 50% ethanol. The hydrolysis experiments were 

designed to be carried out  the selected temperature ranges related to the'6:'of the samples. 

According to the result obtained from DMA, 6:'of PLA–Con and PLA–Cex films immersed in 

water were approximately 52.9 °C and 53.7 °C, respectively. Therefore, the experiments 

were set at 40 °C, which represented a temperature condition lower than 6:, and at 60, 75, 

85, and 95'°C for the temperature conditions above 6:. When PLA was immersed in 50% 

ethanol, the 6:'values decreased to 36.8 °C for PLA–Con, and 38.0 and 50.3 °C for PLA–

Cex. The hydrolysis in 50% ethanol was conducted at temperatures of 50, 60, 75 and 85 °C 

which are assumed to be conditions above 6:. Visual images during hydrolytic degradation 

in water at 75 °C of PLA–Con and PLA–Cex film are presented in Figure A.1, Appendix A 

as an example for the comparison of the structure change between both samples. 
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 The pH and crystallinity variation during the hydrolytic degradation 

The hydrolytic degradation in water and in 50% ethanol was conducted at neutral pH. 

During the hydrolysis, the acidic degradation products were formed from the chain scission 

reaction of PLA chain had an effect to decrease the pH inside PLA matrix, then released to 

outside of the surface and the media solution. The pH variation of the hydrolysis media was 

monitored as a function of time as shown in Figures 4.16 and 4.17. The initial pH values of 

the water at different hydrolysis temperature conditions were measured to be 7.48–8.16 due 

to the hydrolysis temperature could plays a significant role on pH measurement. As seen in 

Figures 4.16, the pH measured over the hydrolysis at 40 °C varied between 7.09 and 7.87 

for PLA–Con and 7.72 and 8.42 for PLA–Cex. For temperatures above 6:, the initial pH 

rapidly dropped and reached a plateau value at about 3.06 for PLA–Con and 3.25 for PLA–

Cex. These terminal pH values corresponded to the pKa of lactic acid oligomers reported as 

3.86 at 25 °C [12–14].  In comparison, the pH of water measured from the water-mediated 

hydrolysis of PLA–Cex proceeded slightly slower than PLA–Con. A similar result was 

obtained from the hydrolysis in 50% ethanol. The initial pH of 50% ethanol was measured 

as 7.44–7.60 and finally reached the values of 3.63 and 2.99 for PLA–Con and PLA–Cex, 

respectively. 
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Figure 4.16 pH variation during hydrolytic degradation in water (a) PLA–Con and (b) PLA–

Cex. Markers (◼, ★) indicate the pH values and lines (– - –) indicates fitted points at the 

average values.  

 
Figure 4.17 pH variation during hydrolytic degradation in 50% ethanol (a) PLA–Con and 

(b) PLA–Cex Markers (�,	p) indicate the pH values and lines (– - –) indicates fitted points 

at the average values. 
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The DSC technique was used to determine the thermograms and variation of 

crystallinity of the PLA film during the hydrolytic degradation process. Figures 4.18–4.20 

show the thermograms of PLA–Con and PLA–Cex from the first heating cycle to investigate 

the structural changes during the common chain scission-induced crystallization process. 

The 68 and 69 were determined from the endothermic melting peaks and the exothermic 

cold-crystallization peak, respectively. The thermograms of PLA film exposed to hydrolysis 

at 40 °C represented the temperature condition below 6: shown in Figures 4.18. The 69 of 

PLA film before degradation decreased with the presence of chain extender while the 68('

which indicated the thermal stability of the crystalline structure, occurred at a similar location. 

When PLA experiences hydrolytic degradation, 69'tends to decrease for several reasons 

such as an increase in the segmental mobility of the hydrolyzed molecular chains, and an 

occurrence of local crystalline structures, which can facilitate the nucleation and crystal 

growth during the heating scan [15]. The existence of double peaks of 68'were shown in 

PLA–Con film, which could be attributed to the difference in crystal structures, crystal 

perfection and the thickness of lamellas [16] whereas 68'of PLA–Cex exhibited as one peak 

over the hydrolysis process indicating less mobility and mode of crystallization may be due 

to the longer chains. Figures 4.19 and 4.20 show the thermograms of PLA–Con and PLA–

Cex during hydrolysis at 75 °C in water and in 50% ethanol, respectively, selected as 

examples for the high hydrolytic degradation temperature conditions. Similar trends of 68'

were observed from both thermograms. Unlike the degradation at low temperature, 69'of 

hydrolyzed PLA during hydrolysis at 75 °C disappeared in the first heating scan as can be 

seen in Figures 4.21 and 4.22. 
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Figure 4.18 Thermograms of PLA–Con and PLA–Cex film during hydrolytic degradation in 

water at 40 °C 
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Figure 4.19 Thermograms of PLA–Con and PLA–Cex film during hydrolytic degradation in 

water at 75 °C 
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Figure 4.20 Thermograms of PLA–Con and PLA–Cex film during hydrolytic degradation in 

50% ethanol at 75 °C 
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The crystalline volume fraction ($9) of the samples during the hydrolysis in water and 

50% ethanol calculated from Eq. (3.6) are illustrated in Figures 4.21 and 4.22. The 

crystalline volume fraction after immersion in 40°C water increased from 1.2% to 14.5% at 

245 days for PLA-Con and from 1.1% to 12.7% for PLA-Cex during the hydrolysis, as shown 

in Figure 4.21. For the hydrolysis at the higher temperature, the crystallinity was 

considerably increased and reached approximately 63.7–73.3 % and 57.2–76.6% for the 

PLA–Con and PLA–Cex, respectively. Similar results were found in the experiments in 50% 

ethanol plotted in Figure 4.22. The $9 values of the PLA–Con and PLA–Cex reached 

approximately 56.2–76.2% and 47.7–56.5% respectively. The degree of crystallinity of the 

hydrolyzed PLA was significantly increased during the chain scission process due to the 

extra mobility of the molecular chains to form the crystalline structure.  

The amorphous regions are more susceptible to hydrolytic degradation than the 

crystalline regions. Therefore, as the hydrolysis time increases, the crystallinity induced from 

the chain scission had a significant effect on the degradation process. When the molecular 

weight of PLA chain reduces to approximately 4 kDa which is assumed as a solubility limit 

of PLA oligomer [17,18], the amorphous phase could dissolve first and leave the crystalline 

residues remaining in the matrix. The Avrami equation was applied to estimate crystallization 

processes during the hydrolytic degradation. The $9 values of the degraded samples with 

the average !" less than 4 kDa, represented in symbols (à), were excluded from the 

parameter estimation because they could overestimate the crystallization process during 

hydrolytic degradation. 
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(a)  

(b)  

Figure 4.21 Variation of the crystalline volume fraction ($9) of (a) PLA–Con and (b) PLA–

Cex film during hydrolytic degradation in water at 40, 60, 75, 85, and 95 °C. Symbols (à) 

represent the $9 values of the PLA film with the average !" less than 4 kDa. 
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(a)  

(b)   

Figure 4.22 Variation of the crystalline volume fraction ($9) of (a) PLA–Con and (b) PLA–

Cex film during hydrolytic degradation in 50% ethanol at 50, 60, 75, and 85 °C. Symbols (à) 

represent the $9 values of the PLA film with the average !" less than 4 kDa. 
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 MWD and deconvolution of MWD of PLA 

Figures 4.23 and 4.24 show the series of MWDs of PLA–Con and PLA–Cex exposed 

to hydrolytic degradation in water at various temperatures, respectively. As seen in all MWD 

profiles, when the degradation time increased, the MWD profiles shifted to the left side 

representing the increasing of the smaller molecular chains due to chain scission 

degradation. From a visual comparison between the series of MWDs of PLA–Con and PLA–

Cex, it can be noticed that the shift of molecular weight distribution curves of PLA–Cex 

toward lower molecular weight was slower compared to ones of PLA–Con. 

The MWD of the polymer contains a number of the polymer chains with unequal 

lengths. During the degradation, the MWD curves gradually broadened and then changed 

from a monomodal into a bimodal or a multimodal distribution. When the MWD transforms 

into multimodal shape, it can imply that there is a mixture of two or more separating 

populations. Many studies explain that the multimodal distribution apparently found at the 

late stage of hydrolysis can be developed from the crystal residues forming during the chain 

scission reaction and remaining stable while the amorphous fraction hydrolyzed [19–21].  A 

deconvolution technique was performed to assess the main population of the molecular 

chains to evaluate the average molecular weight which represented the properties of the 

modified PLA. Figure 4.27 shows examples of the initial MWD and deconvolution of MWD 

of PLA–Con and PLA–Cex film. The distribution curve of PLA–Cex shifted to a higher 

molecular weight and also showed a bimodal distribution with a little shoulder peak due to 

the increase of molecular chains and the presence of long chain branches of modified PLA.  
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Figure 4.23 MWD of PLA–Con film during hydrolytic degradation in water at (a) 40, (b) 60, 

(c) 75, (d) 85, and (e) 95 °C 

 



 94 

 

Figure 4.24 MWD of PLA–Cex film during hydrolytic degradation in water at (a) 40, (b) 60, 

(c) 75, (d) 85, and (e) 95 °C 
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Figure 4.25 MWD of PLA–Con film during hydrolytic degradation in 50% ethanol at (a) 50, 

(b) 60, (c) 75, and (d) 85 °C 
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Figure 4.26 MWD of PLA–Cex film during hydrolytic degradation in 50% ethanol at (a) 50, 

(b) 60, (c) 75, and (d) 85 °C 
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Figure 4.27 The initial MWD and deconvolution of MWD of (a) PLA–Con and (b) PLA - Cex 

before the hydrolytic degradation 

Figures 4.28 and 4.29 show examples of deconvolution of MWD series of PLA–Con 

and PLA–Cex films during hydrolytic degradation in water at 60°C. The MWD of PLA–Con 

films after hydrolytic degradation at 0 and 96 h could be considered close to a normal 

distribution curve, so that only one main peak was obtained from the deconvolution. Later 

after the hydrolytic degradation proceeded, distortion from the symmetrical curve was 

observed and it developed into a multi-modal distribution. The deconvolution of MWD curves 

of PLA after 168 h was needed to determine the subpopulations of PLA chains shown in 

Figure 4.28b – f. For PLA–Cex films, the deconvolution of MWD curves was used to 

determine the molecular weight of subpopulations since the beginning of the degradation 

shown in Figures 4.27 and 4.29. Furthermore, the series of MWD indicate that the 

distribution profiles of PLA–Cex at all temperatures moved to the lower !"'slower than the 

ones of PLA–Con. Therefore, it can be preliminarily concluded that the chain extender 

effects on delaying the hydrolytic degradation of PLA films. 

(a) 

(b) 
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Figure 4.28 Deconvolution of MWD of PLA–Con films during the hydrolytic degradation in 

water at 60°C:(a) 96 h, (b) 168 h, (c) 336 h, (d) 504 h, (e) 720 h, and (f) 1080 h. ( ¾ ) Lines 

represent the MWD curves obtained from GPC, (---) lines correspond the main peak fitting, 

and (…) lines represent the other fitted curves with smaller peak area. 
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Figure 4.29 Deconvolution of MWD of PLA - Cex films during the hydrolytic degradation in 

water at 60 °C:(a) 96 h, (b) 168 h, (c) 336 h, (d) 504 h, (e) 720 h, and (f) 1080 h. ( ¾ ) Lines 

represent the MWD curves obtained from GPC, (---) lines correspond the main peak fitting, 

and (…) lines represent the other fitted curves with smaller peak area. 
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 Hydrolytic degradation study of modified PLA–Cex  

4.4.3.1 Molecular weight variation and estimation of the rate constant of hydrolysis 

using first order reaction 

!" values of PLA during hydrolytic degradation were obtained from the main peak of 

the deconvolution of MWDs. To predict the pathway of the hydrolysis of PLA, a first order 

fitting was used to establish the relationship of'!" as a function of hydrolysis time. Figures 

4.30–4.31 show the reduction of !" of PLA–Con and PLA–Cex over hydrolysis time in water'

at 40, 60, 75, 85 and 95 °C and in 50% ethanol at 50, 60, 75 and 85 °C, respectively. 

Temperature obviously showed a significant effect on the reduction of !". For the hydrolytic 

degradation at 40 °C in water, PLA–Con film of molecular weight of approximately 106 kDa 

slowly degraded to 12 kDa and PLA–Cex degraded from 190 kDa to 28 kDa after 245 days. 

At the highest temperature condition of 95 °C, the !" of PLA–Con and PLA–Cex were 

entirely degraded to around 3 kDa and 9 kDa after 72 hours. This indicates that the higher 

the temperature, the faster the degradation. Meanwhile, the comparison of pathways 

between PLA–Con and PLA–Cex of each temperature is shown in Figures 4.32–4.33. The 

chain extender has a significant effect on increasing the initial !" of PLA–Cex. Moreover, 

the !" values of PLA–Cex at the middle stages of the hydrolytic degradation process'were 

higher than ones of PLA–Con. However, at the terminal stage of the hydrolytic reaction, the 

!" values of PLA–Cex and PLA–Con tend to level off beyond approximately 3-5 kDa at 

which PLA molecules became soluble in water.  
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(a)  

(b)  

Figure 4.30 !"'as a function of time during hydrolytic degradation in water at 40, 60, 75, 85, 

and 95 °C: (a) PLA–Con and (b) PLA–Cex 
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(a)   

(b)   

Figure 4.31 !"'as a function of time during hydrolytic degradation in 50% ethanol at 50, 60, 

75, and 85 °C: (a) PLA–Con and (b) PLA–Cex 
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Figure 4.32 Comparison of !"'as a function of time during hydrolytic degradation of PLA–

Con and PLA–Cex in water at (a) 40, (b) 60, (c) 75, (d) 85, and (e) 95 °C 
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Figure 4.33 Comparison of !"'as a function of time during hydrolytic degradation of PLA–

Con and PLA–Cex in 50% ethanol at (a) 50, (b) 60, (c) 75, and (d) 85°C 
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 Table 4.13 shows the rate constants calculated using the first order reaction equation 

(Eq. 3.8). The rate of hydrolytic degradation (=%>5, h-1) of PLA–Cex was lower than that of 

PLA–Con at all temperatures. The presence of chain extender in the PLA matrix significantly 

enhanced PLA’s stability during the hydrolytic degradation. Additionally, the =%>5'values of 

the two materials increased with increasing temperature. The =%>5 value of hydrolysis at the 

temperature of 60, 75 and 85 °C were used to compare the effect of the media. The 

hydrolysis of PLA–Con in 50% ethanol at 60 and 75 °C were faster than in contact with 

water, but they were not significantly different when exposed in water at 85 °C. While the 

fragment hydrolysis of PLA–Cex in 50% ethanol was faster only at 60 °C, but significantly 

slower at 75 and 85 °C. Figure 4.34 shows =%>5 values of PLA–Con and PLA–Cex in both 

types of media increased exponentially with increasing temperature. The =%>5 values of PLA–

Cex were lower than ones of PLA–Con in all temperature conditions.  

Table 4.12 Rate constant (=%>5, h-1) of hydrolytic degradation of PLA–Con and PLA–Cex in 

water and 50% ethanol 

Temp Water 50% Ethanol 

(°C) PLA - Con PLA - Cex PLA - Con PLA - Cex 

40 0.00039± 0.00001Aa 0.00030± 0.000 01Ab - 

50 - 0.0032± 0.0001 Aa 0.0015± 0.0001Ab 

60 0.0075± 0.0003 Bb 0.0035± 0.0001 Bd 0.0081± 0.0002 Ba 0.0047± 0.0001 Bc 

75 0.0249± 0.0009 Cb 0.0175± 0.0004 Cc 0.0307± 0.0015 Ca 0.0129± 0.000 7Cd 

85 0.0470± 0.00 20Da 0.0290± 0.001 2Db 0.0452± 0.0016Da 0.0209± 0.0009Dc 

95 0.0673± 0.0029 Ea 0.0353± 0.0017 Eb - 

The values within a column followed by the same uppercase letters and the values within a 

row followed by the same lowercase letters are not significantly different (a=0.05).  
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Figure 4.34 Rate constant (=%>5) of hydrolytic degradation of PLA–Con and PLA–Cex in 

water and 50% ethanol as a function of temperature 

 The first order reaction has been acceptable for modeling kinetic mechanism for 

Polyester hydrolysis [22]. However, it was assumed that the concentration of the ester bonds 

remains constant throughout the hydrolytic experiment. In fact, the semi-crystalline polymer 

matrix is composed of the crystalline and amorphous phases. As the chain scission reaction 

proceeded, the amorphous phase with higher mobility can rearrange and form into 

crystallites. Moreover, in the amorphous phase, there is a combination of the different size 

of molecules as identified from the molecular weight distribution. The long polymeric chains 

are hydrolyzed to shorter chains and finally to soluble oligomers. Thus, the concentration of 

ester bonds available for hydrolysis decreases with an increase in the degradation time. 

Therefore, in order to have a better understanding, the hydrolytic degradation model has to 

be modified by considering the change in the concentration of ester bonds.  
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4.4.3.2 Molecular weight variation and estimation of the rate constant of hydrolysis 

using a reference model for hydrolytic degradation 

The result obtained from the hydrolytic degradation was determined using the 

mathematical model proposed by Pan [23]. The simplified hydrolytic degradation model 

shown in Eq. (3.9)–(3.10) was used to determine the rate constant for the auto-catalytic 

degradation. Table 4.13 shows the parameters used to fit the model.  

Table 4.13 Parameters used in the model to fit the experimental data  

Material parameters* 

'?@AB' (g cm-3) 1.24 

'?<CD>54E' (g cm-3) 1.36 

$9-' - 0.01 

<F-' (mol m-3) 1.72×104 

𝜔' (mol m-3) 1.89×104 

<GE-' (mol m-3) CE0×10-12 

𝛼' - 0.4 

𝛽' - 

 

 

1 

8' - 4 

"' - 0.5 

HG5I: See Section 3.2.9 for the description of each parameter. 
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Figures 4.35–4.42 show the examples of the variation in polymer chains during the 

hydrolytic degradation of PLA–Con and PLA–Cex in water and 50% ethanol at 60 °C 

obtained from the reference model. During the hydrolytic degradation, the reduction of !" 

and the increase in $9 of PLA film were tracked over hydrolysis time. The !"'was expressed 

in the normalized form while the change in $9 was  estimated by the Avrami equation2 Figure 

4.35 shows the fitting between the model and variation of !" and $9 of PLA–Con immersed 

in water. The crystals, which were formed and gradually grew, were assumed to not be 

subject to hydrolysis. For the amorphous phase, which can be degraded and crystallized, it 

can be separated into two constituents, the long molecular chains and the short molecular 

chains. As the chain scission proceeded, the total number of ester units of the long chains 

(<F) decreased, while the total number of ester units of the short chains (<GE) increased as 

shown in Figure 4.36. Figures 4.37 and 4.38 show the fitting between the model and 

variation of !" and $9 of PLA–Cex and the prediction of the <F and <GE'of PLA–Cex at the 

same condition, which illustrates the different number of ester units and the total number of 

chain scissions, respectively. For the hydrolysis of PLA–Con the <F dropped below zero 

before the final stage of the experiment. This phenomenon indicates that part of a crystalline 

region was dissolved and degraded at the late stage of hydrolysis [24]. The total number of 

chain scissions was stable at the late stage of the experiment. For the hydrolysis of PLA–

Cex, the final <F decreased, while the <GE increased to approximately 4 kmol/m3, and the 

chain scission substantially proceeded after 45 days. For the hydrolysis in 50% ethanol, 

Figures 4.39 and 4.41 show the variation of !" and $9'with the model prediction, while 

Figures 4.40 and 4.42 show the prediction of the <F and <GE'during the hydrolysis of PLA–

Con and PLA–Cex, respectively. Similar results were observed from the samples immersed 

in 50% ethanol, but they occurred in shorter periods of hydrolysis time.  
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Figure 4.35 The normalized !"'and $9'of PLA–Con during the hydrolytic degradation in 

water at 60 °C 

 
Figure 4.36 Number of total ester units of all the polymer chains, long and short chains, and 

the total number of chain scissions of PLA–Con per unit volume during the hydrolytic 

degradation in water at 60 °C : (�, r) symbols correspond the <F and <GE'and'(– – –) line 

represents the )>. 
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Figure 4.37 The normalized !"'and $9'of PLA–Cex during the hydrolytic degradation in 

water at 60 °C 

 
Figure 4.38 Number of total ester units of all the polymer chains, long and short chains, and 

the total number of chain scissions of PLA–Cex per unit volume during the hydrolytic 

degradation in water at 60 °C : (£, X) symbols correspond the <F and <GE'and'(– – –) line 

represents the )> 
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Figure 4.39 The normalized !"'and $9'of PLA–Con during the hydrolytic degradation in 50% 

ethanol at 60 °C 

 
Figure 4.40 Number of total ester units of all the polymer chains, long and short chains, and 

the total number of chain scissions of PLA–Con per unit volume during the hydrolytic 

degradation in 50% ethanol at 60 °C:(O, r) symbols correspond the <F and <GE'and'(– – –) 

line represents the )> 
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Figure 4.41 The normalized !"'and $9'of PLA–Cex during the hydrolytic degradation in 50% 

ethanol at 60 °C 

 

Figure 4.42 Number of total ester units of all the polymer chains, long and short chains, and 

the total number of chain scissions of PLA–Cex per unit volume during the hydrolytic 

degradation in 50% ethanol at 60 °C:( (£, X) symbols correspond the <F and <GE'and'(– – –
) line represents the )>'
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The comparison between the model and experimental data for normalized !" of PLA 

of different hydrolysis temperatures in water and 50% ethanol are shown in Figures 4.43 

and 4.44. The model fit with the experimental data of !" obtained during the hydrolysis 

process by considering the chain scission-induced crystallization and the transition from the 

long molecules to the short chains. The estimated kdeg in the unit of molar concentration per 

unit of time (√mol m -3 h-1) obtained from the degradation model was converted to =$3I: with a 

simple rate constant unit of h-1 and shown in Table 4.14. The =$3I: obtained from this model 

was compared to the one obtained from =%>5 of the first order reaction model. In one sense, 

the result from both models could be interpreted in the same aspect that the temperature 

was one of the major factors in hydrolytic degradation. The PLA–Cex had a significant effect 

of decreasing the hydrolytic degradation process at a variety of temperatures. In this study, 

the characterization of chain morphology has not been investigated; however, it can be 

expected that the multifunctional epoxy chain extender could lead to a higher degree of 

branching and increase the molecular weight.  For the lower molecular weight molecules, 

they have a higher number of chains and also more chain ends, which increase the rate of 

end scission, accordingly, generating more monomers. Moreover, the epoxide-reactive 

group preferentially reacts with the carboxylic end. The modified PLA, therefore, has hydroxy 

free ends, which do not affect the autocatalytic degradation. The influence of hydrolytic 

media between water and 50% ethanol in the hydrolysis of PLA–Con was shown in a 

decrease in the 6: which affected the higher sorption of water in the 50% ethanol [19,25]. At 

low temperature, the hydrolysis in ethanol was faster than water. However, when PLA–Con 

was exposed to higher temperature, in this case at 85 °C, the effect of sorption became less 

significant. The 6: after immersion in 50% ethanol of PLA–Cex which was found slightly 

lower that one of water affected on increase in the rate at the only low temperature of 60 °C.  
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(a)  

(b)  

Figure 4.43 Normalized'!"'as a function of time during hydrolytic degradation in water at 

40, 60, 75, 85, and 95 °C: (a) PLA–Con and (b) PLA–Cex 
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(a)  

(b)  

Figure 4.44 Normalized' !"'as a function of time during hydrolytic degradation in 50% 

ethanol at 50, 60, 75, and 85°C: (a) PLA–Con and (b) PLA–Cex 
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The =$3I: was compared against the =%>5 presented in Table 4.12 and it was found that the 

=$3I: values obtained from each temperature conditions considerably increased compared to 

=%>5 due to the effect of crystallization induced during degradation except the hydrolysis of 

PLA–Cex at 40 °C which only approximately 12% crystallinity was formed after 245 days 

resulting in the less effect of crystallinity on the estimation of the rate constant.  

Table 4.14 Rate constant (=$3I:, h-1) of hydrolytic degradation of PLA–Con and PLA–Cex in 

water and 50% ethanol  

Temp 

°C 

Water 50% Ethanol 

PLA - Con PLA - Cex PLA - Con PLA - Cex 

40 0.00046 ±  0.00001Aa 0.00024 ±  0.00001Ab  -   -  

50  -   -  0.0044 ±  0.00004Aa 0.0017 ±  0.00005Ab 

60 0.0096 ±  0.0002Bb 0.0039 ±  0.0002Bd 0.0116 ±  0.0003Ba 0.0056 ±  0.0001Bc 

75 0.0336 ±  0.0006Cb 0.0158 ±  0.0005Cc 0.0497 ±  0.0021Ca 0.0153 ±  0.0008Cc 

85 0.0674 ±  0.0018Da 0.0296 ±  0.0005Dc 0.0701 ±  0.0010Da 0.0301 ±  0.0010Dc 

95 0.0952 ±  0.0019Ea 0.0349 ±  0.0012Eb  -   -  

The values within a column followed by the same uppercase letters and the values within a 

row followed by the same lowercase letters are not significantly different (a=0.05).  

 Figure 4.45 shows =$3I: of PLA–Con and PLA–Cex as a function of temperature. 

The curves of the =$3I: are slightly different compared to ones of =%>5'shown in Figure 4.34.. 

The higher =$3I: was observed in the hydrolysis in 50% ethanol over in water. 
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Figure 4.45 Rate constant (=$3I:) of hydrolytic degradation of PLA–Con and PLA–Cex in 

water and 50% ethanol as a function of temperature  

In this study, the effect of chain scission-induced crystallization and the production of 

short chain were considered in modeling of hydrolytic degradation using a two-phase model 

which polymers comprise crystalline and amorphous regions. Due to the hydrolysis 

preferentially occurs in the amorphous phase, the crystalline fraction increased during 

hydrolysis was assumed to be more resistant and cannot be hydrolyzed. In fact, the 

amorphous phase should be separated into two fractions, the mobile amorphous fraction 

(MAF) and the rigid amorphous fraction (RAF) according to the three-phase model theory 

[26,27]. The RAF exhibits different behaviors compared to the MAF depending on'the'6:'of 

RAF, which is located in the wide range between the 6:'of MAF and 68, difficult to examine 

[28]. In general, the formation of RAF, which can occur during isothermal crystallization, 

limits the mobility due to the fixation of parts of molecules with the crystalline phase [29,30]. 

The increase in RAF can restrict the diffusion and solubility of the permeant through PLA 

film and minimize the hydrolytic degradation, while at lower temperatures below its 6:, the 

RAF could behave in the opposite manner by enhancing the formation of microvoids and 
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increasing the free volume fraction [31,32]. In this study, the existence of the rigid 

amorphous phase has not been investigated, but it should be unquestionable that the 

formation of RAF could affect the hydrolysis of PLA.  

 Effect of temperature on the hydrolytic degradation of PLA 

The hydrolytic degradation of PLA is profoundly affected by temperature. As reported 

in the previous section, the hydrolysis rate of both PLA–Con and PLA–Cex was slow at low 

temperature and rose exponentially with temperature increase. The Arrhenius equation was 

used to determine the effect of temperature on the hydrolysis. The Arrhenius plots of ln(=%>5) 

and ln(=$3I:,) versus 1/T are shown in Figures 4.46 and 4.47( respectively. For the hydrolysis 

in water, the experiment conducted at 40°C which is lower than the 6:'of the samples,  E",=%>5. 

and E",=$3I:(. did not exhibit the same linear trendline as ones tested over the 6:. While all 

the hydrolysis condition in ethanol run at temperatures above 6: followed the Arrhenius 

behavior. Therefore, the result obtained from the hydrolysis at 60–95°C in water and at 50–

85°C in 50% ethanol were selected to determine F42'

'
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Figure 4.46 Arrhenius plots of natural logarithm of the rate constant (=%>5) versus the 

reciprocal temperature of hydrolytic degradation of PLA–Con and PLA–Cex in (a) water and 

(b) 50% ethanol: symbols (<,ê) represent the ln(=%>5), and'(– - –) line correspond the linear 

fit on Arrhenius plot and'(…) line represents the comparison linear trendline. 

 
Figure 4.47 Arrhenius plots of the rate constant (=$3I:) versus the reciprocal temperature of 

hydrolytic degradation of PLA–Con and PLA–Cex in (a) water and (b) 50% ethanol : symbols 

(<,ê) represent the ln(=%>5), and'(– - –) line correspond the linear fit on Arrhenius plot and'

(…) line represents the comparison linear trendline. 
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The determination of the F4  as described by the first order reaction rate constant 

used the reparameterization of the Arrhenius equation as shown in Eq. (3.12). Plots of the 

scaled sensitivity coefficient (SSC) of each condition (Figure B.1 and Figure C.1, Appendix 

B, C) indicated that the three parameters were uncorrelated. To eliminate the high 

correlations between F4  and =-, the 6CIJ value were determined as shown in Figure B.2 and 

Figure C.2, Appendix B, C. Then, the !"- , 	=CIJ , and F4  were estimated simultaneously 

shown in Table 4.15. The correlation matrix of the kinetic parameters of PLA–Cex after using 

6CIJ are presented in Tables B.1–B.2 and C.1–B.2, Appendix B, C. The F4 of PLA–Cex and 

PLA–Con were not significantly different. 

For the hydrolytic degradation process obtained from the Pan’s model, the 

determination of the F4 was evaluated using the slope of the Arrhenius plot. F4 values were 

calculated (see Table 4.16) and concluded that the estimated activation energy for the 

hydrolysis of PLA and PLA–Cex were not significantly different in both water and 50% 

ethanol. It can predict that the chain extender can slow the rate of hydrolytic degradation at 

all temperatures without altering the activation energy of the hydrolytic degradation. The 

molecular chain requires a similar amount of energy for the reaction to proceed; however, 

the change in molecular structure can delay the hydrolytic degradation.  
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Table 4.15 The reparameterization of the Arrhenius equation and the first order reaction  

Parameters 
Water 50% Ethanol 

PLA–Con PLA–Cex PLA–Con PLA–Cex 
6CIJ, °C 80.70 78.84 66.39 62.97 
!"-,	Da' 106740 ± 1240 196430 ± 3220 107080 ± 1580 177510 ± 5780 

=CIJ('h-1' 0.0324 ± 0.0008 0.0160 ± 0.0006 0.0126 ± 0.0005 0.0048 ± 0.0001 
F4, J/mol 63541 ± 1685A 65716 ± 2374A 72072 ± 1388B 73403 ± 1331B 
Values within a row followed by the same letters are not significantly different (a=0.05).  

Table 4.16 The estimation of the Activation energy using slope of the Arrhenius plot 

Parameters 
Water 50% Ethanol 

PLA–Con PLA–Cex PLA–Con PLA–Cex 
F4, J/mol 67924± 3007A 66266± 5161A 79043 ± 3508B 79485 ± 4003B 

Values within a row followed by the same letters are not significantly different (a=0.05).  

 Determination of the hydrolytic stability over a wide range of temperatures 

As shown in Figures 4.46–4.47, the hydrolytic degradation in water over the wide 

range of temperature condition from 40 to 95 °C did not obey the Arrhenius equation. An 

alternative approach to evaluating the effect of temperature around a range crossing 6: can 

be described with the Vogel-Tammann-Fulcher (VTF) model as described in Eq. (3.15). The 

6: values of PLA-Con and PLA-Cex (see Table 4.11) were determined using the DMA 

method under wet condition. The 6>'values used in the VTF equation for PLA-Con and PLA-

Cex calculated as 50 K below their 6:,52.9 and 53.7 °C, were 2.9 and 3.7 °C (276.1 and 

276.9 K), respectively. The linear relationship of ln =%>5 and 1/6-6> was observed in Figure 

4.48. The parameterized model of the first order reaction and the VTF model as shown in 

Eq. (3.16) were used to estimate'FK6L, which is the pseudo activation energy describing the 

effect of temperature over a wide range of experimental condition crossing the 6:. Then, the 

FK6L can be estimated to be about 2698 J/mol for PLA–Con and 2492 J/mol for PLA–Cex 

shown in Table 4.18. 
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Figure 4.48 VTF plots of the ln (=%>5) versus 1/ (6M6>) of PLA–Con and PLA–Cex in water  

Table 4.17 The parameterization of the first order reaction and the VTF equation 

Parameters' PLA–Con PLA–Cex 

6>, °C (K) 52.9-50 (276.1) 53.7-50 (276.9) 

6CIJ, °C (K)' 62.4 (335.6) 63.50 (336.7) 

!"-,	Da 107830±  892 196430± 2167 

=CIJ('h-1'  0.0101 ±  0.0002 0.0066 ± 0.0002 

FK6L, J/mol 2699± 19 2493± 27 

 

 

 

 

ln
 (=

%>
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 h
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1/ (6M6>), K-1 
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The VTF equation can be converted to the Williams-Landel-Ferry (WLF) equation 

giving in Eq. (3.17) using the estimated FK6L. C1 and C2 were calculated by Eq. (3.18) in 

order to obtain the shift factors (a6) to shift the experimental data at one temperature 

condition (6) to construct a master curve to predict the data at the temperature of interest 

(67). Figure 4.49 shows the EG:a6 as a function of 6. The symbols (<,ê) represent the EG:a6 

to shift the data at 6 of 40, 60, 75, 85, and 95 °C and the line (—) shows the WLF curves of 

shift factors of 6'from 40 to 95 °C for construct the master curves at the 67 of 40 °C. For this 

demonstration, the experimental data of 6 at 85 °C, which had been done in 7 days as shown 

in Figure 4.50a and Figure 4.51a for PLA–Con and PLA–Cex, respectively, were chosen 

for the reference data. The shift factors a6 were used to horizontally shift the experimental 

data at 85 °C to construct the master curves of 40°C shown in Figure 4.50b and Figure 

4.51b (for PLA–Con and PLA–Cex, respectively). The actual data of 40 °C was plotted to 

compare with the predicted data set which was found to be overlapped. See APPENDIX D 

for the example calculation to construct a master curve. The hydrolytic degradation in the 

accelerated degradation testing was used to predict the long-term hydrolytic degradation at 

the lower temperatures. It was found that PLA–Con and PLA–Cex would take approximately 

368 and 634 days, respectively, to degrade to the'!" of 4 kDa when the PLA oligomers are 

assumed to become soluble in water.  

 

 

 



 124 

 
Figure 4.49 WLF curves of shift factors of the hydrolytic degradation in which the 

temperature of interest was set at 40 °C: (a) PLA–Con and (b) PLA–Cex  

 

Figure 4.50 The demonstration of the master curve generating from the hydrolytic 

degradation of PLA–Con at 85 °C to predict the hydrolysis at 40 °C. (a) represents the actual 

experimental data (<) and predicted line (—) with 95%prediction interval (- — -) and (b) 

represents  the comparison between a master curve of 40 °C (—) with 95%prediction interval 

(- — -) shifted from the actual data at 85 °C and the actual experimental data at 40 °C (<). 

The line (—) shows the solubility limit of PLA oligomer. 

(a) (b) 
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Figure 4.51 The demonstration of the master curve generating from the hydrolytic 

degradation of PLA–Cex at 85 °C to predict the hydrolysis at 40 °C. (a) represents the actual 

experimental data (ê) and predicted line (—) with 95% prediction interval (- — -) and (b) 

represents  the comparison between a master curve of 40 °C (—) with 95%prediction interval 

(- — -) shifted from the actual data at 85 °C and the actual experimental data at 40 °C (ê). 

The line (—) shows the solubility limit of PLA oligomer. 
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APPENDIX A: Visual observation of structure change during degradation 

 
Figure A.1!Visual observation of PLA–Con and PLA–Cex film during degradation in water 

at 75 °C 

  

(a) 

(b) 
     0 h             24 h            48 h             96 h             144 h            192 h           288 h 
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APPENDIX B: Parameter estimation of the activation energy of the hydrolytic 
degradation in water 

 

Figure B.1!Scaled sensitivity coefficient plots of the three parameters  (A) PLA–Con using 

initial parameter values of !"-= 100 kDa, =CIJ'= 0.025'h-1, and F4	N'/-'kJ/mol and (B) PLA–

Cex using initial parameter values of !"-= 180 kDa, =CIJ'= 0.025'h-1, and F4	N'/-'kJ/mol 

 

Figure B.2!Correlation coefficient of parameter OCIJ'and F4'as a function of the reference 

temperature 6CIJ''for the hydrolytic degradation in water: (A) PLA–Con and (B) PLA–Cex. 
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Table B.1 Correlation matrix of the kinetic parameters of PLA–Con at 6CIJ = 80.70 °C 

Parameters' !"- =CIJ F4 Relative error, % 

!"-' 1 SYMMEYRIC  1.16 

=CIJ' 0.5476 1  2.47 

F4 0.0707 1.7964 ´ 10-5 1 2.65 

 

Table B.2 Correlation matrix of the kinetic parameters of PLA–Cex at 6CIJ = 78.84 °C 

Parameters' !"- =CIJ F4 Relative error, % 

!"-' 1 SYMMEYRIC  1.16 

=CIJ' 0.5973 1  3.68 

F4 0.0884 7.7559 ´ 10-6 1 3.16 
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APPENDIX C: Parameter estimation of the activation energy of the hydrolytic 
degradation in 50% ethanol 

 

Figure C.1!Scaled sensitivity coefficient plots of the three parameters  (A) PLA–Con using 

initial parameter values of !"-= 100 kDa, =CIJ'= 0.01'h-1, and F4	N'P-'kJ/mol and (B) PLA–

Cex using initial parameter values of !"-= 180 kDa, =CIJ'= 0.005'h-1, and F4	N'P-'kJ/mol 

 

 

Figure C.2 Correlation coefficient of parameter OCIJ and F4 as a function of the reference 

temperature 6CIJ for the hydrolytic degradation in 50% ethanol: (A)PLA–Con and (B)PLA–Cex 
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Table C.1 Correlation matrix of the kinetic parameters of PLA–Con at TCIJ = 66.39 °C 

Parameters' !"- =CIJ F4 Relative error, % 

!"-' 1 SYMMEYRIC  0.98 

=CIJ' 0.5493 1  2.38 

F4 0.1716 5.5369 ´ 10-6 1 1.92 

 

Table C.2 Correlation matrix of the kinetic parameters of PLA–Cex at TCIJ = 62.97 °C 

Parameters' !"- =CIJ F4 Relative error, % 

!"-' 1 SYMMEYRIC  0.89 

=CIJ' 0.5683 1  2.29 

F4 0.1717 -2.6217́ 10-4 1 1.813R 
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APPENDIX D: Example calculation of VTF and WLF to construct a master curve 

Given:  FK6L* of PLA–Con = 2699 J/mol 

 *FK6L was measured within the temperature range 40-95 °C and estimated from the 

parameterization of the first order reaction and the VTF equation. 

 

Calculate:  Determine C1 and C2 using Eq. (3.17). 67  = 40 oC (313.2 K),  

6>		=  6:-50 = 52.4 oC-50 (276.1 K), ) = 8.314 J/K*mol 

C1 = -	3.8  and C2 = 37.1 K   

  Determine log	16'using Eq. (3.16). T = 85 oC (358.2K) 

logαT	= -	2.1, and 1/ 16 = 121.51 

Determine the shifted time by multiplying the degradation time of 85 oC (shown in 

Table D.1) by 1/16. A master curve of 40 oC can be constructed by plotting the prediction 

line of the !" at 85 oC as a function of the shifted time. Another method is to multiply the 

range of hydrolysis time by 1/16 and plot as a function of prediction line of hydrolysis at 85 

oC shown in Figure D.1. 

 

 <%'=  
FQ)'

2.303 (67'− 6>) 
 and <&'N'',67'− 6>.	 (3.17) 

 

 
 log16N−

<%(6− 67)
<&R(6− 67	)

 (3.16) 

The experimental data 

at 6 = 85 oC (358.2K) 

 

A master curve 

at 67 = 40 oC (313.2K) 
shifting data 
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Table D.1 Experimental data of the hydrolytic degradation of PLA–Con in water at 85 oC 

Time, h !" Shifted time (Time * 1/16) 

0 106133 0 

0 105785 0 

0 107359 0 

8 77266 972 

8 79211 972 

8 71324 972 

… … … 

120 3158 14582 

120 3375 14582 

120 3954 14582 

168 3561 20415 

168 2694 20415 

168 3344 20415 

 

Figure D.1 The demonstration of the master curve generating from the hydrolytic 

degradation in water of PLA–Con at 85 °C to predict the hydrolysis at 40 °C: (a) The actual 

experimental data at 85 °C (<) and predicted line (—) with 95% prediction interval (- — -) 

and (b) a master curve of 40 °C (—) with 95% prediction interval (- — -). 
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CHAPTER 5 

Conclusions 

 Overall conclusions 

The primary goals of developing biodegradable polymeric materials are not only 

attaining biodegradability but also achieving comparable properties to substitute the use 

of the fossil-based polymer. PLA is one of the biodegradable materials currently used on 

a commercial scale. It has been extensively researched to increase its performance and 

expand the application fields, especially in the packaging industry; however, the critical 

weakness of PLA is that it undergoes hydrolytic degradation which limits its uses in many 

applications, especially for products used in a high temperature or product with a long 

shelf life [1–3]. 

In the first phase of this study, the effect of a multi-functional epoxy chain extender 

has been investigated. The increase of the average molecular weight indicated the 

connection between the chain ends of PLA and the reactive epoxides of the chain 

extender. A long-chain branching structure was expected from the reaction. The effect of 

the chain extender content and the residence time of the melt blending process were 

investigated using the FCCCD/RSM and it was found that they significantly affected the 

variation of molecular weight. The higher chain extender content, the more reactive epoxy 

groups there were to connect the molecular chains. However, the chain extension 

reaction requires adequate reaction times for the reaction to proceed extensively. The 

optimal condition was determined as the point where additional combinations of the two 

factors could not improve the weight average molecular weight due to the effect of the 

thermal degradation and the restriction on the accessibility of the chain ends in the 
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reactive sites [4,5]. As a result, the optimization of this process could be achieved by 

using the chain extender content of 1.5 wt% and residence time of 17 minutes. 

For the second phase, hydrolysis experiments were conducted in water and 50% 

ethanol at various temperatures to explore the effect of the modified PLA with the chain 

extension. The result revealed that the rate constants of hydrolytic degradation were 

significantly lower than the ones of unmodified PLA film in both water and 50% ethanol at 

all temperature conditions. This indicates that incorporation of the chain extender can 

enhance the hydrolytic degradation stability of PLA, which not only extends the period of 

service time but also maintains its properties for a longer period of time.  

The activation energy of hydrolysis defined as the minimum energy required to 

initiate the hydrolytic degradation was eventually determined using the Arrhenius 

equation. The results show that the activation energy values obtained from both materials, 

the modified and the unmodified PLA films, were not significantly different indicating that 

the presence of the chain extender did not alter the mechanism of the hydrolytic 

degradation of modified PLA. 

As discussed, the effects of chain extension reaction could provide a higher 

molecular weight and probability of a branched structure. Among the lower molecular 

weight chains, the higher number of chains and also chain ends compared to the higher 

molecular weight chains can increase the rate of end scission, which sequentially 

produced more monomers to accelerate the hydrolytic degradation [6]. Moreover, the 

carboxylic end that is naturally more active compared to the hydroxyl group on the other 

end was reacted with the epoxide group of the chain extender and became inactivated 

[7,8]. Therefore, the chain ends of the initial sample of modified PLA film could be altered. 
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Deleting of the carboxylic terminal could reduce the autocatalytic reaction due to a 

decrease in the acid dissociation of the carboxylic ends. 

There are numerous mathematical models used to describe the rate constant of 

the hydrolytic degradation. A first-order reaction model is the simplest and most 

commonly used, which assumes that the concentration of the overall ester bonds remains 

constant throughout the hydrolytic experiment. However, the ester units available for 

degradation can considerably decrease due to the formation of crystallites which resist 

hydrolytic degradation. Furthermore, the small oligomer chains and monomers gradually 

produced from chain scissions became soluble and are dissolved in the hydrolysis media. 

The second model used in this thesis was the degradation model proposed by Pan [9]. It 

provides an insight into the hydrolytic degradation process of PLA by considering the 

change in the total number of ester units of all chains. According to the result of the model 

analysis, the rate constants obtained from the latter model were higher than ones from 

the first order reaction model. 

In the final phase of this work, the hydrolytic degradation process over a wide range 

of temperatures was determined. The VTF and WLF equations were used to evaluate the 

horizontal shift factor to construct the master curve at the temperatures of interest. The 

result demonstrated the feasibility of using the mathematical model to explore the 

relationship between time and temperature. The accelerated testing at higher 

temperatures allows the prediction of the hydrolytic process at low temperatures. 
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  Future work 

The future work should focus on achieving a better understanding of the molecular 

structure of the modified PLA with chain extender during hydrolytic degradation. First, the 

degree of branching expected from the chain extension reaction has to be verified to 

provide more information about the molecular structure and its behavior during the 

hydrolysis. Moreover, the three-phase model theory should be investigated. The 

existence of RAF probably changes entirely the hydrolytic mechanism due to the 

differences in behavior of the RAF. 

In this work, the reference model for the degradation was simplified by removing 

the rate constant of non-catalytic degradation as discussed in section 3.2.9 due to the 

high correlation between the non-catalytic and auto catalytic rates. For the future work, it 

would be useful to address the hydrolytic mechanism including both mechanisms. 

Moreover, the activation energy from the reaction rate constants of the reference model 

was done by the basic method explained in section 3.2.10 resulting in a high correlation 

between k0 and Ea. Therefore, the model parameterization process should be improved 

in future work. 
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