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Abstract

In this study, the acetylation of starch was investigated as asmeamprove its thermal
processabily and compatibility with poly(lactic ad) (PLA) and ultimately widernthe range of
potential applications for PLA/acetylated starch (AS) blends. The work was divided in two parts:
(1) the characterization of AS according to degree of substitution (DISRathe preparation and
characterization of PLA/AS blends.

The crystalline structure of AS, examined byra¢ diffraction,was destroyedpon acetylation.
Differential scanning calorimetry (DSC) revealed that the removal of the crystalline structure
during acetylation facilitated molecular movement and glass transition which should facilitate the
thermal processability of AS. Decreased molecular weight of AS upon acetylation, which leads to
the improvement of thermal @ressability, was confirmed bglilute solution viscometry.
Thermogravimetric analysis (TGA) showed improved thermal stability upon acetylation which
widens the processing temperature window of AS. Lower hydrophilicity of AS was revealed by
contact angle analysis which is expected to geaenatre effective interactiewith conventional
polymers. Enhancement of the thermal expansion (measured by thermomechanical analysis
(TMA)) and the lower density (measured by suspension) should improve the compatibility of AS

with conventional polymers.

The molecular mobility of AS with degree of substitution (DS) 1.5 and 3 was investigated by
temperaturenodulated DSC (TMDSC) and solglate'3C NMR (SSNMR). The relaxation time

of hole formation, estimated from TMDSC data, was proposed as the repiigsafitarelaxation

time near’Y. The"Y estimated from the VFT model was similar to tNeneasured by DSC and

by heatcool mode TMDSC supporting the analogy between the relaxation time of hole formation
and thg -relaxation time. The cooperagivearranging region (CRR) size, investigated by-heat
cool modeTMDSC, was smaller for DS3 compared to D& which was attributed to the
disruption of hydrogen bond$MDSC experimental data at moderate temperature, predictions at
ambient temperature and&S8IMR results at ambient temperature suggest different mobility of

acetylated starch according to DS.

The acetylation of starch generated PLA/AS blends with distinct propertiebipiasic
morphology was predicted by the compressible regular solution)(@R&el and confirmed by



scanning electron microscopy (SEM) observations for all PLA/AS blends, except the PLA/DS3
blend.The thickness of the interphase of the biphasic PLA/AS blends, estimated theoretically from
the properties of the pure component axpkeeimentally by small angle-Xay scattering (SAXS),
increased with increasing DS of AS. The estimated interphase was generally related to the length
scale of the dynamic heterogeneity of the PLA matrix. Slowdown of the PLA chain dynamics at
the interphas region was estimated for PLA/DSO and PLA/DS1.5 blends and related to the
hydrogen bonding between the PLA chains and AS observed by FTIR.

The properties of PLA/AS blends were affected by the DS offA8 thermal stability of PLA/AS
blends, obtained byGA, was improved compared to neat PLA. DSC results indicated that AS
had a plasticization and nucleation effect in the PLA/AS blends. The highest tensile strength,
toughness, and impadrength was achieved when B.S was added to PLA which may reflect

the biphasic structure and the thick diffused interphase of this blend. The water diffusion
coefficient and the water vapor permeability (WVP) of PLA/AS blends were influenced by the
presence of AS. The water diffusion coefficient decreased while the Wevased for PLA/AS
blends by incorporation of AS.

The rate of crystallization of neat PLA and PLA/AS blends with different DS were investigated.
The PLA/DSO0.5 and PLA/DSL1.5 blends showed the highest and the lowest rate of crystallization
in isothermal crgtallization conditions, respectively. The highest rate of crystallization in
isothermal crystallization conditions for the PLA/DS0.5 blend may reflect the diigheleation
activity of DS.5 along with the faster dynamics of the PLA chains. In the cbrmkxhe
PLA/DS1.5 blend, the highest initial degree of crystallinity may seem contrary with the lowest
crystallization rate of this blend in isothermal crystallization conditions. Theisodinermal
crystallization investigation, however, revealed simitdes of crystallization for the PLA/DS1.5
blend compared to the other PLA/AS blends at the lowest cooling dateniR) while having the
fastest rate of crystallization at the highest cooling ral@/(8in). The positive activation energy

for the crysallization of the PLA/DS1.5 blend may reflect an endothermic process in the
crystallization of this blend as a result of interfacial interactions. The largest amorphous phase
thickness observed by SAXS for the PLA/DS1.5 blend could explain the signédic#nihe

interfacial interactions in this blend.



Finally, the results of this study showed that the acetylation of starch is a promising avenue for
PLA/starch blends. Increasing the processability of starch and its compatibility with PLA through
acetylaton, provides the opportunity of making a wide range of materials with different
applications. Various mechanical, thermal, and water transport properties, transparency and

crystallization behavior can be achieved by incorporating AS with different D®i#to

For final applicatios, theeffect of AS concentration dheproperties othePLA/AS blend should

be investigatedThe concentration of the AS dispersed phase in PLA/AS blends should lead to
differences in morphology, interfacial characteristics aitanately properties of the blend.
Transparency, visual appearance and degradation rate of the blends are also very important factors

in final applications that need to be studied in the future

Vi
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1. Motivation, Scope and Thesis Structure

1.1. Motivation

Growing environmental concerns due to the disposal of petroleum derived polymers and the
depletion of fossil fuel resources have led to considerable research efforts on the development of
alternative madrials from natural resourc¢$-4]. Biodegradable polymers such as poly(lactic
acid) (PLA), poly(hydroxyalkanoates) (PHAs), polycaprolactone (PCL) and polyesteramid
(PEA) have attracted extensive attention. Among these biodegradable polymers, PLA is a
promising candidate due to the renewability of its feedstock, its compostability, and good
mechanical and permeability propertjés6]. The high cost and slow rate of degradation of PLA,
however, limit its use in general applications. These shortcomings can be alleviateddioygblen
PLA with less expensive biodegradable polymers. Starch is a promising biodegradable material
due to its low price, abundance and renewability The thermal processing of starch is limited

by its high degree of crystallinity and the lack of thermalditéon before degradatidi8] while

its hydrophilic characteristics and poor compatibility limit its application in PLA blends. The
processability of starch and its compatibility with PLA ynae improved by chemical
modifications. For example, the acetylation of starch is a relatively simple process and can produce
modified starch with a wide range of hydrophobicity and crystallinity characteristics by
manipulation of the degree of substituti(DS) of the hydroxyl groups with acetyl grodpk The
acetylation of starch weakens the intermolecular hydrogen bonding and decreases crystallinity,
thus facilitating the mobility of the molecules and provides an opportunity to participate in glass

transition[10]. Therefore, acetylation of starch can improve its thermal processability.

The main motivatin of this study was timprove the processility of starch and its compatibility

with PLA. It is hypothesized that the blending of PLA with acetylated starch (AS) can create
materials with improved properties and lower the cost of PLA materials. Scrutinizing the effect of
the degree of substitot (DS) of AS on the properties of PLA/AS blend was the overall objective

of this thesis



1.2.Research Objectives

The objective of this PhD was to investigate the acetylation of starch as a means to improve thermal
processability and compatibility of starch teaals with PLA and ultimately widen the range of
potential applications for PLA/ acetylated starch (AS) blends. The work was divided in two parts:
(1) the characterization of AS according to its degree of the substitution (DS) and (2) the

preparation andharacterization of PLA/AS blends. More specific objectives are listed below:
1- Investigate the effect of DS on thermal processability and compatibility of AS in PLA blends.

2- Evaluate the influence of DS of AS on the chains dynamics of starch bgiagsbeeffect of
temperature on hydrogen bonding and crystallization as the most influential parameters on the

dynamic behavior.

3- Investigate the effect of DS of AS on the interphase properties (thickness and chain dynamics
in the interphase) of the RIAS blends.

4- Assess the effect of DS of AS on the morphology and the thermal, mechanical and water

transform properties of PLA/AS blends.

5- Evaluate the effect of DS of AS on the isothermal andisotihermal crystallization behavior

and lamellar cryalline structure of PLA/AS blends.

1.3.AS and PLA Materials Used in This Study

The materials used in this study consisted of AS and PLA/AS blends with the following

characteristics:

The AS was kindly provided by Professor Chunbao (Charles) Xu (Westeversity). The DS
of AS was characterized by Professor Xuds res
and 3 were investigated and coded as DS0, DS0.5, DS1.5, DS2.5, and DS3, respectively.

PLA was obtained from NatureWorks Inc. (USA) (40320=58000 g/mol, Dcontent 1.8 %,).

This PLA grade was selected due to the slow rate of crystallization of this grade that provides the
opportunity to eliminate crystalline regions by fast cooling. Crystallinity interferes with the
interphase investigation byanging the chain dynamics. The slow rate of crystallization of this

grade is also suitable for altering the crystallization behavior with incorporation of AS.
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The PLA/AS blends were prepared with 15 wt% AS. This low percentage of AS was selected to
induee the formation of matrix droplet biphasic morphology and for providing uniform
distribution of the AS dispersed phase which are necessary for the investigation of the interphase
in PLA/AS blends.

1.4.Scope andTl hesisStructure

This dissertation, which focusen the characterization of acetylated starch (AS) with different
degres of substitution (DS) and the development and characterization of PLA/AS blends, is
structured in 8 chapters. thhapter 1, the motivation and scope of the work and the structtire of
thesis are presented. In chapter 2, background information on PLA, starch and PLA blends is
presented. In chapter 3, the influence of the acetylation of starch on its thermal processability and
compatibility with PLA is presented.he thermal process#ity of AS was investigated from the

point of view of its crystallinitythermal transition and stability and molecular weight attributes.
The compatibility of AS with PLAvas assessed from its surface energy, thermal expansion, and
density characteristic Chapter 4 is dedicated to the structural dependence of the molecular
dynamics in AS where the effect of acetylation and alteration of the inter and intramolecular
interactions and chain packing on the chain dynamics and molecular mobility is presented f
moderate temperature and ambient temperature conditions. Chapter 5 presents the interphase
properties of PLA/AS blends based on a thermodynamic analysis combined with experimental
characterization analysis. The effect of the DS of AS on the morphalagyal, mechanical and

water transport properties of PLA/AS blends is discussed in chapter 6. The crystallization of PLA
in PLA/AS blends under isothermal and Asathermal conditions is reported in chapter 7. The
overall conclusion drawn from this woikpresented in chapter 8 along with the recommendations
for future work. Chapters 3 to 7 are presented in manuscript format. As a consequence of this
format, some information will be repetitive, particularly in the introduction and material and

methods setions



2. Background Information

2.1.Poly(lactic acid)

Poly(lactic acid) (PLA) is an aliphatic, biodegradable and compostable polyester derived from
lactic acid (2hydroxy propionic acid). The production of PLA has numerous advantages including
the renewalbity of its agricultural source (corn), sequestering of carbon dioxide and assisting with
farm economiegl1l]. PLA is one of the few polymers for which its physical and mechanical
properties can be manipulated by stereochemical stryd#rePLA was degeloped initially for
biomedical applications. More common applications of PLA have emerged after commercial
introduction of biebased PLA (bidragmentation for monomer synthesis) in 20d3]. In
comparison to existing petroledbased polymers, PLA has appropriate optical, physical,

mechanical and barrier properties that are desirable for a number of applifbfjons

2.1.1.PLA Production

Lactic acid (2hydroxy propionic acid) is the spiest hydroxy acid with a chiral center. Two
optically active configurations of lactic acid arét) andp(-) isomers,Figure 2-1. Bacterial
fermentation of carbohydrates is the main route for lactic acid produdie majority of bacteria
used in fermentation processes mainly produleetic acid[13].

CHs CHs H

Q cH Q' cH O oL § G &
T | ¥ o ] o ~=H O —=CH
3
HO\\\\\\‘ Ho\\\\‘ H3C“""" (@) Himn, (0] Him, O

HO H H OH
H O Hic? O et ©
p-Lactic Acid  [-Lactic Acid p-Lactide meso-Lactide r-Lactide

Figure2-1. Stereochemistry of lactic acid and lactide molecules.

PLA with high molecular weight can be produced by three methods: (i) direct condensation
polymerization; (ii) azeotropic dehydration and (iii) iogening polymeriation through lactide
formation Figure 2-2. Although direct condensation is the least expensive method, obtaining a
solventfree high molecular weight PLA by this method is very difficult. Azeotropic dehydrative
condensation of lactic acid can be used to produce high molecular weight PLA. In this method, the

pressure for the distillation of lactic acid is reduced f8rt2at 130C in the presence of a catalyst



in order to remove the condensation water. Ripgnng polymerization is the current commercial
method of producing high molecular weight PLA. After the fermentation of carbohydyddesic
acid, L-lactic acid or a mixture of the two are grelymerized to obtain an intermediate low
molecular weight PLAwhich is then catalytically converted into the cyclic dimer of lactic acid,
lactide. Different types of lactide might be produced as followlsictide (two-lactic acid
molecules)p-lactide (twop-lactic acid molecules) andeselactide (one -lactic acid and one-
lactic acid molecule)Figure2-1. After the distillation of lactide, high molecular weight PLA is
formed by ringopening polymerization of the lactide. PLA derived from greater than 93a%tic
acid are crystallizable while PLA produced from 50 to 93%ctic acid is totally amghous.
Both mese and p-lactide make twists in the otherwise very regular pelgttide) molecular

architecture
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Figure2-2. Synthesis methods for obtaining high molecwaight PLA[11].

2.1.2.Crystalline Formsof Poly (L-lactic Acid)

Four different crystallization fons ( ,1 ,[, and| ) have been reported fooly(L-lactic acid)
(PLLA). The most common polymorph|iswhich forms by crystallization from melt or solution.
The orthorhombic unit cell of the form with dimensions of=10.7 A,0x=6.45 A, and=27.8A

is made of two chains with helical conformation. By applying high temperature under high drawing



conditions, th¢ form is obtained. The form has a frustrated structure, containing three chains
in a trigonal unit cell witht=>=10.52 A andi=8.8 A. Ther form has two antiparallel helices
packed in an orthorhombic unit cell witbr9.95 A, ¢x6.25 A, andi=8.8A and is obtained from
epitaxial crystallization on hexamethylbenzene substrate. When PLLA is crystallized bel@wv 120
("Y=90JC), thel form can be obtained. It is a disordered crystal that has the same configuration

as the from but with a looser packind.5].

2.1.3.Thermal Properties o PLA

Like many other semicrystalline polymers, PLA shaavwglass transition temperaturéy} and
melting temperaturé Y ). The"Y of PLA is about 58C and its'Y is about 170C. Thd transition

(localized motions that involve whole side chain and localized group movenemiserature of
PLA is about45JC below which it lehaves as a brittle polymieir4].

2.2.Starch

Starch is produced by most green plants as energy source. Starch is the most common carbohydrate
in human diets and animal foodl$6]. Native starch is biosynthesized in the form of semi
crystalline granules with crystallinity in the range of 15 to 45% and its density is abayitri

[17]. Starch granules are found mainly in seeds, roots and tubers, as well as in stems, leaves, fruits
and even pollen. Starch granules can be isolated easily by gravity, sedimentatiafygation

and yl[18r ati on

At the molecular level, starch is a heterogenenaterialwith two major constituents: amylose, a
linear structure of+1,4 linked glucose units and amylopectin, a highly branched structure of short
U1,4 chains linked by}1,6 bondg19]. Highly branched nature of amylopectin causes a huge
amount of complexity in investigation of its propertiese amylose content of conventional starch

is in the range of 18 to 33947]. In addition to these two major constituents, starch granules
contain very small amounts of proteinpjds and phosphorlj48]. Generally the amylose fraction

of starch has a relatively broad molecular weight distribution, with waigétage values much
higher than numbeaiveragemolecular weightThe different values reported in the literature for
Mn (4.6 10.3x10° g/mol) and My (77 8.7x10° g/mol) of potato amylose illustrate these variations

[17]. The amylopeat is considered as a much larger macromolecule than amylose. For example,



reported values of the weight average molecular weight of amylopectin for potatoes range between
14x10P to 195¢1C° g/mol [17].

2.3. Starch Modification and PLA/Starch Derivatives Blends

PLA/starch blendsannotbe developed directly from native starch since native steitfctiegrade
during its thermal processifi@] and the poor hydrophilic characteristics and compatibility of

native starch with PLA.

2.3.1.Starch Plasticizationand PLA/Plasticized Starch Blends

During the plasticization of starch, gelatinization occurs. In the gelatinization process or the
heating of starch in the presence of a plasticizer, the crystalline structure of starch is first disrupted
then followed by partial phase separation of tlmiglase and amylopectin components and finally

gel ball formation which occurs in the amylopectin short branches. By cooling the gelatinized
amylopectin, the doublkelical crystalline structures reform from its dissociated gh@mches

which is called rerogradation. Plasticization can be used to alter the starch which can improve its

thermal processability by reducing the glass transition tempef&jure

Plasticized starch also referredas thermoplastic starch (TPS) has been used in order to improve
PLA properties in PLA blends. A few key examples are presented below. Huneault [28} Li
reported the blending of watéee glycerolplasticized TPS with PLA in the absence and presence
of interfacial modification. In the absence of interfacial modifaratithe PLA/TPS blend
morphology observed through scanning electron microscopy was very coarse. After modification
of PLA by maleic anhydride, the PLA/TPS blends showed much finer dispersed phase and
dramatic improvement in ductility. Li and Hunea{tl] compared sorbitol and glycerol as
plasticizers for TPS in PLA/TPS blends. They found that glycerol/sorbitol ratio has an important
effect on the blend properties. Finer blend dispersed phase, higher tensile strength and modulus
were observethut lower crystallization rate was measured for blends containing TPS plasticized
with sorbitol. An alternative approach based on the addition of polymeric chain extender, a
molecule with functional properties to reconnect polymer chains that have broketo dhe
different degradation mechanisms (thermal, oxidative, hydrolytic degradation), was investigated
by Zhang et al.22].. The addition of the polymeric chain extender Joncryl demonstrated smoother
film edge and surface and improved mechanical properties for PLA/TPS plasticized by glycerol
7



and triethyl citrate. The effect of glycerol, formamide, and water as plasticizers of TPS on the
properties of PLA/TPS blends was studied by Wang ¢23d]. Results of this study showed that
water and formamide can improve th&enmaction and compatibility between TPS and PLA which
lead to higher mechanical properties in the PLA/TPS blends.

2.3.2.Compatibilization Methods of PLA/Starch Derivatives Blends

The need forplasticiation of starchhasseveraldrawbacks such as starch retamption and
embrittling as well as phase separation which creates materials with heterogeneous characteristics.
Furthermore, the poor interfacial interactions between starch and PLA ranpaoblem The
interfacial interactions between starcimdaPLA can be improved by using nonreactive
compatibilizers such as amphiphilic molecul2d] and reactive compatibikgs such as maleic
anhydride (MA)[25], epoxidized soybean di26] and tung oilanhydride[27]. Alternatively, the
compatibility of starch with PLA can be improved by chemical modifications of starch which will
also improve the starch processability. It has begorted that butyktherification and silane
modification of starch[28, 29 improved interfa@l interactions and blend properties of
PLA/starch blendsTable2-1 presents a summary of the literatdega ofthedifferent approaches

of improving compatibilization oPLA/starch blends and their effectiveaes



Table2-1. Summary of the literature data of the different approaches of improving compatibilization of PLA/starch

blends and their effectiveness

PLA type Starch type Modification Processing  Concentration Mechanical properties reference
method conditions Tensile strength Elongation at break
PLA/neat Increase PLA/neat Increase
starch (%) starch (%)
(%)
4032D Corn starch Acetylation Twin-screw 85% PLA 36.2 MPa +26 2.4 +10 This work
Natureworks local Ontario extruder 15% Acetylated
(58kDa) Market 1800C Starch,DS3
(USA) (Canada) 30 rpm
7 min
Shimadzu Wheat starch maleic Twin-screw 55% PLA 30 MPa +75 2.7 +52 [25]
(120kDa) Midwest Grain  anhydride (MA) extruder 45% starch
(Japan) Products as a reactive 1851C 1phr (MA)
(USA) compatibilizer
4032D Corn starch Epoxidized Twin-screw 80% PLA 38 MPa +13 64 +127 [26]
Natureworks Zhuchang soybean oiland  extruder 10% MA-graft-
(USA) stimulation maleic 175C starch
trdae anhydride (MA) 10 min 10% (ESO)
(China) as reactive 40 rpm
compatibilizers
4032D Corn starch Tung oil Twin-screw 65% PLA 40 MPa -27 6.5 +161 [27]
Natureworks Zhuchang anhydride extruder 30% starch
(USA) stimulation (TOA) as a 1751C 5% (TOA)
trdae reactive 5 min
(China) compatibilizer 40 rpm
and plasticizer
2002D Cassava Silane coupling  Twin-screw 90% PLA 23.9 MPa (-18 to 2 (-35t0 22 [28]
Natureworks starch, ETC agentas a extruder 10% silane 64.5 with
(USA) international reactive 165C modified starch with different
trading compatibilizer 40 rpm different silane
(Thailand) silane coupling
coupling agent
agent
2002D Waxy maize Butyl- Internal 80% PLA 22 MPa +104 15 +200 [29
Natureworks  starch (S9679), etherification mixer 20% Butyt
(USA) Sigma Aldrich 165C etherified starch
80 rpm
10 min
Naturevorks, Acron starch Dimer fatty Twin-screw 60% PLA 49.5 MPa +11 16.32 +42 [30]
extrusion Dragon Flying  acid polyamide extruder 40% starch
grade Acron (DFAPA) as 175C 8phr (DFAPA)
(87.5kDa) Development  plasticizer and 400 rpm
(USA) (China) nonreactive
compatibilizer
* Reported percentage of increase is calcdlate z 7 pTT

2.3.3.Acetylation of Starch

Acetylation of starch is a latively simple process and provides a wide range of hydrophobicity

by manipulating the degree of substitution of hydroxyl groups with acetyl gfélpe atypical

acetylation reaction star@mdacetic anhydridéamount defined by the molar rabetween starch

and acetic anhydridand desired DS) wouldeact inthe presence of a catalyst to produce

acetylated starchsigure2-3. Acetylation of starch weakens the intermolecular hydrogen bonding

and decreases crystallinity, thus facilitating the mobility of theeowes and provides an

opportunity to participate in glass transitidi)]. Therefore, acetylain of starch can improve its

thermal processability.
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Figure2-3. Typical acetylation reaction of starch.

The degree of substitution determines the number of hydroxyl groups that are replaced by acetyl
groups in a repeating unit of starch molecules. Since each glucose unit haydhoggl lyroups,

DS can vary from 0 to 3. Acetylation is a random process and not all glucose repeating units may
be acetylated to the same level. Because of the random acetylation of the hydroxyl groups of the
glucose units, the DS of AS gives a measutbh@bverall acetylatiolevel (the number of replaced

acetyl groups divided by the number of repeating units) which may lead to fractional values.

Starch acetylation is influenced by several factors such as source of starch, concentration of
reactantscatalyst type, concentration, reaction time and pH of reaction mef8jnin the
reaction of acetic anhydride with stay3 and G6 esters (esterification frosarbon number 3

and § are more likely tdorm, however, it may change in the presence of differatatlystg32].

The catalysts that acommonly used in starch acetylation include NaOH a0 Activation

of starch withbase occurthroughformation of starch alcoxide (S@'), which reacts with acetic
anhydride to build a starch acetate and Na{B%t. Weak acid or alkaline salts result in exclusive
formation d C-2 estersandalkaline catalysts promote the formation eR@with limited amount

of C-6 and G3 ester} while acids are nddite-selective catalysts33].

2.4.Polymer Blend Interphase

In the context of a pgimer blend, the interface can be described as the boundary between two
phases of different chemistry. Due to the interdiffusion of the two phases and interactions at the
interface, there is not a sharp boundary between the two phases while there isah gradu
concentration change from the pure component of one phase to the pure component of the other

phase along a region called interphase.

Due to thermodynamic considerations, most polymer blends are immig2le herefore, the
properties and performance of polymer blends reflect the properties of the pure components and
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their interphase characteristics (thickness, dynanand interfacial interactiong35]. While the
morphology of polymer blends has been extensively studied, there is limited information available
on the polymeipolymer interphase due to the limited number and complexity of the techniques
suitable for the direct investigation of the iqieasq 36]. Generally the role of the interphase in a
blend wil be specific to the given property. For example, the influence of the interphase is
generally much more pronounced for mechanical properties measured at large defdBiation

It is agreed that a thick and soft interphase (no vitrification of the chains of the matrix exists in the
interfacial region) is generally necessary to achieve high str¢8gthThe contributions of the
interfacial interactions to the crystallization kinetics remain esacl The interfacial interactions
might restrict the movement of the polymer chains for conformational ordering required for
nucleation. Alternatively, interfacial interactions might be beneficial for the adsorption of polymer
chains[3§].

Theoretical efforts to investigate the interphase have focused on the development of models to
estimate its thickness and composition profile since early 1970s. Helfand[898-4B] have
developed a quantitative theoretical framework in which enthalpic penalty of interdiffusion of
immiscible components balances out with the entropic fgeiwidening the interphase. The best

energetic balance finally defines the composition and thickness of the interphase.

The experimental investigation of the interphase has generally relied on sophisticated techniques
of the mutual diffusion of immiscle polymers[44-48]. Many of these techniques need cakef
sample preparation or labeling and typically measure the thickness of the interphase in a stacked
bilayer of polymer films[49]. In contrast, the small angle-Pdy scattering (SAXS)50] and
temperature modulated differential scanning calorimetry[@B@)[51] methods can be used for

a preprocessed polymer blend without any special sample preparation.

In the SAXS method a twphase model system is considered with the diffused interface boundary
(interphase). By fitting the scattering intensity profile into this model, interphase thickness can be
estimated52].

The existence of potential relationships between the minimum thickness of the interphase and the
characteristic length scale of the dynamic heterogeneities or cooperative rearranging regions

(CRR) has been proposed the matrix of biphasic structurg36]. The CRR size can betenated

from the temperature fluctuation of the amorr
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approach, the cooperativity length scaleis associated with the volume of a CRR#3] and is
calculated using Hphase and otf-phase cmponents of heat capacity which are measured by
TMDSC.
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3.1.Synopsys

Synthesis of acetylated starch with different degrees of substifttimncorn starcls reported in

this chapterThe processability and compatibility of acetylated starcblEmdingapplicationsare
investigated. The crystalline structure starch, examined by -¥ay diffraction,was destroyed

upon acetylation. Differential scanning calorimetry (DSC) revealed that the removal of the
crystalline structure facilitated molecular movement and glass transition in the favor of thermal
processabilit. Decreased molecular weight upon acetylation, which leads to the improvement of
thermal processability, was confirmed with dilute solution viscometry. Thermogravimetric
analysis (TGA) showed improved thermal stability upon acetylation which widensoitesping
temperature window. Contact angle measurements revealed lower hydrophilicity after acetylation
which is expected to generate more effective interagtioith conventional polymers.
Enhancement of thermal expansion (measured by thermomechanit@isarf@dMA)) and
reduction of density (measured by suspension) should make acetylated starch more compatible

with conventional polymers.

3.2.Introduction

Increasing consumption of polymers creates significant concerns for their waste disposal.
Long-term reternibn of polymer materials in nature increases their environmental inip#gt
Blending conventional polymers with biodegradable natural polymers could partiatsadte

waste problem. It has been postulated that the introduction of biodegradable elements in polymeric
composite materials will favor their microbial degradation which would increase their porosity
and produce a residual synthetic polymer skeleton witreased surface area. This residue can be
degraded by natural factors such as thermal oxidation and ultravioletqégradatiorf54, 55].

Starch has attracted a tremendous level of attention as a promising biodegradable material due to
its low price, abundance and renewabl]ify. Native starch is biosynthesized in the form of semi
crystalline granules witlerystallinity in the range of 15 to 45% and density of about 1.5%/cm
[17]. High degree of crystallinftof starch is the main obstacle in thermal processing due to the
lack of thermal transition before degradati@ while its hydrophilic characteristics and poor
compatibility with polymerdimit its application in blends. Plasticization of starch can improve its

thermal processability by reducing the glass transition temperf@urand can considerably
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improve its blend progrties[27, 56]. However, the use d plasticizer has drawbacks such as
retrogradation and embrittlingf stach after processing and phase separation which creates
materials with heterogeneous characteristics. Alternatively, the compatibility of starch with
conventional polymers can be improved by chemical modifications which wilirajg@vethe
mechanical prperties[57, 58] and thermal stabilit{58] of the materialChemical modification is
generally achieved through derivatization, such as acetylation, cationization, oxidation, acid
hydrolysis, and croskinking [9]. Acetylation of starch is a relatively simple process and provides
a wide range of hydrophobicity by maniptihg the degree of substitution of hydroxyl groups with
acetyl groups[9]. Acetylation of starch weakens the intermolecular hydrogen bonding and
decreases crystallinity, thus facilitating the mobility of the molecules and pravieleswithan
opportunity to participate in glass transitijdi9)]. Therefore, acetylation of starch can improve its
thermal processability.

The main purpose of this chapteas to evaluate the effectiveness of acetylation as a means of
improving the suitability of starch faendingapplicationsnamely the thermal processability and
compatibility of starch with conventional polymers. The thermal processability of acetyiatell

was investigated from the degree of crystallinity tthemal transition and stability and molecular
weight attributes. The compatibility of acetylated starch with conventional polymasrassessed

from its surface energy, thermal expansion, agsdy characteristics.

3.3. Materials and Methods
3.3.1.Materials

Corn starch was purchased from local Ontario market (BulkBamoduct code: 000260 he
amylose content of starch was estimated to be 25.4#41.% (Mahmoodet ab s m¢g59h o d

details inAppendix ) . Acetic anhydri de {[% w&eobt@imédfromnd ac
CALEDON | aboratory chemicals (Canada). Pot as s
Merck (USA). Acetone (HPLC grade, O 99. 9%) , C

sul foxide (HPLC grade, O 99) 9&nd hexamec@HRBRLC
95%) were purchased fromSigmdal dr i ch ( Canada). Tetrachl oroet|
from J. T. Baker Chemicals (USA). All materials were used as received without further

purification.
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3.4.Methods
3.4.1.Acetylation of Starch

Corn garch was vacuurdried at 58 for 24 hours prior to acetylation. Acetylated starch with
degres of substitution (DSequal t00.5, 1.5, 2.5 and @as produced. In gypical acetylation
reaction 15 gof vacuumdried corn starchand acetic anhydride (amoutefined by the molar
ratio between starch and acetic anhydade desired DS) wefedinto a250mL three neck glass
reactor. A mass of 0.375aj a novelcatalyst wadirstly mixed withacetic acid Then the mixture
wasadded mto the250 mL three necklass reactoequippedwith anitrogenstream The reactor
was heated at 135in an oil bathwith magneticstirring. After 180 min, the reaction was stopped
by placing the reactor in watérhe cooled mixturevastransferrednto a500 ni beakerand was
precipitatedwith a non-solvent. e residual viscous product was rinseth nonsolvent and
recovered into 800 L beaker.The precipitated acetylated starch was filteaad rinsed wittan
extra 200 m of nonsolventin a 500 mL beaker. The mixture was filtered again &edfinal

acetylated starch wascuumdried d 453 .

3.4.2.Determination of degree of substitution (DS)

The degree of substitutiofDS) was estimated from analyzing pfoton nuclear magnetic
resonance'l NMR) spectra as the ratio between the area of acetyg€H15 ppm to the area of
the starch CH at 35.5 ppm[60]. All spectra were obtained with a Varian Inova 600 NMR
spectrometeequipped with a Varian 5 mm triptesonance indireatetection HCX probe at 26
using DMSO as the solverk sample ofH NMR spectra of acetylated starddS3) is presented

in Appendix I(Figure 1).

3.4.3.Wide Angle X-ray Diffraction (WAXRD)

The aystalline structure of acetylated starch was characterized by wide ang diffraction

( WAXRD) (D8 f oc us ;radBtionanedl.5%06 & wavdiengthwpetated at 40 kV
and 30 mA. The Xay diffraction patterns were recorded in-aghgle range of-30 with step of
0.02) and speed of 1 sec/step.
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The degree of crystallinity was estimated with the methoNarh and Komiyd61]. The area
under the diffractogram was assigned to crystalline and amorpbmarts by creating a smooth
curve that connected the baseline of the peaks using OriginPro 8.5 sofywpendix | Figure
2). The area above the smooth curve was considered the crystalline domain and the area between
the smooth curve and the linear basehvas considered as the amorphous domain. The degree of
crystallinity was calculated from the area of the peak for the crystalline domain and the total area
of the diffractogram:

0

0

p LT (3.1)

where... isthedegree of crystallinity) thearea of the peak assigned to the crystalline domain

and0 thearea of the peak assigned to the amorphous domain.

3.4.4.Differential Scanning Calorimetry (DSC)

The thermal transitions of acetylated starch were investigated with a Q2000 TA instrument (USA).
The acetylated starch (9 mg) was placed in an aluminum pan. A hole was poked in the lid of
each pan to allow evaporation of any residgolvent or adsorbed water. The sample was initially
heated from 2% to 20Q)C at 1QJC/min heating rate to eliminate any residual solvent, adsorbed
water or thermal history. Next, the samples were cooleBiQ® and then heated again to 360
(1036/min heating rate). An empty pan was employed as a reference. Glass transition temperature

and melting enthalpy were calculated usigUniversal Analysis version v5.5.20 software

3.4.5.Dilute Solution Viscometry

Dilute solution viscometry of acetylated starch solutions subjected to saponification was conducted
with No. 75 CannoiUbbelohde. The time fahe flow of the solutions was measured atk5n
triplicates Since the MarklHouwink parameters are only availalibe neat starch, saponification

in necessary for converting the acetylated starches back to neat SJthectsaponification
conditions were adjusted according to DS. For acetylated starch with DS=0, 1.5, 2.5 and 3, a mass
of 0.25 g was used. The saponifioa was conducted for 3 days in 25 nof 1 M potassium
hydroxidesolutionat 530 with occasional @tring and then diluted to 50 mivith additional 1 M

potassium hydroxide solution. FDIS3, the saponification was not complete after 3 daysnasd
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conducted for 6 days at room temperature.[p80.5, an amount of 1 g was usaad saonified
at first in 25 mLof a1 M potassium hydroxide solution for 3 dayssah and then diluted to 50

mL with anadditional 1 M potassium hydroxide solution.

The viscometry experiments were conducted as follows. For reeh $DS = 0), a volume df5

mL of solvent M potassium hydroxide solutipmas transferred to the viscometer. Increasing
amounts of neat starch solution were added to the solvent to make mixtures with different
concentrations. For acetylated starch (DS=0.5, 1.5, 2.5 and 3pwhime was measured fdi5

mL of the undiluted solution and for diluted solutions obtained by sequential dilutions with the

solvent M potassium hydroxide solutiprEach flow time was measured three times.

The method oKozicki and Kuang62] based on L'Hépital's rule for the definition of intrinsic
viscosity was used for the estimation ef. This method does not involve extrapolation to zero
concentration and, therefore, 'S more accur at

equations for calculating intrinsic viscosity.

| EL.  °© & (3.2)
- LB o |
where— — pandoando isthe flow time for the solution and for the solvent, respectively.

A second order polynomial was usedite- versus time data and calculate the intrinsic viscosity.

Accuracy measures of fits are presentedppendix I(Figure 3 and Table 1)

The intrinsic viscosity was used to estimate the molecular weight of acetylated starch together with
the Mak-Houwink parameters of partially hydrolyzed corn amylopectin in dimethyl sulfoxide
(DMSO) reported byalemis and Rinaud®3].

- c¢Popmnd?® oqdQ - pOmAaQ (3.3
- pT pmd 8 pmaQ - o 0Q (3.4)

Previous results reported Bowie [64] have shown that Marklouwink parameters for starch in
DMSO and 1 M KOH solution are quite similar.
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3.4.6.Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed in a Q500 TA instrument (USA). Each sample (about
20 mg) was heated from Zbto 60Q)0 at 1QJ3/min heating rate under nitrogen atmosphere (40.0
mL/min) to prevent thermoxidative degrad@on. The data were analyzed with th& Universal
Analysis version v5.5.20 softwarBeconvolution of the first derivative of the TG (DTG) peak

was obtained with OriginPro 8.5 software. The Lorentzian area functions were used to deconvolute
the overlappig DTG peaks.

3.4.7.Pellet Preparation

Pellets of neat and acetylated starch were prepared with an evacuable KBr mold (International
Crystal Laboratories, USA) using approximately 0.5 g of sample. The KBr mold diameter was 13
mm and the applied load was approxieta 517 MPa (7 tonnes) for at leastrbn with a press

Model #3925 (Carver Inc., USA). The pellets4 3nm thickness were then vacwamed at 800

overnight and stored in a desiccator until testing.

3.4.8.Contact Angle M easurement

Contact angle measurementsre/conducted with pellets néat starch and acetylated stasing

the drop shape analyzer DSA 100i{gs GmbH, Germany) operated at room temperature in the
static mode. Same method has been used previously in the literature for soy materials sabjected
physical and chemical treatmefi65]. Two reference liquids were used, water and hexadecane,
with three drops of each liquid for each specimen.shape of the drop was recorded and analyzed
with DSA1 V1.903 9 software (Kiss GmbH, Germany). The Youhgplace method was
employed for contact angle calculation. The shape of the liquid drop was taken immediately after
deposition since the drop shapeswmstableThe dispersive( ), polar( ) and total(’ )

surface tensions ag.8 (mJ/n), 51.0 (mJ/r), and72.8 (mJI/m) for water and®27.5 (mJ/m), 0.0
(mJ/nt), and27.5 (mJ/M) for hexadecanaespectively66].

The surface energy was estimated by two different methods in order to obtain more accurate
estimation of surface energy. The Neum@bdr] method was used to estimate the total surface

energy of water according to equati@bj.
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AT-6 p ¢ —0Q (3.5)
wherg i s the surface t gnissi otnh ee fisaeglyifgauci ed hwea tseorl iadn c

1 =0.0001247 (HmJp.

The OwensNendt method 68] was used to estimate the dispersive and polar surface energy

components of the solid surfa¢e (andf ) based on the contact angle of water and hexadecane.

[p @EI — [ g7 (3.6)
where superscripts D and Heeto the dispersive and polar components, respectively.

3.4.9.Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) (Bruker Nano Surfaces, Santa Barbara, CA) in tapping mode

was employed to measure the surface roughness of acetylated starch pellets.

3.4.10.Thermomechanical Analysis (TMA)

Pellets of acetylated starch (as described in the previous section) were used with a TMA equipment
(Q400, TA Instruments, USA). An expansion standard quartz probe was employed appulitte
modulated force wabmN at 0.5 HzAll measurements were conducted with nitrogen at 50 ml/min
flow rate. A similar multistep temperature profile was used for all samples withad§ing from

0 to 2.5, heating from ambient temperature toJh20 1QJ6/min heating rate followed by constan
temperature at 120 (15 min), heating from 1200 to 15Q10 at 1J0/min and constant temperature

at 1500 (5 min) before cooling to 120 at 1J6/min. The heating step from 1&Dto 15Q0 and

the subsequent cooling ptevere repeated for twice morehe multistep temperature profile for

DS3 was different where after the first heating stefl20J0 and constant period at 1¥Q] the

sample was heated 1@QJ0 at 1J6/min heating rate and then cooledl20J0 at 1J6/min heating

rate. The heatingtep from 1205 to 17Q)0 and subsequent cooling were repeated twice.

Data collection and analysis was performed vatfA Universal Analysis version v5.5.20
software. The data collected in the first slow heating step (frond120150/1706 at 1J6/min)

was not reliable because of the evaporation of residual solvent but the second and third slow
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heating steps were similar. The glass transition temperature and the coefficient of thermal
expansion were calculated from the second and third slowgesps and the average valueswa
reported. Theglass transition temperature was estimated from the intersection between the tangent
of the expansion curve before and after the glass transitt@ncoefficient of thermal expansion

was calculated from the il dimension) and the first derivative of the dimension with respect

to temperature at 1QJ0 above th€Y using the following equations:

| o f (3.7)
1 0
f Dﬁé'—.,Y (3.8

whereg andf are volumetric and linear thermal expansion coefficients, respectively.

3.4.11.Density

A sample of 2.5 g of acetylated starch (DS=0 to 3) wasoblied in a given solvenTébe 3-1)
and deposited on a Teflon coated mddcchdiameter andl cmdepth. After drying for 24 h at

ambient temperature, films were placed in a vacuum ovenlat®@r night.

Tale 3-1. Solvent for the preparation of acetylated starch films according to degree of substitution

degree of substitution solvent
0 boiling water
0.5 water
15 dimethyl sulfoxide (DMSO)
25 chloroform
3 acetone

A small piece of film (1 mm x 1 mm) cut by a razor blade was placeanbh@f hexane (} =0
g/mL) at room temperature in a 20 ml vial. The density of the mixture was adjusted by dropwise
addition of tetrachl or opeteusderesioreof tife film th thé riddle g / ml
of the liquid. When a sample remains suspended in a mixture of two liquids, the density of the
sample corresponds to the density of the liquid mixfGe. The mixture was considered ideal

and its volume was taken as the summation of the volume of the two liquids, therefore:
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5 ‘
" — (3.9)

whered , U and” are the mass, volume and density and subsc@yatad”Yrefer to hexane and

tetrachloroethylene, respectively. Each experimental condition was performed in triplicates.

3.4.12.Statistical Analysis

Multiple-comparison Bonferronttest at a significance level o£0.1 was employed to evaluate
the significance of the difference between means of properties that have replicate measurements.

All reported error bars represent standard error.

3.5.Results and Discussion
3.5.1.Effect of Acetylation on the Thermal Processability of Starch
3.5.1.1.Degree of Crystallinity

The high crystallinity of starch is the main obstacle during its thermal processing due to the lack
of thermal transition before degradati@j. Alteration of the crystallinity of starch is needed for
successful thermal processing operations such as extrusion biemagng Acetylation of starch

was investigated asmeans to alter st crystallinity and improve its thermal processing. The X

ray diffraction patterns presentedfigure 3-1A indicate changes in crystallinity. By comparing

the patterns of acetylated starch to those of neat starch, one observes lower intensity of the peaks
characteristic of crystallinity. The intensity of these peaks decreased linearly with increasing DS
up toDS1.5and a more gradual decreased&2.5andDS3(Figure3-1B). Similar decrease was
reported previously for acetylated corn stdi@lj. The reduction igrystallinity duing acetylation

may reflectlower inter and intramolecular hydrogen bonding due to the partial replacement of
hydroxyl groups with acetyl groups resultingsomedisordering of the crystalline structyrél,

72]. This disordering of the crystalline structure liberates chains and hence facilitates molecular
movement and provides an opportunity fagithparticipation irtheglass transitiof10]. WAXRD
patterns revealed a new crystalline stuoe for DS3 where a new set of peaks was observed
between 2=5J and 1@ (Figure 3-1). As WAXRD patterns showed, the formation of this new
crystalline structure initiated in DS1.5. Although, due to the randomokessibstitution of

hydroxyl groups by acetyl groups in DS1.5 and DS2.5, crystalline structure was not completely
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formed.The emergence af new crystalline structure weeported previously in théerature[ 73,

74]. Pu et al[74] related this new set of peaks tetype crystalline structure. The formationaof

new crystalline structure waalso inferred by comparisaf the absorbance of acetylated starch
iodine solutions measured&0 nmand their molecular weighs¢€eAppendix | (Figure 6jor the
detailg. The blueblack starckiodine solution represents the complex formed withrvylose.

The complex formation is affected by the length of the amylose ¢R&iii7]. As reported in
Appendix | the relationship between absorbance and molecudgghiv falls apart aDS3
Combining this observation with the WAXRD resulBdure 3-1A), it is inferred that this new
crystalline region foDS3 is characterised by single helices which when suspended in a solvent,

are capable of forming colored inclusion complexes with iodine.
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Figure3-1. (A) WAXRD diffraction patterns of acetylated starch according to degree of substitution (DS). (B)
Degree of crystallinity of acetylated starch according to DS.

3.5.1.2.Thermal Transition

Thermal transition profiles of acetylated starch were obtained 16y &falysis Figure3-2). An
inflection of the baseline around 1B80was seen in the heat flow pattern$higher than 0.5.

This inflection is characteristic of glass transition for polymers. The temperature and the change
in heat capacityf0 ) associated with thimflection are reported iffable 3-2 for DS1.5,DS2.5

and DS3. Fringant et al. previously reported similar glass transition temperature (arouldd 150

for pea amylose acetate (DS=2.7) and amylopectin acet&e2(b)[10]. The glass transition

temperature was reported to decrease with increasing D8rfgryam and pea starch ace{a@
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80] while in the current study, the glass transition temperature remained nearly condd&it. sor
andDS2.5 and increasedymearly 1306 for DS3.

At temperature higher than 2KhDS0.5-2.5 exhibited thermal decomposition (data not shown),
while DS3 remained stablap to 2236. An endothermic peak around Zb0(Figure 3-2 inset)

was observed fdDS3. Such peak was previously attributed to the crystallization of amjl0ke

The presence of a new crystalline structurd88 was also deduced from the WAXRD patterns.

The presence of crystals can act as physical junctions and reduce the molecular mdhgity of
polymer chains. The restricted molecular mobility could expthm higher glass transition
temperature observed f@S3. This new crystalline structure could be emerging among the
liberated chains explaining the increase of glass transition temperature even with lower degree of
crystallinity of DS3compared to othddS.

In the context of polymers, the heat capacity cha¥ge)(n glass transitiocan reflect the fraction

of chains contributing to the glass transitif81]. For acetylated starchY near the glass
transition temperature increased with increasing DS. Decreasing the intermoleculgehydro
bonding caused by partial replacement of hydroxyl groups with acetyl groups can increase the

level of macromolecules with glassbber transition capacity which can be described bythe

increasqg 78-80]. ForDS3, the heat capacity change is in the range of many polya@rs

Table3-2. Glass transition temperaturé’) and heat capacity changed( ) near"Y estimated from DSC
thermogram for acetylated starch according to DS.

DS qj @GP (DSC) » p(3.g~KY) {j 3P (TMA)

0 - - -
0.5 - - -

15 142 0.06 138.5
2.5 145 0.11 135
3 154 0.23 155
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Figure3-2. DSC profile of acetylated starch according to DS. The inset shows the thermod@&hatfelevated
temperatures.

3.5.1.3.Intrinsic viscosity and molecular weight

The intrinsic viscosity, which gives a measure of the hydrodynamic radius of a sphere
approximating the coil dimensions of a polymer moled8@, was used as indication of the

degradation of starch taking place during acetylation.

Intrinsic viscosiy based orthe Kozicki and Kuang methodEQuation3.2) and the associated
molecular weigh{Table 3-3) showed significant decrease due to acetylahmikert et al.[83]
revealed that acetic acid as activator leads to significant degradation of starch molecules
reporting about 91.6% decrease of the (flom 31.1 x 16 g/molto 2.61 x 10g/mol) for acetylated
corn starch wittbS2.5 Similar decrease was observed in this studyDi§2.5 (89.7%).Bello-
Pérez et al[84] showed that high DS caused higher extent of degradation fewylsaarchLower

molecular weight of starch after acetylation is expected to improve its processability.
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Table3-3. Intrinsic viscosity and molecular weight of saponified acetylated starch solution agctorddS.
Reported values represent 95% confidence intervals.

DS t (Kozicki and Kuang) M, (10°g/mol) + (Huggins)
0 154.10 £+ 6.60© 1750+ 1.20 142.60 £ 3.50
0 (Unsaponified) 190.20 + 21.60 24 +4.14  194.70 £ 7.60
0.5 6.41 £ 0.42 0.02 £ 0.07 6.33+£0.32
15 52.83+0.93 3.50+0.10 52.85+0.70
2.5 33.84+0.76 1.80+0.08 33.88+0.46
3 17.72+1.98 0.32+0.1* 17.89+1.76
Different letters denote statistically significant different samples (Bonfertest tat a significatel e v e | of U=0.

3.5.1.4.Thermal Stability

Evaluation of the thermal stability of acetylated starch is an important consideration for the
selection of suitable operating conditions for thermal proce§8bhgFigure3-3 summarizes TGA

and DTG analysis of acetylated starch. TGA analysis of native starch (DS=0) showed two steps of
mass loss which translated to two peaks in the DTGHigure 3-3). The first mass loss was
observed in the 234030 temperature range and was related to the release of physically adsorbed
water[86]. The secondnass loss observed in the 2880J0 temperature range was related to
starch decomposition. During starch decomposition, water is released as a result of inter and
intramolecular dehydration reactidi@3]. TGA analysis of acetylated starch (DS=0.5 to 3) showed
three seps of mass loss which are reflected as three pedksDTG data(Figure3-3). The first

step (2514010) also corresponds to the release of physically adsorbed water. The mass loss in this
first step decreased with increasing DS which is in agreement with the gradual decrease of
hydrophilicity resulting from the progressiveplacement of hydroxyl groups with acetyl groups
(Appendix | Table 2). The second mass loss (30QJ0) was attributed to the condensation of

the hydroxyl groups. Finally, the third mass loss (8150 was related to the decomposition of

the acetyl goups. Previous TGATIR analysis identified acetic acid #ise product of the
decomposition of acetyl groups for this temperature r§88e The shift of the secu peak to

lower temperatures for acetylated starch could reflect the degradation of starch occurring during
the acetylation reactiof86]. The absence of mass loss in the-300J0 temperature range for

DS3 (Figure 3-3) supports the absence of hydroxyl groups. The maximum rate of decomposition
of theDS3 occurred at 3615, about 500 higher than the temperature at which the highestafit
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mass loss was observed for native starch (DS=0). The TGA analysis presented in this study is in
agreement with previous work showing that acetylation of starch increases its thermal stability
[71, 79, 86]. The higher thermal stability of acetylated starch has been attributed to the lower
hydroxyl content remainingfter acetylation or the slower rate of OH condensation reaction taking

place once hydroxyl groups are partially replaced by acetyl g{@dhs
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Figure3-3. (A) TGA and (B) DTG curves of acetylated starch according to DS (10°C /min heating rate, nitrogen
conditions).

The area of the second peak and third peak of the DTG for acetylated starch was obtained after
deconvolutionof these peaksF{gure 3-4A). The area of the second peak attributed to the
condensation of hydroxyl groups (2800J0) decreased with increasing DS while the area of the
third peak attributed to the decompamiti of acetyl groups (31%1530) increased. The
contribution of the thermal decomposition of the acetyl groups to the total thermal degradation of
acetylated starch according to DS, presentétgare3-4B, showsa linear relationship according

to DS. Similar linear relationship was reported previously for acetylated corn starcBS@th
1.23[71].
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Figure3-4. (A) Deconvolution of DTG datfor DR.5. (B) Linear relationship between the fractional area of peak
for the acetyl group decomposition to the total thermal degradation according to’B& %8R

3.5.2.Effect of Acetylation on Critical M aterial Properties in Blend
Applications

3.5.2.1.Hydrophobicity and Surface Energy

Contact angle analysis was used to evaluate the effect of acetylation on the hydrophobicity of
starch. Prior to contact angle analysis, the surface roughness of acesti@ch pellets was
assessed to ensure accurate measurswifdghe contact angle, namely the shape of the liquid drop
which requires asymmetry and should be sufficiently large compared to the scale of surface
roughnesq89]. The surface roughness of acetgthstarch pellets (~10 nm) was significantly
smaller than the diameter aftypical liquid drop (few millimeters). AFM topographic images,
arithmetic average roughness)Bnd root mean square roughnesg éRe presented iippendix

| (Figure 4 and Tabkl4)

Figure 3-5 showsa linear increaséor the water contact angle with increasing DS, indicating
decreased hydrophilicity due to the replacement of hydrophilic hydroxyl groups by hydrophobic
acetyl groups. Similar effect of acetylation on the water contact anghecarn starch were
reported previously b@hi et al[70] with 43.1Jfor neat starch and 68 for acetylated starch with

DS 2.89 and bu et al.[9(] for films prepared from neat starch and acetylated starch with DS
2.45 (36.3and 68.9). Differences in water contact angles between our results and those reported

for films prepard from acetylated stardi®0] are observed for intermediate DS.
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Figure3-5. Shape and contact angle of water drop on the surface of acetylated starch pellets according to DS.
Dashed line is the linear fit gR 0.9888). Error bars represent standard error (n=3). Difference between the water
contact angle oDS0and 0.5 is not significant.

The total surface energy and its dispersive and polar components are preseigaceid+6 for
acetylated starch. The total surface energy decreased nearly lingarinakeasing DS for DS

above 0.5 reflecting the decrease of the polar surface energy component and the gradual
replacement of polar hydroxyl groups by less polar acetyl groups. The dispersive component of
the surface energy remained relatively constaith wicreasing DS in agreement with the
observations oKu et al.[90] for films prepared from acetylated starch at all DS exP&pP.45.
Additionally, quite similar result for total surface energies from NeumannCaens\Wendt
approaches verdd the reliability of our measurementEigure 3-6. Details of contact angle and

surface energy contributions are presentefigpendix I(Table 5)
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Figure3-6. (A) Polar, dispersive and total surface energy of acetylated starch according to DSuifata energy
was calculated using Neumann and Owdfendt approaches. Error bars represent standard error (n=3 for
[ ;n=9 forf ,[ and’ ). Significance of differences between values is presentadpendix | (Table
5). (B) Estimated interfacial tension between acetylated starch and PLA according to DS

The significant decrease of the contribution of the polar surface energy component for acetylated
starch with 0.5 DS and higher suggests improvedpatibility between these acetylated starch

and conventional nepolar polymers. The effect of the lower polar surface energy component of
acetylated starch is further evidenced by analyzing the interfacial tension between acetylated starch
and PLA [ , 325 (mJ/mf), | , 8.2 (mJ/n?), [ , 407 (mJ/nf) [91]) calculated with
equation3.10[92] and presented iRigure3-6B.

[ rr o crr Grr (3.10)

The decreased interfacial téms suggests improved compatibilty between acetylated stardh

PLA which should lead to improved mechanical performance.

3.5.2.2.Thermal Expansion

The thermal expansion of acetylated starch, obtained by TMA, is presefkigdre3-7A for the

third slow heating stegdrobm 1206 to 150/1706 at 1J6/min). The starting point of all curves

was transferred to zero and then different constant values were added in order to move the curves
vertically (for comparison purposes). The glass transition tempera¥)reds obtainedrom the

intercept of the tangent for each region with different expansion fitpsé¢ 3-7A) and reported

in Table3-2. These'Y estimates are slightly lower th#mose estimated from DSC measurements
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(Table 3-2). This could be due to the lower heating rate of this meft@gdor the inherent error

in the Y measurement of this method. A similar trend was observed and discussed for DSC
analysis. The volumetric coefficient of thermal expansiop €alcubted from Equatior8.7

and 3.8 and presented ifrigure 3-7B, increased relatively linearly with increasing DS. This
increase could result frorhé enhancement of the molecular motion between the starch chains due
to the lower hydrogen bonding when hydroxyl groups are substituted with acetyl groups during
acetylation. The deterioration of the crystalline structure of st&ighre3-1B) could also provide

opportunities for increased motion as a result of the looser packing.
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Figure3-7. (A) TMA of acetylated starch according to DS. The starting point of all curves was moved tmdero

the curves were shifted with an appropriate constant value to move the curves vertically. (B) Effect of the extent of

acetylation on the volumetric thermal expansion coefficient of acetylated starch. Dashed line is the lirfear fit (R
0.9%).

A comparson between the estimated thermal expansion coefficients of acetylated statblatwith
of PLA, about7.410* K1 [94], indicates comparable magnitude. Acetylation of starch will likely
improve the compatibility with convéinnal polymers andeducethe detachment at the interface

during temperature changes.

3.5.2.3.Density of Acetytated Starch Films

The effect of acetylation on the molecular arrangement of starch was deduced from the changes in
density for films prepared with acetylated starch. As illustratédgare 3-8, significant changes

in density of the films were observed according to DS. The substitution of hydroxyl groups with
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acetyl groups altered the packing of amylose/amylopectin molecules. Bulky acetyl groups may
have increased the distance between adfa@mylose/amylopectin molecules and interfered with
close packing. These changes have translated in higher volume occupied by the acetylated starch
molecules and reduced the density of the films. Alternatively, destruction of the crystalline
structure de to acetylationKigure 3-1), could also explain the lower density. The crystalline
domains of starch are very compact and dense. Destruction of crystalline domains, increases the

amorphous content and decreases the density.

The lowering of the density caused by acetylatitsg enproves the similarity between acetylated
starch andPLA ( } 28g/mL[94)]).

Figure3-8 shows a linear correlation between density and DS for all DS eR&tThe lack of
correlation forDS3 may reflect the formation of the newoke packing crystalline structure

described pnaously.
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Figure3-8. Density of acetylated starch according to DS. Error bar represent the standard error (n=3). Dashed blue
lines is the linear fit (R= 0.99) with the first four DS. Dashed black lineghis linear fit (R= 0.95 with all DS. All
reported values are significantly different.

3.5.2.4.Starch Retrogradation

After thermal processing, starch molecules will undergo recrystallization or retrogradation during
cooling and storagd95]. This retrogradation orecrystallization causes embrittlement of
thermoplastic starch96]. An indication of retrogradation can be obtained from dbgree of
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crystallinity where lower degree of crystallinity could reflect reduced retrogradation. As illustrated
in Figure3-1B, acetylation was associated with gradual decrease of the degree of crystallimity wit
increasing DS. Destruction of starch crystalline structure during acetylation, decreases the
crystallizable portion of starch molecules and prevents retrograd@ipand embrittling othe

thermoeprocessed material.

3.6.Conclusion

The results presented in tlslsapterdemonstrate the potential of acetylatiomaseans to improve

the suitability of strch for bendingapplications both from processing perspectives and material
properties. The crystallinity was significantly reduced upon acetylation which sfemilitate
molecular movement and glass transition and improve thermal processatiktylation also
decreased the crystallizable portion of starch molecules which should prevent retrogradation and
embrittling of the thermgrocessed starch materidbartial degradation during acetylation
decreased the molecular weight and increased the theyrnaessability of starch. The
replacement of hydroxyl groups with acetyl groups enhanced the thermal stability of starch and
should widen its thermal processing temperature window. The polar surface energy component of
acetylated starch decreased siguaifitly such that the compatibility of acetylated starch with
conventional polymers should be increased. The thermal expansion coefficient estimates revealed
closer similarity between acetylated starch and conventional polymers. The lower density of
acetylded starch in comparison to starch should enable this material to maintain the comparative

advantage of polymeric materials which is their light weight.

Previous studies for synthetic polymers indicate that their processability, mechanical and barrier
properties could be related to their dynamic behaj@&2101]. Therefore, in the next chaptie
dependence of molecular mobility to the structure of acetylsi@athwill be studied. Three
degrees of substitutiongere selected for this study based on the DSC results. Native starch (DSO0)
as the referencd)S1.5which is the middleof the DS range and ithe first samplewith an
observableY, andDS3thatis the end othe DS range and shows a new crystalline structline.

effect of inter and intramolecular interaction and crystalline junctions will be investigated on the

chain dynamics of selected acetylated starches in the next chapter.
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4.1.Synopsys

The molecular mobility of acetylated starch wétklegree of subsgttion (DS)of 1.5 and 3 was
investigated by using temperaturodulated DSC (TMDSC) and solgfate 13C NMR (SS

NMR). The relaxation time of hole formation estimated from TMDSC data was proposed as the
representative dhe| -relaxation time neatyY. Together with the VFT model, TMDSC data were
used to estimatéy and the fragility index. ThéY estimated from the VFT model was similar to
the”Y measured b{pSC and bythe heatcool mode TMDSC supportinge analogy between the
relaxation time of hole formation and therelaxation time. The cooperative rearranging region
(CRR) characteristics were investigatedthg heatcool mode TMDSC. The smaller size of the
CRR forDS3 compared tdS1.5was attributd to thedisruption of hydrogen bond§MDSC
experimental data at moderate temperature, predictions at ambient temperatureNM& SS

results at ambient temperature suggest different mobility of acetylated starch according to DS.

4.2.Introduction

Growing conerns of the environmental impact of petroleum derived polymers and the depletion
of fossil fuel resources has led to considerable research efforts in the development of alternative
materials from natural resourcfk4]. Starch has attracted significant attention as a promising
biodegradable material due to its low cost, abundance and renewgfilifyhe high degree of
crystallinity of starch hinders its thermal proagegsdue to the lack of thermal transition before
degradation[8] while its hydrophilic characteristics and poor compatibility with synthetic
polymers limits its application in composite naés. Chemical modifications of starch can
improve its compatibility with synthetic polymers which can also increase the mechanical
propertied57, 58] and thermal stabilitj58] of starch derived materials. The acetylation of starch,

a relatively simple process, cancrease its hydrophobicity by manipulating the degree of
substitution of the hydroxyl groups with acetyl groups on the glucose units making up the amylose
and amylopectin chain®]. The presence of acetyl groups will alter the hydrogen bonding, the
chain mobility and the packing arrangement of the amylos#® amylopectin chains and
crystallinity characteristics. Such structural changes lead to acsgstalline material that has
shown improved thermal processability compared to native qta8:hPrior studies for synthetic

polymers indicate that their processability, mechanical and barrier properties could be related to
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their dynamic behavigr98-10]]. In this study, the molecular mobility of acetylated starch with
two different degrezof substitution (DS) df.5 and 3, was investigated by adopting concepts and
characterization techniques developed for syntlpetigmers. Of particular interest was the glass
transition region and the onset of lerange cooperative molecular motions ahelit associated
Urel axation character i s trélagation ch8racteristics of dcetylaiech v e s t
starch by dielectric spectroscopy is limited by the difficulty in producing uniform films, an
alternative thermodynamic approach was adapi&s approach is based on the change of heat
capacity(Yo ) in the glass transition regioneasured by quagsothermal temperature modulated
DSC (TMDSC) and analyzed with the concept of hole formation proposéyrinyg [102] and
employed bywWunderlichet al.[103-108. According tothis concept, the higher expansivity and
the slower temperature change in response to a thermal stimuli of polymers abovesshe gla

transition temperaturéY) are due to the increased equilibrium numbeeaiatsize holesp °.

Each mole of holes adds an energy contributioto the enthalpy. The total heat capacity is then
expressed d4.04:

56 Qu_ (4.1)
QY
where0 and0 are theheat capacity of the polymer below and abo¥eespectivel105. By
considering firstorder kinetics to describe hole formation, the hole theory can bedpp the

glass transition regiof104].

Q0 p ., . (4.2)
. T— U U
Qo ft

wherel and0 * are the instantaneous and equilibrium number of holes, respectidety mthe
relaxation time for hole formation. The relative change of heat capacity during glass transition is
expressed in terms of by combining Equatiom.1 and 4.2 and considering sinusoidal
temperature modulation conditions and constantas proposed byunderlich et al[105:

V# pj t 4.3)

Y6 -

pi t T
whereY# is the difference betwedheheat capacity of the polymer below and abdve Y6

is the maximum change of heat capacity during the glass transition snithe frequency of the

sinusoidal temperature modulation.
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The effect of temperature on the relaxation time for hole formatigna(as investigated with the
VogeklFulcherTammann (VFT) model developed for the-relaxation time since cooperative
molecular motion is a prerequisite for hole formation in the glass transition regiemleviation
of the temperature dependence of theelaxation timefrom the Arrhenius behaviowas

guantified with the fragility index.

The effect othedegree of substitution on the dynamics of acetylated starch was also investigated
by considering the concept of cooperative rearranging region (CRR) developed for synthetic
polymers. Cooperative rganging regions (CRRjepresent the smallest amorphous domain

where a conformational rearrangement may occur independently from its environment. The length

scale of CRR (cooperativity lengtban be investigated by heatol mode TMDSC.

Since TMDSC isimited by the operating temperature conditions, an alternative technique, solid
state NMR (SSNMR) spectroscopy, used extensively to study the dynamics of synthetic polymers
[109117] and possesses sensitivity to intermolecular and intramolecular interddtichswas
selected. Calucci et aJ114 investigated the effect of accelerated aging (incubation at high
temperature and relative humidity) of wheat grains on the dynamics otfhastituents. In their
study, higher dynamics of all flour constituents including starch are observed after grain aging
which may be related to the deterioration of the flour constituents. Tang¥tZlemployed SS

NMR techniques to distinguish the dynamics of the three BA and C) types of starch with
different crystalline structuresaving different water content. Substahtraobilization was
observed in the amorphous regions due to the hydration, while no significant changes in the rigidity
was noticeable in the crystalline (double) helidé8.NMR relaxation time in the rotating frame,

"Y O can provide sitespecifc information on the molecular motions in the rkitbhertz regime

[110. Therefore]Y O can be interpreted in terms of chain flexibility. Sfattice and spirspin
processes can be responsible for the loss of magnetization frontahegrérame. Spidattice
relaxation comes from the modulation of inrterclear dipolar interaction by molecular motion at

the rotating frame Larmor frequency. Ssipin relaxation arises from statid-'H interaction and
proton flipflops[11§. Previous studies revealed that sjaitiice relaxation due to the molecular
motion is the dominant process in demagnetization of amosppalymers in the rotating frame

[101, 114 while relaxation is sphspin dominated in crystalline polymdislq. Therefore, the
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"Y 0 characteristics between amorphous polymers can be used as indication of their mobility

where shortefY 0 would indicate greater average mobilify0o1, 11Q.

13C NMR relaxation time in the rotating fram&y 06 , determined using standard cross

polarization magic angle spinning experiment, was used as the measure of chain flexibility. Chain
flexibility information obtained from TMDSC ne&ywas compared to analysis obtained by solid

state NMR at mbient condition.

The objectives of this study were to investigate the effect of acetylation on the chain dynamics and
molecular mobility at moderate temperature (Qussihermal TMDSC and heat cool mode
TMDSC) and ambient temperature conditions (VFT elqutedictions and SEMR). Acetylated

starch with two different degree of substitution (DBJ1.5 (partial replacement of hydroxyl
groups with acetyl groups) amiS3 (complete substitution of hydroxyl groups by acetyl groups),
were selected. Crystalligitcharacteristics were obtained by wide angleaX diffraction. The

glass transition temperaturéy( was obtained by three different techniques, conventional DSC,

Quastisothermal TMDSC and heabol mode TMDSC.

4.3. Experimental Section

4.3.1.Materials

Corn starch was purchased from local Ontario market (BulkBaproduct code: 000260).
Amyl ose content of starch was estimats589d t o be
Acetylated starch was produced by mixing corn starch with acetic anhydride atletgmained

molar ratio of acetic anhydride/starch artéc aid, with or without a catalysh a 250 mL 3

neck round bottom flask. A reflux condenser was attached to the middle neck of the flask, while a
thermometer and a nitroggrurge inlet were connected to the two side necks. The flask was
submerged inta preheated oil bath placed on a magnetic heating plate. The reaction mixture was
agitated by continuously stirring with a magnetic stir bar under nitrogen proteEboreach
experiment, the duration of the reaction was started when the inner tengpefaher reactor flask
reached 135°C. The reaction was terminated after 3 hbhesteaction mixtures were precipitated

into non-solventand the precipitate was filtered in a Buchner funnel and further washed under

vacuum filtration withnon-solventto remove any residual acetic acid. The recovered precipitate
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was dried overnight in a vacuum oven setting dC46 remove any residual solvent. The degree

of substitution (DS) represents the number of hydroxyl groups that are replaced by acetyl groups
on aglucose unit of starch molecule (from 0O to A¥etylated starch with two DS, 1.5 and 3, was
prepared according to the above procediiadle4-1 presents the molecular weight and density
characteristics of star@dnd acetylated starch.

Table4-1. Molecular weight§ w) and density”() characteristics of starch and acetylated starch.

Degree of substitution (DS 4 572 [g/mol] 7 [g/cnT]

0 17500000 1.49
15 3500000 141
3 320000 1.28

3measured by dilute solution viscometry and intrinsic visco%itgasured by suspension method.

4.3.2.Wide Angle X-ray Diffraction (WAXRD)

The crystalline structure of acetylated starch was characterized by wide aregfed¥fraction
(WAXRD) (D8 f ocus, iM@diatiokand).5406iAwhveladgtioperated at 40 kV
and 30 mA. The Xay diffraction patterns were recorded in-aghgle range of-30 with a step

of 0.02)anda speed of 1 sec/step at ambient condition.

4.3.3.Differential Scanning Calorimetry (DSC)

The thermal transitions of acetylated starch were investigated with a Q2000 (TA instrument, USA).
The acetylated starch (0 mg) was placed in an aluminum pan. A hole was poked in the lid of
each pan to allow evaporation of angideial solvent or adsorbed watéfitrogen with a 30
mL/min flowrate was used as purge gake sample was initially heated fromJ5to 20010 at
10J6/min heating rate to eliminate any residual solvent, adsorbed water or thermal history. Next,
the samples were cooled toJd5and then heated again to 260(10J6/min heating rate). An
empty pan was employed as a reference. Glassition temperature and melting enthalpy were

calculated usinghe TA Universal Analysis version v5.5.20 software
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4.3.4. Temperature modulated differential scanning calorimetry (TMDSC)

TMDSC measurements were carried out on a Q2000 (TA Instruments, USA)aedliwith

indium and sapphire disk standards, using standard Tzetegéh with a 30 mImin flow rate

was used as purge gas. The sample mass was about 5 mg, placed in aluminum plans. The amplitude
of modulation was selected such that steady statenaagtained with changes in heating rate.
TMDSC experiments were conducted in two different modes:

(a) Quasiisothermal mode: (i) heating to the starting temperature of the experimeJCANAD

(ii) equilibration at that temperature to erase any thehisbry, and (iii) cooling to the final
temperature with X steps each held constant for 20 min. The temperature range was 17#to 120
for DS1.5and 180 to 138C for DS3 The modulation amplitudes were 0.5, 1.0, andd,.6oupled

to periods of 30, 60al 90 s, respectively, to achieve the same maximum heating raté@ioir3

for all experiments. The heat capacity for each temperature at each frequency was recorded every
5 s. Data was recorded during the final 10 min of step (iii) and used to catbela¢taxation time

of hole formation { ). Fgure 1 of Appendixll shows the Lissajous plots (modulation heat flow
versus modulation temperature) at one temperature. Insets show the Lissajous plot of the final 10
min of data collection. Super imposition of the ellipsoids indicated thatysstate was reached

and maintained during the final 10 min of step [ii)5. Therefore, 120 data points were collected

and averaged. The heat capacity data for each-tpodisermal experiment were normalized with

the maximum change of the apparent heat capacity during the glass trai¥gitionNormalized
heatcapacity was used to estimdteaccording to Equatiod.3 for each temperature. Finally in

order to eliminate the effect of modulatidn,was extrapolated to zero amplitude of modulation.

(b) Heatcool mock: (i) heating to 188 and then cooling to 10Q at 2AC/min, (ii) heating to

180J1C with an underlying heating rate oQ/min using the similar modulation amplitude and
period as for the quasothermal mode. The data collected forJC.amplitude cou@d to 90 s

period were selected for the estimation of the real and imaginary parts of the heat capacity because
these conditions provided the highest signal to noise ratio. Baseline correction procedure proposed
by Weyer et al[117] was séected to obtain the iphase §and outof-phase ¢c) components

of the heat capacity and@aussian peak was fitted to the -ofphase component of the heat

capacity using OriginPro 8.5.
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4.3.5.S0lid State Nuclear Magnetic Resonance (88MR) Spectroscopy

SSNMR spectroscopy was perfoed with a Bruker AV6700 spectrometer operating at 700 MHz

for *H. In order to obtain highesolution *3C spectra, crosgolarization (CP) and proton
decoupling were combined with magiagle spinning (MAS) for all measurements. Each sample
was tightly paked in a doubldearing CP/MAS probe with 4 mm rotor. All relaxation and contact
time measurements were performed with a 4 s recycle delay and at 5 kHz spinningepted.

13C spinlattice relaxation experiment, a 14 kHz rafliequency field strengtivas usedThe*C
relaxation time in the rotating framé&, o ,was obtained by using the standard CP sequence and
by varying the carbon spin lock time from 0 to 10 ms in 10 steps without proton irradiation after

CP (2 ms contact time).

Thel3C relaxation time in the rotating franveas obtained by fitting a stretched exponential to the
measured intensityy T [100 11§:

(VI 0
o 0

q 7 (4.9
whered is the initial magnetizatign)  is the magnetization when the spin system and the lattice
reach a quasequilibrium, T is the spiAlock time, and is the norexponentiality parameter or

stretch exponent which contains information on the distribution of the relaxation times.

4.4.Results and Discussion

4.4.1.Crystalline Structure

The crystallinestructure of native starctDE0) and DS1.5 andDS3, obtained by WAXRD,
indicates that some of the crystallisgucture of native starch (D¥ disappeared while the
emergence of a new crystakistructure was observed for Svith a set of peaks betweer=5J

and 1@ (Figure4-1). Similar emergence of new crystalline structure was observed previously in
yellow ginger acetylated starch with @$2.67[73]. The nev crystalline struture observed for

DS3, where all hydroxyl groups have been replaced by acetyl groups leading to the absence of
hydrogen bonding and consequently easier fusion, should be different than the crystalline structure

of native starch where dllydroxyl groups are present leading to significant hydrogen bonding.
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Figure4-1. WAXRD diffraction patterns of acetylated starch according to DS.

4.4.2. Thermal Analysis and Molecular Mobility near the Glass Transition
Region (moderate temperature conditions)

The thermal transitions of acetylated starch, obtained by DSC anddigisg4-2), indicate that

no glass transition was observed for native starch. The irdenamolecular hydrogen bonding

and the high degree of crystallinity prevent starch from showing any thermal transition before
decomposition. In contrast, acetylated starch showed a glass transition temperati@efod 42
DS1.5and 154C for DS3 The sultitution of hydroxyl groups with acetyl groups during
acetylation reduces hydrogen bonding in starch allowing for a-glager transition to occuA

similar glass transition temperature has been reported previously, aroui@ifbb@ea amylose
acetatdDS=2.7) and amylopectin acetate (DS=216). At temperature higher than 2K native

stard (DSO) andDSL1.5 exhibited thermal decomposition, whid&3 remained stable up to about
2501C. An endothermic peak around 20was observed foDS3. Such peak was previously

attributed to the crystallization of amyloge)].
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Figure4-2. DSC profile near the glass transition region of acetylatdtstaccording to DS.

The emergence afnew crystalline structure DS3suggests the formation of new junction among

the chains. Replacement of acetyl groups with hydroxyl groups on the glucose units of starch alters
the chain intermolecular interaction$o investigate these effects, Quesithermal TMDSC
experiments were conducted to probe the dynamic behavior of acetylated starch chains near the
glass transition region. The normalized change of heat cap¢ityf¥6  for three different
modulation conditions, presented Figure 4-3a and c, indicates higher variation ¢ ¥Y6

according to temperature f@S1.5compared tdDS3 These results @re used to estimate the

relaxation time of hole formation (Equatidr8) according to temperatur€igure4-3b and d).
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Figure4-3. Relative change of heat capacity of acetylated starch withSa)5and (c)DS3and calculated
relaxation time for hole formatiort () at different temperatures for (B)51.5and (d)DS3 Dashed lines represent a
guide (a and c) and linefit (b and d).

As indicated earlierchain relaxation inan amorphous materiaé the prerequisite for hole
formation during the glass transition. Thus the behavior of the relaxation time for hole formation
T may be related to that of therelaxation time. With this in mind, we have evaluated the
behavior of the relaxation timfer hole formation usingnodels developed for the-relaxation

time. Generally, the temperature dependence of thelaxation time for polymers depicts a
deviation fromArrhenius behavior. This deviation can be captured by the empirical Vogel
FulcherTammann (VFT) equatiof119-121]:

. 0 (4.5)
T Y TA@EY—,,Y

wheret is therelaxationtime at infinite temperature) is the fitting parameter, and is the

reference Vogel temperature.
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The good fit of the relaxation time of leoformation 1t  with the VFT model (R Table4-2),

presented ifrigure4-4 supports the analogy between the two types of relaxation time.

log[t, (s)]

2.25 2.30 ‘ 2.|35 I 2.40 I 2.45
1000/T (K™)

Figure4-4. Relaxation time of hole formation as a function of the inverse temperature (Arrhenius diagram) for
DS1.5 and DS. Solid lines represent the fit of the experimental data to the VFT model (Eqgd&)iohhe
horizontal dotted line represents the relaxation time of hole formatithernsidered a$ is equal to 100s.

The VFT model and its estimated parameters from the relaxation time of hole formation were used
to calculate thglass transition temperatuas the temperature at whithis 100 s (by definition

[122)). The estimatedY for DS1.5and 3 with the VFT model is similar to the experimentally
measuredY by DSC, reinforcing the analogy between thkaxation time of hole formationt

and the -relaxaion time. The estimated and measuréaf DS3 was higher than fddS1.5. The

high content of acetyl groups S3may reflect lower intra and intermolecular polar interaction

and hydrogen bonding but could also reflect changes in the conformétiom lmackbone. Intra

and intermolecular polar interact®@and hydrogen bonding can increase the conformational
energy barrier and reduce the backbone flexibility as well as steric hindrance like bulky side groups
[123 and geometric restrictions like crystals or crosslinking junciib®4]. The highei'Y of DS3

may also reflect the presence of new crystalline regions as observed by WAKRIDe@-1).

These regions may be actingpdsysical junctionsincrease th conformational energy barrier, and
reduce the chain flexibility. It should be pointed out that for polymers, the influence of polar

interactiors on chain flexibility near”Y is affected by the magnitude of the glass transition
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temperature and is less pronounced for polymers with Mgh is a consequence of the lower

polar interactions compared to the thermal fluctuatid@3Y at elevated temperaturgd23.

Table4-2. Fitted parametersY (K) andé (K)) of the VFT model (Equatin 4.5), fragility index @ ) and"Y for
acetylated starch according to DS.

Degree of [ Ay w v 3lj (OSC) 4|y (Heatcool mode
substitution KK R? K] K] BEE
(DS)
0
- - - 1578 - - 358
15 67 410 0.9980 139 419 415 424
3 217 399 0.9963 70 422 427 434

2data are extracted from refered&@5y for starch with 13 wt% water.

The deviation of the temperature dependence df thedaxation time for hole formation neay

was analyzed with the fragility index, introduced by Angell126, 127]. The fragility index is
defined by the following equatidi29:

Ql T1C"Y (4.6)
?V4
QY'Y

With t "Y given by Equatior.5.

o

The fragility index can be used to classify the properties of a mdte?i4l129. Fragile systems

exhibit sharp and narrow glass transitions, presenting rapid increase in heat capacity and
relaxation time neal. Il n other wordsagi materieahsbcal seeef
Arrhenius temperature dependence of thelaxationtimenedty, whi |l e fistr ongo ma
linear temperature dependence of theelaxation time. The fragility index determines the
vitrification propeties of a glasgsorming system and can provide information on the relaxation
environment of macromolecul§¢s3(. According to the extensive review conducted by Kunal et

al.[13]] for several polymexrwith distinct side groups and backbone structures, the fragility index

is primarily influenced by the packing efficiency of the amorphous chains in the glassy state and

the chain flexibility. Low packing efficiency and low chain flexibility lead to higinagility index

(fragile), while polymers with high packing efficiency and flexible chains have lower fragility

index (strong). Although limited studies have investigated the effect of polar interaction on
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fragility index, initial results indicate thate polar interactions would increase the fragility index
of polymers[123. The fagility index may be related tdvé¢ glass transition temperature of a

material but the effect remains unclear and up for debate.

The fragility index of acetylated starch, estimated from Equatiéand presented ifable4-2,
indicateshigher fragility index forDS1.5 has compared ©S3. The magnitude of the estimated
fragility index agrees with the reported value, 151, for potato starch (amylosnic@6twt%)
containing 13 wt% moisture25. The lower fragility index oDS3compared tdS15 suggests
higher packing efficiency and chain flexibility DS3which seems countantuitive considering

that acetyl groups are bulkier than hydroxyl groups.

4.4.3.Cooperative Rearranging Region Characteristics

The concept of cooperative rearranging regi@@iRR), the smallest amorphous domain where a
conformational rearrangement may occur independently from its environment, was used to
understand the dynamic heterogeneities in acetylated starch according to DS. CRR regions were
investigated by heatool mode TMDSC experiments and used to estimate the associated
cooperativity length. In recent years, the cooperativity length bealgeen extensively studied to

understand its molecular characterisfit®4, 129.

In our study, two approaches have been consider@da@anpared for the estimation of the size of
CRR. The first appr oac h the tBrgperatuned flectuatiendf ehe , i s
amorphous regions. In this approach, the cooperativity lengéissociated with the volume of a

CRR @) [53] can be calculated as follows:

Yé QY (4.7)

whereY 6 is the change of the inverse heat capacity between the liquid state and the glass

W U

state,Q is the Boltzmann constarit,is the density of the amorphous phasejaridorresponds
to the standard deviation of the enftphase component of the heat capadity,Y, fitted by a

Gaussian peak (<Full width at half maximum/2.35).

The coopeativity degree or the number of relaxing structural units in a GRRwas estimated

using the following relatiof53]:
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0Yo QY (4.8)
G 1Y

WhereY 6 ,°Q,”, 0 and] "¥re defined as abové, is the molar mass of the relag

5

structural unit, andY corresponds to the temperature maximum of the Gaussian peak. For the
estimation of and( ,¥Y & was obtained from heat capacity data of fueatt TMDSC. The
parameters “#nd”Y were estimatedybfitting a Gaussian peak to the eaftphase heat capacity
component of the heabol TMDSC Figure4-5). A repeating unit of chain was considered as the

relaxing structural unit in thé calculation.

Theestimated of DS3 was lower than foDS1.5(Table4-3). This difference may be explained
by the disruption of intermolecular bonds as suggested previpL8®134]. In the case of
acetylated starch, the disruption of hydrogen bondim@S8would be a direct consequerufethe
replacement of hydroxyl groups with acetyl groups

The second approach used to estarnbe size of CRR was based on the temperature dependence
of the relaxation time in the glass transition region and the model proposed by Matsuoka and Quan
[135. In their model,the segmental relaxation is based on the concept of intermolecular
cooperativity where a domain of cooperativity is defined as a group of segments that must relax
simultaneously. The size of this domain is specified by the nuénbkthe interlocked reixing
structural units. The estimation of the interlocked relaxing structural units relies on the basic
concepts of Ada 36k Andexptessiorbos the-relalatiom tinye according to
temperature is developed by comparing the conformational entropy of interlocked and isolated

structural relaxing units:

. e p Y (4.9)
Y TAQBEW Y

In this equatiory* * is the activation energy difie relaxation ofsolated structural relaxing units,
"Y the temperature at whidghe conformational entropy of interlocked units is zero dghdhe
relaxation time atY. Fitting Equation4.9 to the experimental results df “Y for many polymers
showed a value of 50Q for"Y [106, 137]. Note that Equatiod.9 can be transformed to the VFT
equation 4.5) by definingd  ¥* ’j Qandt 1A @By 7} QY .
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The number of interlocked relaxing structural unié$ is a function of temperature and was
estimated as follows:

YOYY (4.10

N VY

The value ofghpresented ifTable 4-3, was calculated with the parameters of the VFT model

a

obtained with the relaxation time of hole formatidralfle4-2) at”Y. The estimated z and are
lower forDS3 compared t@S1.5while z is slightly lower tha for DS1.5 In our analysis, we
assumed that the repeating unit of a chain is the relaxing structural unit, however this wlédinitio
debatable. Rijal et d129 questioned the selection e monomer as the relaxing structural unit

for polymerswith several benzene rings in their repeating units.
Table4-3. Molar mass of the relaxing structural udit, center peak of the fitted Gaussian peak orobythase
heat capacity componei , mean temperature fluctuation in a CRR"Y the cooperativity length ( ,

number of relaxing structural unit§  and number of interlocked relaxing structural unitsat”Y (Equations 8, 9
and 11) ofDS1.5 andDS3.

Degree of shstitution 0O [g/mol]  J+w K] #4Kl  Keom] Ay o 1

0 162 358 W b 4 1¢ 0.8 2.83 -
15 225 424.46+0.02 4.21+£0.02 2.02 11.39 8.1
3 288 434.06 +0.02 843 +0.02 150 3.38 3.6

2data are extracteddm referencg¢l25 for starch with 13 wt% water.
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Figure4-5. In-phase andut-of-phase of heat capacity components of {oeal TMDSC. Solid line in inset
represent the fitted Gaussian peaks.

Another measof evaluating'Y was obtained from the heabol mode TMDSC datalable4-2).
Somewhat highetY estimates were obtained f&S1.5andDS3 compared to the other twiy

estimates. Such differences may be attributed to the high frequency of moduldtiestajol

mode TMDS compared to the conventional DSC method.

4.4.4. Dynamics and Chain Flexibility at Ambient Condition

The flexibility of chains at room temperature was investigated bY\NB®IR spectroscopy.
Figure4-6 shows thé3C CP/MAS spectra oDS1.5 andDS3 at various spiiock times along with

the chemical structure and associated chemical shift of each carbon. Peak assignments was based
on the reported literature dgte38. There was no significant difference betw@&1.5 andDS3

except for smoother spectral@E3which could be attribted to the lower degree of crystallinity

(Figure 4-1). The peak at 2ppm (methyl group) was selected for representing the relaxation
behavior of the chains as this peak was distinct from the other peaks and Bpithning side

bands.
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Figure4-6. 13C CP/MAS spectra dDS (A) 1.5 and (B) 3 at various splock times. Spinning sidebands are marked
with an asterisk. For better visualization of data spectra wetieglwith reverse chemical shift axis.

The normalized magnetization decay in the rotating frame for the methyl carbon [g28k.5f

andDS3 and its exponential fit according to Equatibfis presented ifigure4-7.
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Figure4-7. Normalized magnetization decay in the rotating frame of methyl carbon peak (21p&Lférand
DS3 at room temperature. Solid lines are fitted stretched exponential function (Equation 4).
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Shorter’Y 0 of the methyl carbon peak was associateB$3 compared tdS1.5 suggests
higher chain flexibility Table4-4). The lower molecular flexibty of DS1.5could be due to intra

and intermolecular interactions as reported previously for the relaxation data of a linear polymer,
poly(ethyleneoxide) (PEO) complexed with Ba(@and pure PEQ139. In the context of
acetylated starch, the hydrogen bonding presddsih 5may explain the restrictions in molecular
mobility. These observations suggest thatah&ndynamics oiDS3 are fasteritan forDS1.5at

ambient temperature conditions.

Table4-4. Spinrlattice relaxation time in the rotating frame for carbgn,6 (ms) and , the norexponentiality
parameter (Equation 4) f@S1.5 andDS3.
Degree of substitution 9| ; F (Ms)
1.5 0.59+0.24 0.43+0.14
3 0.34+0.08 0.49+0.10

Dynamic heterogeneity can be reflected by correlations between the range of the glass transition
temperature as determinediby#nd the broadnef the distribution of relaxation times for the
amorphous phagé&?24]. For aetylated starch, higher "Was observed fdbS3compared t®S1.5

which shows enhanced dynamic heterogeneity of the amorphous pabEi{3). The estimated

I obtained by SSNMR at room temperature also supports this concludiabl¢4-4).

4.4.5.Effect of Temperature Conditions on the Dynamics and Chain Flexibility

The effect of temperature conditions on the chain flexibility was obtained by comparing the
experimental observations of TMDSC ataheoate temperatusénear the glass transition region)

to the predictions of VFT model and the experimental observations -0iMFS at ambient
temperature. The evolution of the relaxation time for hole formatiohy, obtained from the
TMDSC experimetal data, was shown to change according to DS and temperaigues@d-4).

In the moderate temperature region, the’Y was lower forDS1.5 comparedS3while in the
ambient temperature region (temperatiorger than 416 K), the predicted Y was higher for
DS1.5 The presence of an intersection point infthéY curve forDS1.5andDS3is an indication

of the change in the chain dynamic behavior. The different dynamic behavior according to

temperature conditions may explain the lack of correlation betw&eand& observed in this
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study where highéetY was observed fdbS3compared t®S1.5and lower fragility index foDS3
compared tdS1.5 At ambient temperature, one can envidioat few crystalline junctions in
DS3 and much more hydrogen bondshDi81.5is limiting the molecular mobility. At moderate
temperatures (ne&Y), one can envision that temperature is disrupting hydrogen bondi&{.i6
while crystalline junctionsn DS3remain intactFigure 4-8 proposes a schematic representation

of potential structural changes in acetylated starch which could lead to different chain dynamic
behavior according to DS and temperature.
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Figure 4-8. Schematic representation of potential structural changes according to temperature that could induce
changes in dynamic behavior.

It is important to note that carbons in a given material could dispféarent relaxation times
indicating differet dynamic behaviors (Appendix Il Figu®. For example, the carbons in the
backbone have longéY and highet than the pendant carbons @83 (Appendix Il Table 1).

It means that the dynamics of tterbons in the backbone are slower and more heterogeneous than

the pendant carbons. Similar analysis could not be domEh6 because the signal to noise ratio
was inappropriate for analysis.
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4.5.CONCLUSION

In this study, the effect of acetylation, whenrglioxyl groups are replaced by acetyl groups, on
chain dynamics and mobility was intigmted. Of particular interest was the investigatiothef

effect of introducing acetyl groups on hydrogen bonding, steric hindrance, packing efficiency and
chain flexbility in acetylated starch. The chain dynamics of acetylated starch with two distinct
DS, 1.5 and 3 and for moderate and ambient temperature conditions were investigated by adopting
techniques and concepts developed for synthetic polymers. At moderperdaame conditions,
TMDSC and the concepts of relaxation time for hole formation and cooperative rearranging
regions (CRR) were selected. At ambient temperature conditiodsMFSwas used.

Based on its evolution with temperature, the relaxation timéadbe formation estimated from
Quastisothermal TMDSC heat capacity data was found to be an appropriate representation of the
| -relaxation time near the glass transition temperature region. Together with the VFT model, the
relaxation time for hole formain, was used to estimate thé and the fragility index (m). A
slightly lower™Y for DS1.5 was observed comparedD&3while the fragility index was higher

for DS1.5compared t@®S3 DS1.5 was characterized by higher size CRR comparB&8which

could reflect the hydrogen bonding presenDil.5

At ambient temperature conditions, -8IMR results indicated higher chain flexibility f@S3
compared toDS1.5 The SSNMR results at ambient conditions supported the predicted
differences of the rakation time for hole formation according to DS that were deduced from
Quastisothermal TMDSC. TMDSC along with solstate NMR results showed more
heterogeneous dynamics DE1.5 compared t®S3 Since the hydroxyl and acetyl groups are
randomly distribugd on the repeating units fDIS1.5 this distribution can cause heterogeneity in
the dynamics of the chains and could explain the higher dynamic heterogediy.6€ompared

to DS3(only acetyl groups present).

The next steps should focus on the depeient of PLA/AS blends to confirm the benefits of
acetylation.Chapter 3indicates two different rangeof DS domains in terms of processability
improvement. In the first DS domain-{05), there is a drastic reduction thfe degree of
crystallinity while in the second DS domain (133, the crystallinity decreased slowly with
increasing DS. The glass transition behavior (DSC) and the second thermal degradation peak
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(DTG) which was observed for acetylated starch &il¥S higherand equato 1.5 are indiative

of processability improvemeniaterials with higher fragility index (fragile) show more rapid
change of relaxation time with changing temperature and as a consequence faster change of
viscosity. In contrast, strong materials (materials with lowasgifity index) exhibit slow change

of viscosity with changing temperature. Therefore, lower fragility index is in the favor of thermal
processability. Results of chapter 4 showed that acetylation of starch reduces its fragility index and
that the higher dgree of substitution leads to lower fragility indéixcan be concluded thB{S1.5

is the threshold where improvement in processability of acetylated starch is noticeable. On the
other handinterfacial tension calculation in chapter 3 indicated thate effective compatibility

with PLA can be achievedor acetylated starches with higher DS. Consequently, the most
promising acetylated starch characteristics for blending applications should have DS of at least
1.5.

In the next chapterinterfacial propergés of PLA/AS will be investigated. Thickness of the
interphase and dynamics of PLA chains at interfacial region will be studied as the first step toward
better understanding of the PLA/A&hd properties.
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5.1.Synopsis

The effect of starch acetylation on the interfacial properties of poly(laciit) (PLA)/acetylated

starch (AS) was investigated by comparing model predictions with experimental observations. The
theoretical thickness of the interphase for PLA/AS blends estimated from pure component
properties was compared to experimental estimalggined by small angle -Kay scattering
(SAXS). The interphase thickness increased with increasing degree of substitution (DS) of AS in
PLA/AS blend. Satisfactory accordance was observed between the length scale of dynamic
heterogeneity othe PLA matrix in PLA/AS blends, estimated by temperature modulated DSC
(TMDSC), and the interphase thickness estimabgda theoretical approach and SAXS
measurements. TMDSC result revealed the slowdown of the PLA chain dynamics at the interphase
region forthe PLA/DSO and PLA/DS1.5 blends. Hydrogen bonding between PLA chains and AS
was observed in theses samples by FTIR as the reason of dynamic slowdown at the interphase

region.

5.2.Introduction

Poly(lactic acid) (PLA) is a promising biodegradable polymer for the repkeot synthetic
polymers in some applications. Despite its good mechanical performance and permeability, the
applications of PLA are limited by its relatively high cost and slow rate of degradation. The high
cost of PLA materials may be alleviated by lolierg PLA with low cost biodegradable polymers.

A promising low cost, abundant and renewable polymer is sfdicbut its high degree of
crystallinity and poor compatibility with PLA limit the blending capability of native starch with
PLA [8]. The improvement of the properties of PLA/starch blends can be achieved by different
strategies, including: additive plasticization, mixture softening, elastomer toughening and
interphase compatibilizatiofl4(. The interphase compatibilization strategies can be further
classified as chemical crosslinkin@41], amphiphilic bridging[147], interfacial transitioning
[143, and componential chenalc modification[57]. Between the two components, chemical
modification of starch is much more convenient. Among all chainmodifications, acetylation

of starch is a relatively simple chemical modification that could be used to improve its
processability and compatibility with PLA. The substitution of hydroxyl groups on the glucose

repeating units of starch molecules witlett groups should alter the interactions between starch
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and PLA ultimately leading to improuélend properties. The degree of acetylation is generally
expressed as the degree of substitution (DS) which is the number of hydroxyl groups on a glucose

unit of a starch molecule that has been replaced by acetyl groups (from 0 to 3).

Due tothermodynamic considerations, most polymer blends are immig&djleTherefore, the
properties and performance of polymer blends reflect the properties of the pure components and
their interphase characteristics (thickness, dynamics, and interfacial intera@ijn¥Yyhile the
morphology of polymer blends has been exteglgistudied, there is limited information available

on the polymepolymer interphase due to the limited number and complexity of techniques
suitable for the direct investigation of the interphi@d&. Generally the role of the interphase in a
blend will be specific to the given property. For example, the influeficie interphase is
generally much more pronounced for mechanical properties measured at large defdBiation

It is agreed that a thick and soft interphase (no vitrification of the chains of the matrdirettist
interfacial region) is generally necessary to achieve high stré&dthThe contributions of the
interfacial interactions to the crystallization kinstiemains unclear. The interfacial interactions
might restrict the movement d@he polymer chains for conformational ordering required for
nucleation. Alternatively, interfacial interactions might be beneficial for the adsorption of polymer
chaing[3§].

Theoretical efforts to investigate the interphase have focused on the development of models to
estimate its thickness and composition profile since early 1970s. Helfand[88-4B] have
developed a quantitative theoretical framework in which enthalpic penalty of interdiffusion of
immiscible components balances out with the entropic gain for widening the interphase. The best

energetic balance finglidefines the composition and thickness of the interphase.

The experimental investigation of the interphase has generally relied on sophisticated techniques
of the mutual diffusion of immiscible polymef44-48]. Many of these techniques need careful
sample preparation or labeling and typically measure thknéss of the interphase in a stacked
bilayer of polymer filmg49]. In contrast, the SAX$0 and TMDSC[51] methods can be used

for a preprocessed polymer blend without any special sample faepa.

In this study, the effect of the degree of starch acetylation on the properties of the interphase in
PLA/acetylated starch (AS) blends was investigated. The ultimate goal of this work was to evaluate

the potential of AS with different degreef substitution (DS) in modulating key properties of
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PLA/AS blend. Firstthe thickness of the interphase of biphasic PLA/AS blends was estimated
with the Helfand model and compared to experimental measurements obtained by SAXS. Next,
the propeiies of the intgphase for PLA/ASlends were examined by TMDSC and FTIR.

5.3. Materials and Methods
5.3.1.Materials

PLA 4032D (M=58000 g/mol, Bcontent 1.8 %) was provided by NatureWorks Inc (USA). Corn
starch was acquired from local Ontario market (BulkBaproduct code: 000260Corn starch

and acetic anhydride were mixed with joletermined molar ratsof acetic anhydride/starch and
acetic acid in order to produce acetylated starch. The mixture was stirred and heate¥Cto 135
using an oil bath for 3 hours. Precipitation af tieaction mixtures intoraonsolventfollowed by
filtration and washing the precipitant wition-solventwere carried out in this sequencé&he
recovered SA produgtasvacuum dried overnight in an oven ati@5Acetylated starch wit four

DS, 0.5, 1.52.5, and 3vere synthesized according to the above mentioned procedure.

5.3.2.Methods
5.3.2.1.Blend Preparation

Prior to their mixing, PLA and AS were dried in a vacuum oven & 80er night. A SISD7A
lab-scale twin screw extruder (Ruiming Plastics Machinery, WgitgnChina) was used for melt
blending of PLA with AS. In order to prevent degradation, preliminary experiment were preformed
to identify the mixing temperature, speed and duration for minimizing degradation. The extrusion
was performed at 180 with saew speed of 30 rpm for 7 min. The extruded samples were then
pelletized. Pellets were compression molded to make a thin sheet using a hot pre3s aiith00
10000 Ibs pressure for 4 minutes (PHI, Pasadena Hydraulic Inc., USA). The compression molded
shedés were then placed in an oven at J®@nd quenched with liquid nitrogen to produce
completely amorphous blends for SAXS analysis. A small portion of the quenched sheets was
grinded to produce a fine powder for FTIR analy$ehle5-1 presentshe codeandcomposition

of the PLA and PLA/AS blends
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Table5-1. Code, composition, and processing time of the samples.

PLA  AS (wt%) DS of AS
Sample

(Wt%)
PPLA (processed) 100 0 -
PLA/DSO 85 15 0
PLA/DS0.5 85 15 0.5
PLA/DS1.5 85 15 15
PLA/DS2.5 85 15 2.5
PLA/DS3 85 15 3

5.3.2.2.Small-Angle X-ray Scattering (SAXS)

Smallangle X%ray scattering measurements were performed using a SAXSéssstnement

(Anton Paar, Austria) equipped with a Kratky blemilimationsystem and a seaktdbe Cu K

X-ray generator with the wavelengths 0.154 nm, operating at 40 kV and tube current = 50 mA.

All the measurements were performed at ambient temperature using transmission geometry. The
scattered Xray intensities were measured by a 2D charge cdulgleector located 264.5 mm apart

from the sample. The scattering intensiti€®, , measured as a function of the half of scattering
angle,— were first desmeared and then corrected for the background absorption and transformed

to a plot of scatteringniensity vs scattering vectom, (1 T1“ i "Q&)-asingthe saxslmage

software (Utah SAXS Tools, David P. Goldenberg, September 2012).

5.3.2.3.Temperature Modulated Differential Scanning Calorimetry (TMDSC)

TMDSC measurements were carried out with a Q2000 IfBfruments, USA), calibratedith

indium and sapphire disk standards, using standard Tzero. Nitmigjie® 30 mLmin flow rate,

was used as purge gas. The sample mass, about 10 mg, was placed in aluminum plans. The
temperature procedure was (i) heatiod 9QIC at 2QC/min heating rate, (ii) constant heating at
190JC for 5 min in order to eliminate thermal history, (iii) cooling ta)@t 2AC/min cooling

rate of to avoid recrystallization of PLA and (iiii) heating taJZ0at 2C/min heating rate and
amplitude of 1.9C coupled to 90 s period. Peak deconvolution was obtained with the procedure
proposed by Weyer et dl117] to obtain the irphase (@and outof-phase (& & mponents of

the heat capacity andzaussian peak was fitted to the-offphase component of the heat capacity

using OriginPro 8.5.
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5.3.2.4.Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were recorded on a Ter@oiFourie IR spectrometer (Bruker, USA). Samples were
prepared by mixing fine powder of PLA/AS blends with KBr and pressed into KBr pellets. The
wave number range of FTIR was 40800 cm'® with a resolution of 1 cth Number of 32 scans

were accumulated to reduspectra noise.

5.4.Results and Discussions
5.4.1.Thickness of the interphase

Predictions of compressible regular solution (CRS) model along with the SEM observations
reportedn Chapter 6confirmed the presence of two distinct phases for all PLA/AS blends except
for the PLA/DS3blend Consequently in all blends except PLA/DS3 an interphase region exists
and interphase properties like thickness and chain dynamics can be investigated.

The thickness of the interphase for biphasic PLA/AS blends according to DS aeraperature
(298)) was estimated by three different methoaise theoretical methognd two experimental
methodsnamely SAXS and TMDSCThe theoretical estimates of the thickness are based on the
approach proposed by Helfand et al. and the properties of the pure cortsg88et?]. In this
approach, the thickness of the interphase (is related to the interaction parameter by the lattice

model considering infinite chaiength:

I T
108) C c — 7 (5.0
with
r 9 (5.2)
®

where® is the Kuhn segment length ahd is the segment density of componéitonsidered
equal to the density dfiepolymer) and.. is Flory-Huggins interaction parameter. The subscript
0 ando represent PLA and AS, respectively. Broseta et al. correstedor entropic effects and

suggested an expression that goes beyond the approximation of infinite molecular weight:

w o p pf pAl a€ (5.3)
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where] ... U is the degree of incompatibility. Kong et fil.44 combined the interaction
energy ofthe Flory-Huggins theory with the CRS modgl45 to develop a modified Flory

Huggins interaction parametes #ollows:

Y o .2
ﬁ,¢ AuA , -bBuB .0 (54)

whereu is the geometric average of segment volumes:

0 VI (5.5)
The hard core segment is defined as:

bg OO "° (5.6)
0 is the molecular weight of the repeatinguniténdi s Avogadr ods number .

is the hard core density and is estimated from density at tempetgthreugh the following

relation:

Y "Qaon| Y (5.7)
The hard core density and the density at tempera¥uas used to calculate reduced density at
temperaturéY

Yy o (5.8)

The parameteliz yvas obtained from the reduced density and solubility parameter @t 298

Th 1 W ¢wy (5.9)
The pure component propertiesA$ were measured experimentally in our previous work and the
pure component properties of PLA were obtained frtra literature. Those properties,

summarized irmmable5-2, were used to estimatiee interphase tlukness othe PLA/AS blends.
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Material

PLA
Native starch
(DS0)
DS0.5
DS1.5
DS2.5
DS3

Table5-2. Pure component properties of AS and PLA.
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polymer systems. First, the scattering intensity should be corrected &fettisof thermal density

fluctuations [15(0]. Second, the effect of diffuse interface boundary (interphase) should be

accountedor such as proposed by Vofik51] and Ruland152. Therefore, the scattered intensity

wherev is a constant. The interphase thickness is then p ¢, . The parameteiO

can be estimated from the slope of a plotjof)] versusry at large scattering vectors. The

interphase thickness can then be estimated from the slope of a pldt™of "O

versus] , (Figure5-1).
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Figure5-1. Porod plots of PLA/AS blends at room temperature. Slop of dashed black lines where used to estimate
the interphasehickness. Plots are vertically shifted for better visualization.

The existence of potential relationships between the minimum thickness of the interphase and the
characteristic length scale of the dynamic heterogeneities or cooperative rearrangigions
(CRR) has been proposed for the matrix of biphasic strucf@6sRelationship between the
thicknesses of the interphase of a thin polymer film with air and dynamic heterogeneity or CRR
length scaldhas also been suggested in thdd®3 and simulatiorj154 studies In the context
of the PLA/AS blends investigated in this study, the existence of potential relationships between
the thickness of the interphase gndof the blends atY was investigated. The CRR sin@&s
estimated from the temperature fluctuation of
In this approach, the cooperativity length sgalds associated with the volume of a CRR)(
[53] and was calculated as follows:
Yé6 QY

W U Ty (5.11)
whereY 8 s the change of the inverse heat capacity between the liquid and the glass states,
Q is the Boltzmann constant ahds the density of the amorphous phase. When thefepihase
component of the heat capacibg, "Y, is fitted by a Gaussian peak, ¥orresponds to the standard
deviation of this Gaussian peak &'Full width at halfmaximum/2.35) andY corresponds to the

temperature maximum of the Gaussian peak, (AppendiXdblel).
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The estimates of the thickness of the interphase for biphasic PLA/AS blends according to DS, is
presented ifrigure5-2. The estimates of thickness are in the same order of magnitude of reported
data for immiscible polymer blends in the literature. For instdPeein and Prud'homnreported

a value of 1.8 nm for the interphase thicknespady(styrenejpoly(methyl methacrylate) blend
which wasmeasured by SAXE0]. For the same blenBarinhaet al. measured a value of 2.5 nm

as the thickness if the intergwabyellipsometry{ 155. More examples of interphase thickness for
various polymer blends which were me@slwith various techniques are presented in Appendix

lIl (Table 2).The estimates of the interphase thickness deduced from the TMDSC experimental
measurementseento be in a goodgreementvith the calculated an8AXS derivednterphase
thickness of theblendsand showed negligible effect (gradual increase) due to the DS of the
acetylated starcht is worth mentioning that is calculated atY and would increase at ambient
condition. In contrast, the theoretical and SAXS derived estimates showed increased thickness of
the interphase with increasing DS except for the PLA/DSO blend (SAXS estimates). The
theoreticakstimates of the thickness of the interphase are generally lower than those deduced from
the SAXS experimental measurements. These differences seem reasonable considering that the
theoretical calculations are for thermodynamic equilibrium conditions whia be far away

from the actual processing conditions due to the kinetic limitations of the system and that a number
of approximations were considered. These approximations include the calculationFtdr{he
Huggins interaction parametesing the propgies of the pure components, the calculation of the
Kuhn segment length using the properties of amylose only while AS contains both amylose and
amylopectin and that AS with different DS possess different chain flexibilities due to the
replacement of hydxyl groups with acetyl group. Presence of visible gaps observed by SEM
(chapter 6)n the PLA/DSO0 blend may explain the higher measured interphase thickness by SAXS
for the PLA/DSO blend compared to the PLA/DSO0.5.
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Figure5-2. Thickness of the interphase of PLA/AS blends according to DS and estimated by three methods
(theoretical calculation, SAXS and TMDSC)

5.4.2.Dynamics of thel nterphase

The dynamics of the interphase are known to be stronfilyenced by the interactions between
the chains of the matrix and the dispersed ph@%e These interactions can be investigated by
examining the behavior of the specific heat capacity at the glass transition temperature and can
provide irfformation on the fraction of the chains of the matrix contributing to the glass transition.
By comparing the behavior of the pure matrix to the blends, one can estimate the fraction of the
chains of the matrix that has slower dynamics due to the intarawtib the dispersed phase and
that do not contribute to the glass transitj@bg. We have usedMDSC to investigate these
effects by accurately estimating the heat capacity while avoiding kinetic effects such as solvent
evaporation, crystallization, and enthalpic recoviE]. The normalized heat capacity of the
PLA/AS blends was caltated as:

0 ° 5 : o (5.12
where,0 and® arethe specific heat capacity of the blend and Agpendk IlI, Figure 1),

andda is the weight fraction of AS in the blenBligure 5-3A depicts the normalized specific
heat capacity of the PLA/AS blends and pure PLA
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Figure5-3. (A) Specific heat capacity of the PLA/AS blends. The curves are vertically shifted to align at lower
temperatures and illustrate the change of specific heat capacity increment at glass transition. The dotted lines are
presented to guidihe eye. (B) The volume fraction of the PLA matrix with slower dynamics.

The difference between the specific heat capacity incremétaitneat PLA ¥6 ) and that of
the PLA matrix in the blendsYp ),176 Y8 Y6 , was used to estimate the weight

fraction of the PLA matrix in the blends with slower dynamics as follows:

., 16

The calculatedy for the biphasic PA/AS blends, presented fRigure 5-3B, indicate that the
PLA/DSO and PLA/DS1.5 ha an interphase with slower dynamiés { O There is no fraction
with slower dynamics for PLA/DS05 and PLA/DS2.5 blefis=0).

5.4.3.Interfacial Interactions

FTIR was used to probe the physical interactions between the PLA matrix and the AS dlisperse
phase inthe PLA/AS blends Figure5-4).
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Figure5-4. FTIR spectra of PLA/AS blends. Two regions of spectra are enlarged: 355 &W50 crrt (left hand
side and 550 cm to 650 cmt' (right hand side).

The FTIR spectra of PLA and the PLA/AS blends are very similar to each other except for two
regions (marked with dashed line). The first difference is the emergence of a peak at 6@icm

the spectra of PLAS blends with DS greater than 0.5. The emergence of this peak may reflect
weak hydrophobic interactions between the PLA matrix and the AS dispersed phase. The second
difference was in the region 60OH stretching. Three peaks were observed in the PLArsmec

The first peak is a broad peak appearing at 3448, evhich may possibly correspond 't¢Ci

@] [157]) The second and third peaks at 3506'@rd 3653 ct are located in the region of

the freei OH stretching157]. The disappearance of these peaks in PLA/DSO, PLA/DS0.5 and
PLA/DS1.5 blends indicas higher level of hydrogen bonding in these blends compared to the
PLA/DS2.5 blend. This may explain the slower dynamics of the interphase in PLA/DSO and
PLA/DS1.5 blends. The higher volume fractiontbé PLA matrix with slower dynamics in
PLA/DS1.5 compred to PLA/DSO may be attributed to the higher thickness of the interphase in
PLA/DS1.5. The intediffusion of phases followed by hydrogen bonding could lead to an
interphase with slower dynamics. The lower number and random distribution of the available
hydroxyl groups may explain the loweslume fraction othe PLA matrix with slower dynamics

in PLA/DS0.5 compared to PLA/DSO0. This might also explain the higher thickness of the
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interphase in PLA/DSO compared to PLA/DS0.5 deduced from SAXS experimental

measurementsThe absence of slowdown of the dynamics for PLA/DS2.5 suggests that inter

diffusion of PLA in starch acetate is not sufficient to alter the dynamics in the interphase region.
Strong physical interactions such as hydrogen bonds may contribuke tslowdown of the

dynamics in the interphase region for PLA/AS blends.

It is worth mentioning that we tried tesesolid-state nuclear magtic resonance (SSNMR9)
study the dynamics of the interfacial region. Carbon-fgiiice relaxation time in #rotating

frame,”Y 0 , can be employed to study the change in molecular mobility of the matrix chains in

the presence of the dispersed ph§tgg. In order to do sothe presence of a carbon with a
completely resolved NMR peak in the molecular structure of the matrix is necessary. Change in
molecular mobility of the matxi chains cannot be probedadfl the NMR peaks of the matrix
cartons overlapped those of dispersed pti4a5§. Although literature data of solutiddC NMR
reported different values for the chemical shift of methyl carbons in PLA and AS (16[A5gm

and 21 ppni13g, respectively), our SSNMR measurement revealed a broadrpealt6 ppmo

22 ppm, (Appendix I, Figur®). Therefore, it was not possible for us to study the dynamics of
theinterfacial region using SSNMR.

5.5.Conclusion

The objective of this chapter was to investigate the effect of the degree of substitution in acetylated
starchon the interphase region in biphasic PLA/AS blends. The thickness of the interphase region,
deduced from theoretical and SAXS experimental measurements, increased with increasing DS of
AS in PLA/AS blends. Satisfactory accordance was observed betwegerativity length, of

PLA matrix in PLA/AS blends anthe interphase thickness estimated using theoretical approach
and SAXS measurements. Therefgre,can be used as a measure of the minimum interphase
thickness. TMDSC results revealed thenglown of the PLA chain dynamics at the interphase
region for PLA/DS0 and PLA/DS1.5 blends while no slowdown was observed for PLA/DS0.5 and
PLA/DS2.5 blends. FTIR results showed that the strong physical interaction (hydrogen bonding)
is the main reason ofydamic slowdown at the interphase region and idi#usion of phases is

the less prominent factor.
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Next chapter will be focused on some important properties of PLA/AS blends including thermal
transitions and stability and mechanical and water tranppoperties. We will try to use results

of this chapteto explain the observgatopertiesof the blends
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6.1.Synopsis

The effect of the degree of substitution (DS) of acetylated starch (AS) on thetiesmd
poly(lactic acid) (PLA)/AS blends was investigatedbifphasic morphology was observed for all
PLA/AS blends, except PLA/DS3. According teetmogravimetrical analysis (TGA), the thermal
stability of PLA/AS blends was improved compared to neat .PDAfferential scanning
calorimetry (DSC) results indicated that AS had a plasticization and nucleation effect in the
PLA/AS blends. The highest tensile strength, toughness, and intgagith was achieved when
DS2.5 was added to PLA which may reflect bayghasic structure and the thick diffused interphase

of this blend. The diffusion coefficient of water and the water vapor permeability (WVP) of
PLA/AS blends were influenced by the presence of AS. The diffusion coefficient of water

decreased while the WR/increased for PLA/AS blends by incorporation of AS.

6.2.Introduction

The increasing consumption of synthetic polymers creates significant environmental concerns and
impact[1-4]. Alternatives to address these environmental concerns are currently being developed.
One alternative is the development of biodegradable polymers such as poly(lactic acid) (PLA),
poly(hydroxyalkanoates) (PHAS), polycaprolactone (PCL) and pa@saside (PEA). Among

these biodegradable polymers, PLA is one of the most promising candidates due to the
renewability of its feedstock, its compostability, and adequate mechanical properties and
permeability[5, 6]. The relatively high cost of PLA and its slow degradation rate, however, limit

its application in daily usages. Blending PLA with loast biodegradableopymers can alleviate

these shortcomings. Starch has received significant attention as a promising biodegradable
material due to its low cost, abundance and renewafdlityNative starch is biosynthesized in the

form of semicrystalline granules with crystadity in the range of 15 to 45% and density around

1.5 g/cni [17]. The high degree of crystallinity aftarch is the main obstacle in its thermal
processing due to the lack of thermal transition before degradajorhile its hydrophilic
characteristics and poor compatibility limit its apption in PLA blends. The plasticization of
starch can improve its thermal processability by reducing the glass transition temyg&fatnce

can considerably improve blend proper{i2s 23]. However, the use of plasticizer to improve the

thermal processing of starch has drawbacks such as staogradation and embriittg, leads to
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phase separatiprand produces materials with heterogeneous characteristics. Furthermore, the
limited interfacial interactions between starch and PLA remain a limitation. The effectiveness of
nonreactive compatibilizersuch as amphiphilic moleculgs4] or reactive compatibilizers such

as maleic anhydride (MA)25], epoxidized soybean ojR6] and tung oil anhydrid¢27] in
improving the interfacial interactions between starch and PLA and the properties of PLA/starch
blends has been reported. Alternatively, the compatibility between starch and PLA can be
increased by chemical modiétion of starch which is expected to improve its processability as
well. Butyl-etherification and silane modification of staf@3, 29] have been reported to improve

the interfacial interactions between starch and PLA and the properties of PLA/starch blends. An
alternative chemical modification, the acetylation of starch, is a relatively simplesgrothe
acetylation of starch can be adjusted such as to produce acetylated starch having a wide range of
hydrophobicity by manipulating the degree of substitution of hydroxyl groups with acetyl groups
[9]. The acetylation of starch weakens the intermolecular hydrogen bonding and decreases
crystallinity, this facilitating the mobility 6the molecules and providing them wih opportunity

to participate irthe glass transitiofil0]. Therefore, acetylation of starch can improve its thermal

processability.

The main purpose of this study was to evaluate the effectiveness of the acetylation of starch as a
means of improving the compatibility of starch wRLA. Acetylated starch (AS) with different
degres of substitution (DS) was investigated and used to prepare PLA/AS blends. The
morphology of the PLA/AS blends was studied by scanning electrorosaiopy imaging. The

effect that the DS of AS ha dhe thrermal stability and transitiaof the PLA/AS blends was
investigated. The influence of the morphology and the interfacial interactions between AS and
PLA on the mechanical properties, water uptake and water vapor permeability of the blends was

also scrutnized.

6.3. Materials and Methods
6.3.1.Materials

PLA 4032D (My=58000 g/mol, Bcontent 1.8 %) was provided by NatureWorks Inc (USA). Corn
starch was purchased fromlocal Ontario market (BulkBaft) product code: 000260). The

amylose content of the starch was estaddo be 25.4+1.&t% ( Mahmood et[5% | 6s me
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deai |l s in Appendix 1). Acetic anhydride (0 97
CALEDON | aboratory chemicals (Canada). Di met |
purchased from Sigmaldrich (Canada).

6.3.2.Methods
6.3.2.1.Acetylation of Starch

Corn stach was vacuurdried at 553 for 24 hours prior to acetylation. AS with flifent DS,

0.5, 1.5, 2.5 and ®as produced. Aypical acetylation reaction would be initiated by placitig

g vacuumdried corn starchan amount oficetic anhydride defined by tmeolar ratiobetween
starch and acetic anhydridad desired D$ a250mL three neck glass reactor. A mass of 0.375
g of catalyst would benixed withacetic acid and subsequently adding the mixture t@%0enL
three neck glass reactequippedwith a nitrogenstream The reactor was heated at 185in an

oil bathwith magneticstirring. After 180 min, the reaction was stopped by placing the reactor in
water.The cooled mixturevastransferrednto a500 ni beakerand was precipitatedith non
solvent. he residual viscous product was ringeith non-solvent andecovered into 00 ni.
beakerThe precipitated AS was filterehd rinsed with an additional 20QLrof non-solventin a

500 mL beaker. The mixture was filtered again dmedfinal AS wasracuumdried a 453 .

6.3.2.2.Determination of the degree of gbstitution (DS) for acetylated starch (AS)

DS was estimated by proton nuclear magnetic resonddddNIR) spectra as the ratio between
the area of acetyl GHat 2.15 ppm to the area of starch CH at®2%ppm[60]. All spectra were
obtained with a Varian Inova 600 NMR spectrometer equipped with a Varian 5 mm triple
resonane indirecidetection HCX probe at 26 using DMSO as the solvenAn example of a

typical*H NMR spectra of AS§S3J) is presented imppendix I(Figure 1).

6.3.2.3.Wide Angle X-ray Diffraction (WAXRD)

The degree of crystallinity of AS was measured by WAXRD (D&fu s , Bruker) wit
radiation and 1.5406 A wavelength operated at 40 kV and 30 mA. Tag diffraction patterns

were recorded in a-2angle range of-30 with step of 0.02and speed of 1 sec/step.
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The degree of crystallinity was estimated with thethodreported in referencgsl]. The area
under the diffractogram was assigned to the crystalline and the amorphous domains by creating a
smooth curve that connected the baseline of the peaksthsi@gginPro 8.5 software (Appendix
| Figure 2). The area above the smooth curve was considered as the crystalline domain and the
area between the smooth curve and the linear baseline was considered as the amorphous domain.
The degree of crystallinity... ) was calculated from the area of the pelik the crystalline
domain and the sum of the area of the crystalline domain and the amorphous domain:
0
0 0O

b pmT (6.1)

where... isthedegree of crystallinityp thearea of the peak assigned to the crystalline domain

and0 thearea of the peak assigned to the amorphous domain.

6.3.2.4.Preparation of PLA/AS blends

PLA and AS were dried overnight at®0in a vacuum oven. The PLA/AS blends were produced

in a SJISA7A labscale twin screw extruder (Ruiming Plastics Machinery, Wuhan city, China)
where the blend components were mixed atld80ith a screw speed of 30 rpfor 7 min. The

mixing temperature, speed and time were identified from preliminary experiments such as to
minimize changes in the color of PLA as an indication of its degradation. The extruded PLA/AS
blends were then pelletized and compression moldedensile and impact specimens using a

hot press (PHI, Pasadena Hydraulic Inc., USA) atl20@ith 10000 Ibs pressure for 4 minutes.

Thin films (~100e m) of PLA/ AS were prepared for water
same compression molding procedure. The different neat PLA and PLA/AS samples are presented
in Table6-1.
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Table6-1. Code, composition, and processing time of the samples.

PLA AS (Wt%) DS of AS

Sample (Wi%%) Processing time (min)

UPLA (unprocessed) 100 0 - 0
PPLA (processed) 100 0 7
PLA/DSO 85 15 0 7
PLA/DS0.5 85 15 0.5 7
PLA/DS1.5 85 15 15 7
PLA/DS2.5 85 15 2.5 7
PLA/DS3 85 15 3 7

6.3.2.5.Scanning electron microscopy (SEM)

The crosssectional morphology of the samples was investigated using a SEM equipment (Quanta
FEG 250, USA) with an electron voltage of 10 kV. The specimens were fromiar liquid

nitrogen, then fractured, mounted, coated with gold and obsérkedimageJ software was used

to measure the diameter of the dispensed phase. At least 10 particles of the dispersed phase were

selected for the size analysis.

6.3.2.6.Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed in a Q500 TA instrument (USA). Each sample (about
20 mg) was heated from Zbto 60Q)0 ata10J6/min heating rate uter nitrogen atmosphere (40.0
mL/min) to prevent thermoxidative degradationThe mass change over time profias
analyzed with th& A Universal Analysis version v5.5.20 softwaoeestimate the temperature fo

the onset of degradatiofv(;) and the temperature at the maximum rate of degrad&ton)(of

the PLA/AS blends and their associated AS component.

6.3.2.7.Differential Scanning Calorimetry (DSC)

The thermal transitions of the PLA/AS blends wereestigated with a Q2000 TA instrument
(USA). A sample (1820 mg) was placed in an aluminum pan. The sample was initially heated
from 25J0 to 19Q)0 ata10J6/min heating rate to eliminate any residual thermal history. Next, the
sample was cooled to Xband then heated again to I8{10J0/min heating rate). An empty pan

was used as a reference. The glass transition temperafyrerystallization temperaturéY) and

melting temperature (peak)Y() were determined from the second eascan of the thermogram
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usingtheTA Universal Analysis version v5.5.20 softwavghen multiple endothermic peaks were
present, the peak temperature of the biggest endotherm was taKei e degree of crystallinity
(...) was defined as falws|[29, 16Q:
yo

w0
whereY'O is the enthalpy of melting for the second heating sedf) the melting enthalpy for
100 % crystalline PLA (93.6 J/d.61]), and] Is the mass fraction of PLA in the PLA/AS
blends.

pTTT (6.2

6.3.2.8.Tensile properties

The tensile properties were measured db 26ing an Instron 3369 tensile tester (USA), according
to ASTM D1708 with crosshead speed of hdn/min. Ten specimens of each matkewere

analyzed. All samples were conditioned at ambient conditions for 24h before testing.

6.3.2.9.1zod impact strength

The 1zod impact strength of the notched specimens was measured in an Instron CEAST 9050
impact tester (USA), according to ASTM D256. At least specimes of each material were

tested. All samples were conditioned at ambient condition fort2fore testing.

6.3.2.10.Water absorption test

Each specimen (3@mx13mmx3mm) was dried overnight at 3® in a convection oven. Each
specimen was then immersed in a water bath Jit.3the weight change was recordsdlifferent
time intervals, after removing the specimens from the water bath and removing the \satéce
using a balance withrecisbn of 10* g. The water uptake was calculated as:

v v
0

0 b pTT (6.3)

where0 and0 are the initial weight of the specimen before immersiod the weight of the

specimen after exposure to water, respectively. The water uptake atwaeexpressed fs67:

[‘) vO :S “ (‘) (64)
o p ; Ld Aob c, P
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whereb s the equilibrium water uptake of the samplethe thickness of the sample, éddhe
diffusion coefficient. At short times thef® can be calculated as:
13 ’Q -
— (6.5)
PO
where—is the slope of the linear portion of versusd ¥ curve[163 164].

6.3.2.11 Water vapor permeability (WVP)

The WVP test was conducted according to ASTM E96/E96M. Circular thin films of the samples
were mounted and sealed on the open mouth of cylindrical cups containing abguif tacium
chloride. The test cups were measut@dietermine their initial weight before being kept in an
environmental chamber (Sanyo versatile environmental test chamber, Japan) at relative humidity
of 50 % and temperature of 28 The cups were weighed at regular intervals until the equilibrium
state was reached. After reaching equilibrium, the increase in the weitte @fps over time
were measured and WVP was calculated as:

a Q (6.6)
0O 0 U
whered (g) is the mass increase of the container and Tidm) the film thickness (in the range
of 0.08x1C to 0.13x1C m), 0 (m?) the exposed area of the film (29.22%1®?), o (h) is the

WO

duration of permeation, anil (Pa) is the water vapor partial pressure difference across the films
(1396 Pa). Three films of each material were analyzed and the average results were presented in
(g/h.m.Pa).

6.3.3.Statistical analysis

Multiple-comparison Bonfgoni t-test at a significance level o£0.1 was employed to evaluate
the significance of the difference between means of properties that have replicate measurements.

All reported error bars represent standard error.
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6.4.Results and Discussion
6.4.1.PhaseBehavior and Morphology

The predictions of phase behavior of PLA/AS blends were obtained with the compressible regular
solution (CRS) mod€l145. In the CRS model, the total change in free energy upon mpeng

unit volume is given by149:

n! M ~ R

YG egeikcd |_bh-’ I, o e Nyne My e -

(6.7)

whereQ is the Boltzmann costant,%. the volume fractiong; the hard core segment volume,
the reduced density at temperatiiYe) the number of segments aiig ghe solubility parameter
at zero Kevin for componentd and6 denote PLA and AS, respeatily. The hard core segment

is defined as:

’ R (VI (6.8)
0 is the molecular weight of the repeatinguniténdi s Avogadr o Oaamatefmber .

is the hard core density and is estimated ftbadensity at temperaturéthrough the following

relation:

Y "TQaon Y (6.9)
The hard core density and the density at temperatinas used to calculate reduced density at
temperaturéY

” "Y ” 7” z (6.10)

The parameteliz yvas obained from the reduced density and solubility parameter at:298

Th 1 W ¢wy (6.11)

The solubility parameter at room temperature were estimatéitelyan Krevelen and Hoftyzer
(VKH) [16Y group contribution method\ compressile blend should bstable with respect to

the composition and the volume fluctuations for phase stability. Since the simplified free energy
expression given by hCRS model is based on the properties of the pure components, the effect
of the volume fluctuation was neglected. Therefore, the criterion for local stability in a binary

polymer mixture can be presented[ti$q:
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hYC . M M c (6.12)
T E4n!.!bh o o CMY Ml fn T

At the spinodal condition, which is the limit ofdal stability, this value equals zero.

The pure component properties of AS were measured experimentally (details are provided in
Supporting Information) and the pure component properties of PLA were obtainedhigom
literature. Those properties, summardzin Table 6-2, were used to estimatég Eop@ng the

corresponding phase behavior of the PLA/AS blends.

Table6-2. Pure component properties of AS and PLA.

Polymer Z » #(298) 4. molecular weight
(g/cm®) (10*KY)  (J.cm®¥2  (g/mol) (g/mol)
Poly(lactic acid) 1.25 7.4 21.73 76 58000
Native starch(DS0)  1.49 0.52 44.25 162 17500000
DS0.5 1.46 0.67 37.21 183 19200
DS1.5 1.40 1.82 29.12 225 3500000
DS2.5 1.36 2.24 24.38 267 1800000
DS3 1.28 3.36 22.63 288 323000

areference[94]; ® reference[144].

The phase diagram of the PLA/AS blends is showrignire6-1. The estimated volumedction
of PLA in the blends was in the range of B@BB7 based on the density of {hre components.
The phase behavior estimates predict immiscibility for all blends except PLA/DS3 at processing

(453K) and room (298K) temperature conditions.
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Figure6-1. Phase diagram predictions of PI&8 blends according to PLA volume fraction for different DS of AS.

The morphology, at two different magnifications, for cfyactured bars of PLA/AS blends is
presented ifrigure6-2. Two distinct phases were aldy observed for all PLA/AS blends except

for PLA/DS3. The model predictions are in agreement with the morphology of theseicigm

of PLA/AS blends. The interfacial region of the dispersed and continuous phases, depicted with
an arrow, indicates a vide gap in the PLA/DSO blendrigure 6-2B) while no visible gap was
observed in the other biphasic blen#g(re6-2D, F, and H). The presence of a visible gap in
PLA/DSO could reflect the high degree of crystallinity in DSO (36.2%ble 6-3) preventing
interdiffusion of the phases at the interface. The interdiffusion of the phases in the other biphasic

blends may have been sufficient to prevent the formation of a visible gap at the interface.
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Table6-3. Diameter of the dispersed phase of PLA/AS blends and degree of crystallinity of their associated AS
(... ), gass transition temperaturéj, cold crystallization temperaturéy}, meling temperaturey ), and degree
of crystallinity of the matrix (.).

AS properties

Blend properties

Diameter of
Sample ... the

(%) dispersed (J0)

phase
PPLA - -
PLA/DSO 36.2 13.95+0.76
PLA/DS0.5 22.9 9.98+0.68
PLA/DS15 7.1 23.14+1.39
PLA/DS2.5 4.8 5.91+1.86
PLA/DS3 3.8 -

Different letters denote statistically significantfdientsamples (Bonferronit e s t

oy

62
61
60
60
61
61

~
(36)

112
106
103
108
108
109

~
(36)

170
169
169
169
169
170

(%)

40.5
45.3
47.4
43.6
45.1

42.6
at

a

significance

The average equivalent diameter of the dispersed phase (assuming spherical geometry) is

presented imable6-3. In the PLA/DS2.5 blend, some small sdispersed phase was observed

together with larger size dispersed phase. Average equivalent diameter of PLA/DS2.5 blend is

5.91+1.86. Big relative standard deviation reflects the presence of small and big droplets at thmesame t

AS previously reported foimmiscible molten polymer blends one can envision tieg reduced

interfacial tension between PLA and RS may have caused an effective tension transfer from the

PLA matrix to the large AS droplets during the processing and their subsequent bretking in

smaller droplet$167]. Similar observations have beenagpd for PLA/silane modified cassava

starch blend§28] and PLA/maleic anhydride grafted wheat starch bl¢atks
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Figure6-2. SEMimages from cryofractured cressction of (A, B) PLA/DSO, (C, D) PLA/DSO0.5, (E, F)
PLA/DS1.5, (G, H) PLA/DS2.5, and (I, J) PLA/DS3 at two magnifications. The circled region in the lower
magnification image (left hand side) is shown in the right handisidge at higher magnification. Arrows pointed
to the interface.
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6.4.2.Thermal stability

The TGA and the DTGA characteristics (steps of mass loss and the temperature of the DTGA
peaks Ty )) of AS with different DS will be discussed first and will be used to understand the
impact of AS on the thermal stability of PLA in PLA/AS blends.

6.4.2.1.Acetylated starch

The TGA Figure6-3A and B) and DTGATable6-4) for starckeswith different DS illustrate the
effect of acetylation on the thermal stability. Native stal280d) showed one minor and one major
mass losses. The first mass loss (minor), observén: ia3140J0 temperature range, was related

to the release of physically adsorbed w§88§]. The second mass loss (major), observed in the
24560000 temperature range, was related to starch decdtiggosThe TGA of AS DS05 to 2.5)
showed three potential different mass losses. The minor first mass lek$00@% was attributed

to the release of physically adsorbed water. The second mass losE0@8&Pwas attributed to

the condensation of theydroxyl groups while the third mass loss (31BJ0 was assigned to

the decomposition dhe acetyl groupsFor D3.5 decomposition of acetyl groups was observed
as a shoulder in the right hand side of the hydroxyl group decomposition peak. The ttaft of
peak of the second mass loss to lower temperatures for AS could reflect the degradation of starch
occurring during the acetylation reacti@6]. The TGA of DS showed a minor mass loss in the
range of 2514010 due to the release of water and a major mass loss in the range4if3d5lue

to the degradatioof theacetyl groups. The absence of the mass loss in th8 @Y temperatoe

range for DS (Figure6-3A) supports the removal die hydroxyl groups’Y  of DS3 occurred

at 3670, about 500 higher than the temperature at which the highest rate of mass loss was
observed for native starcib§0). The TGA analysis msented in this studyndicatedthat
acetylation of starch increased its thermal stabiitych is in agreement with previous wolrk1,

79, 86].
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Figure6-3. TGA (A and C) and DTGA (B and D) curves of PLA and PLA/AS blends containing AS with different
DS (10°C /min heating rate, nitrogen conditions).

6.4.2.2.PLA/AS blends

The effect of starch acetylation on the thermal stabilit? [oA/AS blends, investigated by TGA,

is presented ifrigure6-3C and D and the corresponding temperature of the onset of degradation
("Y p) and the temperature at the maximum degradation"sate)(@represented ifable6-4. Note

that the temperature of the onset of degradation for the processed PLA (PPLA) was lower
compared to the unprocessed PLA (UPLA), reflecting the thermal and shear induced degradation
taking place during the processing, while the temperature at the maximum rate of degradation
remained unchanged. The addition of native starch to PLA did not ‘affgbtit increased slightly

the Y . In contrast,”Y , decreased significantlyof the PLA/DS0.5 blend and decreased
moderately for the PLA/DS1.5 blends comparetheoPLA/DSO blendvhile the"Y decreased
significantly for the PLA/DSO0.5 blend and remained relatively constant for the PLA/DS1.5 blend.
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These observations reflethe differences in hydroxyl and acetyl content of the AS. The
degralation of hydroxyl groups in DS0.5 and DS was observed at lower temperasuzempared

to native starch (D@ reflecting the effect of the acetylation reaction on the starch chains. The
higher acetyl contentf DS1.5 compared tdS0.5 may explain the highély ,and"Y of
PLA/DS1.5 blends compared to the PLA/DSO0.5 blend. The PLA/DS2.5 and PLA/DS3 blends
displayed highety , and”Y compared to PPLA and other PLA/AS blends. The higher thermal
stability of these two PLA/AS blends reflette positive effect of acetylation in improving the
thermal stability of PLA materials. The minor hydroxyl conter®d82.5 (minor degradation peak
observed at 278, Figure6-3B) did not seem to affect and cadbute significantly to the thermal
stability of the PLA/DS2.5 blend.

Table6-4. Temperature of the onset of degradatiof ) and temperature at the maximum rate of degradation
(Y ) of AS, PLA and PLA/AS blends.

Sample  Tsk (Jp) Tmax(Jp)

DSO 80 313
DS0.5 126 291
DS1.5 130 274/368
DS2.5 148 279/370

DS3 324 367
UPLA 308 341
PPLA 293 342

PLA/DSO 294 349
PLA/DS0.5 268 302
PLA/DS1.5 288 344
PLA/DS2.5 316 360

PLA/DS3 306 350

6.4.3.Thermal transitions

The effect of AS as disperse phase on the thermal transitions and thermal properties of PLA/AS
blends was studied by DSC. The DSC thermograms of PLA and PLA/AS blends are presented in
Figure 6-4A and the associated characteristics (glass transition temperatifje cold
crystallization temperaturéY), melting temperaturéY ) degree of crystallinity of the matrix (),

and degree of crystallinity of their associated(AS )) are presented ihable6-3. The"Y of the
PLA/AS blends decreased by 1 t&@ compared to PLA due to the plasticization effect of AS

86



(Table 6-3). PLA/DSO and PLA/DSO0.5 displayed an exothermic peak priorh® éndothermic
peak associatefbr melting, which was previously attributed to the PLA crystal transformation
from the disorderedatorm to the more orderedform [15]. The small peak or shoulder at 362
prior to the main melting peak for all blends reflects the characteristicrecgjistallization
behavior othe| form[16§.

The"Y of all PLA/AS blends decreased compared to PLA. It is inferred that AS acts as a nucleating
agent for PLA which facilitates its crystallization and reduces the cold crystallization sgarper

The efficiency of a nucleating agent is affected by several factors, its size (available surface area),
the smoothness of its surface, its crystalline lattice structure and its thermodynamic affinity to the
matrix. The nucleation effect is promotedhien the nucleating agent is small, has high surface
roughness, has similar crystalline lattice structure to the matrix and has high affinity with the
matrix,[169-177. Considering these factors, the role of AS as nucleating agent in PLA/AS blends
was analyzed. The degree of crystallirofyAS in the blend might be different from before
blending but still can be employed for qualitative corrgman ofthe nucleants. The affinity of AS

with PLA increased with increasing DS. The PLA/DS0.5 and PLA/DS3 blends showed the highest
and lowest.., respectively. Th&S in thePLA/DS0.5blend that has a small/erage equivalent
diameter, rough surfaqFigure6-2D), and highdegree of crystallinity, is expected to be associated
with the most efficient PLA nucleation. The absence of the dispersed iphBk&/DS3 which

was visible bySEM imaging Figure6-2J) may explain the lowest. of all blends. The AS in the
PLA/DS2.5 blend has the smallest average equivalent diameter of all blends and its
thermodynamic affinity with the PLA matrix is higher than PLA/DSO0.5% e low degree of
crystallinity (... ) and smooth surfaceFigure 6-2H) of DS2.5 dispersed phase may have

predominated and suppressed its nucleation efficiency.
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Figure6-4. (A) DSC thermograms of PLA and PLA/AS blends and (B) linear correlation between the lowering of
the temperature of cold crystallization compared to PLA and degree of crystallinity of PLA and PLA/AS blends.
Dashed line representset linear fit (R=0.96).

A similar effect of DS for AS in PLA/AS blends was observed for the lowering of the temperature
of cold crystallization compared to PLA and the degree of crystallinity of the blends as illustrated

by the linear correlation betwe#imese two parameterBigure6-4B).

6.4.4.Mechanical properties

The effect of starch acetylation on the mechanical properties of PLA/AS blends was investigated
for those blends that had distinct thermal features amphotogy. ThePLA/DS2.5 blend was
selected for its high thermal stability and its biphasic morphology with a thick interphase layer.
The PLA/DS3 blend was also selected for its thermal stability and because of its unique single
phase morphologylhe propeties of these two blends were compared to the properties of PLA
and PLA/DSOThe lower thermal stability (loweél ) of the PLA/DS0.5 and PLA/DS1.5 blends
induced degradation during compression molding and created visible air bubbles in the material.
The manipulation of the temperature, pressure and time conditions for the compression molding
was unable to alleate the problem. The mechanical properties of PLA and PLA/AS blends are

summarized irFigure6-5 andTable6-5.
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Table6-5. Mechanical properties of PLA and PLA/AS blends.

Tensile . Young Impact
Elongation at Toughness

Sample strength at break (%) modulus ) strength

break (MPa) (GPa) (KJ/m?)
UPLA 57.98+1.56 4.99+0.13 1.64+0.02 1.49+0.07 3.34+0.17°
PPLA 51.73+0.99 4.48+0.07 1.64+0.02 1.22+0.03 2.46+0.04
PLA/DSO 36.20£1.67 3.81+0.18 1.62+0.08 0.83+0.04 2.47+0.18
PLA/DS2.5 45.53+0.70 4.20+0.08 1.65+0.04 1.07+0.08 2.73+0.2%2
PLA/DS3 33.56+1.34 3.23+0.18 1.69+0.02 0.70+0.08 2.38+0.08

Diff erent letters denote statistically significant different samples (Bonfertoeist at a signi ficance

By comparing UPLA and PPLA samples it can be inferred that extrusion of PLA for 7 minutes
affected negatively all of its mechanical prdpes except its modulus. The addition of native
starch DSO) also decreased the mechanical properties of the PLA/DSO blend. Its tensile strength,
elongation at break and toughness dropped by 30%, 15% and 32%, respectively compared to
PPLA. The lower mechaeal properties observed for the PLA/DSO blend can be explained by the
visible gap observed by SEM between the native starch dispersed phase and the PLA matrix
(Figure6-2B) which acted as stress concentration points. In contrast, the PLA/DS2.5 blend showed
significantly higher tensile strength, elongation at break, toughness and impact sinenggised

by 26%, 10%, 29% and 10.5%, respectivetpmpared to the PLA/SO blend. The higher
mechanical properties of the PLA/DS2.5 blend most probably reflect the absence of visible gap
observed by SEM between the AS dispersed phase and the PLA rraguxe(6-2H). The
effective tesion transfer from the PLA matrix to the AS dispersed phase could explain the

enhanced mechanical properties of the PLA/DS2.5 blend compared to the PLA/DSO blend.
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Figure6-5. Mechanical properties of PLAnd PLA/AS blends; (A) stresstrain curves, (B) tensile strength, (C)
toughness and (D) impact streB#fferent letters denote statistically significant differences (Bonferrtestt
U=0.. 1)

The mechanical properties of the PLA/DS3 blend, containully facetylated starch, were
significantly lower than for the PLA/AS2.5 blend and similar to the PLA/DSO blend containing
native starch except for its modulus. The observed mechanical properties of PLA/DS3 reflect its
morphology with no visible biphasicratture Figure 6-2J). The presence @S3 in the PLA

blend could interfere with the continuity of the PLA matrix and reduce the mechanical performance
of the blend. Similar observations havebeeported previously for pdlyropylene carbonate)/AS
blends where changes the microstructure from biphasic to single phase due to the increase of
DS reduced the tensile and impact strength of the pEsjd
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6.4.5.Water transport pro perties

The water transport properties of PLA and PLA/AS blends with sufficient thermal stability for
compression molding are presentedrigure 6-6. An abrupt change in the slope of the water
uptake curves wadiserved around 15 days for PLA/DS0 and PLA/DS2.5 blends which could be
ascribed to the biphasic microstructure of these bldfidare6-2). The equilibrium water uptake

of the PLA/AS blends was significantly highthan PPLA and decreased with increasing DS
(Table6-6).

4.0

—o— PLA/DSO
354 | —o—PLA/DS2.5
—A— PLA/DS3

3.0+ —v— PPLA

254

Water Uptake (%)

Time (day)

Figure6-6. Water uptake of PLA and PLA/AS blends

The water diffusiorcoefficient, calculated usingggation6.5, is presented iable6-6. The water
diffusion coefficient of the PLA/DSO and PLA DS2.5 blends, displaying biphasic microstructure,
is significantly lower tha for the PLA/DS3 single phase blend. The water transport mechanisms
in blend materials will be influenced by the microstructure of the dispersed phase and matrix and
the degree of crystallinity. In the PLA/DSO blend, the lower water diffusion coeffimagtbe

related to the high crystallinity of the native starch which coutdaacan impermeable barrier
preventing the diffusion of the water molecules and forcing these molecules to follow longer and
more tortuous paths for diffusidi73. Additionally, the presence of crystalline regions in the
matrix can immobilize adjacent amorphous chains and make a rigid amorphous phase which is
less permeabl¢l73. The diffused interphase may also be less permeable forcing the water

molecules tofollow a tortuous patlj174. The presence of a biphasic microstructure in the
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PLA/DS2.5 blend together with the smaller size and larger eumibacetylated starch dispersed
phase may increase the tortuosity and explain the lower water diffusion coefficient compared to
the PPLA and PLA/DSO blend. Since the water diffusion mechanisms in PPLA and PLA/DS3
should reflect their single phase morpig), the degree of crystallinity will be the predominant
factor influencing the water transport properties in these materials. In th@©BRBAlend, PLA

has the higher capability of crystallizatiomaple 6-3) reflecting its smaller water diffusion

coefficient compared to PPLA.

Table6-6. Equilibrium water uptake, water diffusion coefficient and WVP of PPLA and PLA/AS blends

Diffusion Equilibrium
- WVP
Sample coefficient  water uptake (x10" gh'm*Par)
(x102 m?/s) (%) g

PPLA 7.23+0.55 0.92+0.0% 0.67+0.02
PLA/DSO 2.91+0.25 3.38+0.03 1.16+0.12
PLA/DS2.5 2.02+0.13 2.93+0.08 1.52+0.08
PLA/DS3 5.32+0.38 1.71+0.02 2.48+0.09

Different letters deote statistically significant different samples (Bonferreni¢ st at a significance

The permeation of gases through a polymer film includes four steps: sorption of gas molecules on
the surface of the film; dissolution of the gas in filnffusion through the film; and, desorption

of the gas from opposite surface of the fjlh73 179.

The water vapor permeability (WVP) for films prepared with PLA and PLA/ASdsiénreported

in Table6-6. The WVP for all PLA/AS blends is higher compared RBLA and increases with

DS. The higher WVP permeability may reflect the contribution of the individual steps to the overall
water vgor transport through the films. In the PLA/AS blends, the higher equilibrium water
uptake Table6-6) could enhance the solubility of water and allow for faster permeability of the
water vapor in these blends. $péte oftheir higher water solubility compared to other materials,
due to the low diffusion coefficient of water in PLA/DS0O and PLA/DS2.5 blendy, hlave the
second lowest WVP. The highest WVP obtaified PLA/DS3 was most probably due to the
combinatian of high water solubility and diffusion. Slightly lower WVP of PLA/DSO compared to
PLA/DS2.5 despite of the higher water solubility and diffusion coefficient, may be attributed to

the trapping of the water molecules by the starch granules which redeqesieation rate.
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6.5.Conclusion

This study demonstrates the potential of starch acetylatiamasns to improve its compatibility

with PLA by alleviating the limitations in the processing of starch and by producing materials with
improved propertieSCRS model predictions an&EM observations confirmed the presence of
biphasic microstructure for all PLA/AS blends except PLA/DS3. The replacement of hydroxyl
groups with acetyl groups enhanced the thermal stability of starch and PLA/AS blends. The
plasticizaton and nucleation effect of AS altered the glass transition and crystallization behavior
of PLA. The PLA/DS2.5 blend had the highest mechanical performance which could be explained
by its biphasic microstructure and the presence of the thickest diffoerghase. The water
transport properties of PLA were influenced by the presence of AS. The water diffusion coefficient
of PLA/AS blends decreased while its WVP increased.

Better understanding of the effect of acetylation on properties of PLA/AS blergid be
achieved by precisely controlling the morphology through adding thlopreed AS particles into

the blend. Other influential factor on blend properties such as crystallization behavior need to be
further investigated before employing this blendeal applicationsCrystallizationcan influence

the mechanical and barrier properties and degradation rate of PLA. Increasing the degree of
crystallinity can enhancthe mechanical properties of PLA such as strength and modulus and
reducetherate of enzgnatic degradation. Higher degree of crystallinity also leads to the improved
barrier properties of PLAL3]. Theefore, investigation athe crystallization behavior of PLA in

the presence of AS$s very important. Investigation diie isothermal crystallization behavior of
semicrystalline polymers is more convenient comgraorrisothermal, however, real industrial
processing conditions are morenfisothermal. In the next chapter isothermad aorisothermal

crystallization behavior of PLA/AS blends will be studied.
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7.1.Synopsis

The rate of crystallization of pure poly(lactic acid) PLA and blends of PLA/acetylated starch (AS)
with different degregof substitution (DS) were investigated. The PLA/DSM8 #LA/DS1.5
blends showed the highest and the lowest rate of crystallization in isothermal crystallization
conditions, respectively. The highest rate of crystallization in isothermal crystallization conditions
for the PLA/DSO0.5 blend reflects the highesicleation activity oDS0.5 along with the faster
dynamics of the PLA chains. The highest initial degree of crystallinity for PLA/DS1.5 blends may
seem contraryto the lowest crystallization rate of this blend in isothermal crystallization
conditions. Thenonisothermal crystallization investigation, however, revealed similar rates of
crystallization for the PLA/DS1.5 blend compared to the other PLA/AS blends at the lowest
cooling rate (26/min) while having the fastest rate of crystallization at the dggltooling rate
(5J6/min). The positive activation energy for the crystallization of the PLA/DS1.5 blend may
reflect an endothermic process in the crystallization of this blend as a result of interfacial
interactions. The SAXS analysis revealed the presef smaller lamellar structure in PLA/AS
blends. The largest amorphous phase among blends was observed for PLA/DS1.5 blend which can

be attributed to the interfacial interactions in this blend.

7.2.Introduction

Poly(lactic acid) (PLA) has attracted exsere attention becauss its biodegradable nature, its
good mechanical properties and the renewability of its feedfip6k Nonetheless, its slow rate

of degradation along with its relatively high cost, have limited its range of applications. The
blending of PLA with biodegradable polymers that are less expensive and which possess higher
degradation rates canaliate the limitations of PLA and extend the rangisadpplications. The
biodegradability, abundance, renewability and loweof starch mak# an attractive candidate

[7]. Starch as a material has its own limitations. The low thermal processability@f due to

the lack of thermal transition before degradat{@h and its poor compatibility due to its
hydrophilic characteristics limits application in PLA blends. The thermal proced#s of starch

can be improved by plasticizatip8| but it does not address the poor compatibility with PLA. The
compatibility of starch with PLA can be improved with the use of compiaebs such as maleic
anhydride (MA)[25], and epoxidized soybean ¢26]. The pocessability and compatibility of
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starch with PLAcan also be obtained by chemical modifications such as étltgtification, silane
modification[28, 29] and acetylatiof9, 10].

Crystallization cannfluence the mechanical and barrier properties and degradation rate of PLA.
Increasing the degree of crystallinity can enhance the mechanical properties of PLA gsich as
strength and modulus and can reditserate of enzymatic degradatioA higher degee of
crystallinity can also improve the barrier properties of HIL8]. Therefore, the investigation of
crystallization behavior of PLA ithepresence of AS is very importait.the context bpolymer
blends, the presence of the secondary component will generally affect the crystallization behavior
of the base polymer. The addition of a foreign component is known to increase the crystallization
rate by increasing the nucleation probability evhis a crucial initial step in the crystallization
procesq176. The study of polymer crystallization under isothermal conditions is common and
provides basic understanding of the crystallizatioet@s and mechanisms. However, in practical
and industrial applications, polymers typically undergo-isothermal crystallization during their
cooling. Cai et al[177] reported on the isothermal crystallization behavior of thermoplastic starch
(TPS)/PLA composites. Their results indicated that the spherulite growth rate, the overall
crystallization rate and the activation energy of TPS/PLA composites Wected significantly

by the incorporation of TPS which may have acted as a nucleating agent, improving the
crystallinity of PLA in the TPS/PLA composites. They also reported a general constraint of PLA
chain mobility in the composite melt due to the pneseof TPS. No#isothermal crystallization

of TPS/PLA was investigated by Li et §L78. They confirmed the results tiie isothermal
crystallization study by Cai et 4lL77] and indicated théhat TPSactedasa nucleating agent &b
improvedcrystallinity of PLA and constraineithe mobility ofthe PLA chains.

In the present study, the effect of the degree of substitution (DS) of acetylated starch (AS) on the
isothermal and neisothermal crystallization behavior of PLA/AS blend presented. The main

objective of this work was to understand how the crystallization of PLA was affected by the
presence of AS with different DS. The crystalline structure of AS anaddaéed PLA/AS blends

was investigated by wide angle-rdy diffracton (WAXRD). The isothermal crystallization

kinetics and mechanisms dfhe PLA/AS blengd was investigated by differential scanning
calorimetry (DSC)and discussedvi t h  Avr ami 6s model . The eff ec

crystallization kinetics and mechaniswisPLA/AS blends was investigated with nmothermal
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crystallization. The impact of DS on the nucleation activity and activation energy of the
crystallization of PLA/ASblendsalso investigated. Inrder to clarify the effect ofniterfacial
interactionson crystallization, the lamellar structure of PLA/A&idls was studied with small
angde x-ray scattering (SAXS)

7.3.Materials and Methods
7.3.1.Materials

PLA 4032D (My=58000 g/mol, Bcontent 1.8 %) was provided by NatureWorks Inc (USA). Corn
starch was purchas@&mm alocal Ontario market (BulkBaff product code: 000260). Acetylated
starch (AS) was produced by mixing corn starch with acetic anhydride atdeterenined molar

ratio of acetic anhydride/starch and acetic acid. The mixture was stirred and h43& tasing

a preheated oil bath for 3 hour§he reaction mixture was precipitated imtorsolventand the
precipitate was filtered and washed witbn-solventto remove any residual acetic acid. The
recovered AS products were dried overnight in a vacauan at 43C to remove any residual
solvent. The degree of substitution (DS) represents the number of hydroxyl groups on a glucose
unit of astarch molecule that are replaced by acetyl groups (from 0 A&3)ith four DSof 0.5,

1.5, 2.5, and Svere prepred according to the above mentioned procedure.

7.3.2.Methods
7.3.2.1.Blend preparation

Prior to mixing, PLA and AS were dried atX®0in a vacuum oven overnight. A SI®ZA lab

scale twin screw extruder (Ruiming Plastics Machinery, Wuhan city, China) was employed for
melt-blending of PLA with AS. The PLA/AS blends were prepared atld 88ing a screw speed

of 30 RPM for 7 min. In ater to identify conditions that prevented degradation, preliminary
experiments were preformed to identify the mixing temperature, speed and time. The extruded
samples were then pelletized and compression molded to make a thin sheet using a hot press (PHI,
Pasadena Hydraulic Inc., USA) at 200with 10000 Ibs pressure for 4 minutes. The compression
molded samples were then cooled rapidly using steel sheets precooled in an ice bath. The samples

to be used for the small anglerXy scattering analysis, wereated slowly. All samples were
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stored in a desiccator for further analysisble 7-1 presentghe code and composition of the

samples.

Table7-1. Composition, coderad processing time of the PLA and PLA/AS blends

PLA AS (Wt%) DS of AS

Sample (Wi%)
PPLA (processed) 100 0
PLA/DSO 85 15 0
PLA/DSO0.5 85 15 0.5
PLA/DS1.5 85 15 15
PLA/DS2.5 85 15 2.5
PLA/DS3 85 15 3

7.3.2.2.Wide Angle X-ray Diffraction (WAXRD)

The crystdine structure of AS and PLA/AS blends was investigated by wide anglay X
diffraction (WAXRD) (D8 focus, Bruker) with @ KiUradiation and 1.5406 A wavelength
operated at 40 kV and 30 mA. TherXy diffraction patterns of AS and PLA/AS blends were
recorded in 2-angle range of-30 and 1040, respectively. The step size of the measurements

was 0.02and speed was 1 seefst

7.3.2.3.Small-Angle X-ray Scattering (SAXS)

Smallangle X%ray scattering measurements were performed using a SAXSéssstnement

(Anton Paar, Austria) equipped with a Kratky blemilimation system and a sealatbe Cu K

X-ray generator with wavelengths 0.154 nm, operating at 40 kV and tube current = 50 mA. All
measurements were performed at ambient temperature using transmission geometry. The scattered
X-ray intensity was measured with a 2D charge calggector located 264.5 mm apart from the
sampe. The scattering intensitiox] , measured asfanction of half thescattering angless was

first desmeared and then corrected for the background absorption and transformed to a plot of
scattering intensity vs scattering vectgr(p 1 i "Q¢)-usingthe saxsimagesoftware (Utah

SAXS Tools, David P. Goldenberg, September 2012).
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7.3.2.4 Differential Scanning Calorimetry (DSC)

The thermal transitions, isothermal crystallization and-isothermal crystallization of PLA and
PLA/AS blends were investigatavith a Q2000 TA instrument (USARlibrated withindium and
sapphire disk standards, using standard T2ditcogen with a B mL/min flowrate was used as
purge gas. Asample (approximately 10 mg) was placed in an aluminum pan. DSC experiments
were conduted with three different thermal procedures:

(a) Temperature modulated DSC (TMDSC): heating the sample frdntdQ9QJ0 at constant

heating rate (&/min) coupled with modulation amplitude of Id5and period of 90 s to study the

thermal transitions and initial degree of crystallinity of the blends. The initial degree of crystallinity
. is definedas[179:

p A A T (7.2)
w0 1 P '
where YO and YO is the area under the reversible and -merersible heat flow

respectivelyw "O is the melting enthalpy for 100 % crystalline PLA (93.416d]), and is

the mass fraction of PLA in the blends.
The degree of crystallinity.. after cold crystallization is defined f29, 160 :

yO
w0
whereY'O is the enthalpy of melting.

p T TT (7.2)

(b) Isothermal crystallization: heating the sample taJh&hd maintainingt at 18030 for 5 mins

to erase the therrhhistory followed by fast cooling to 110 and isotherm for 40 mins.

(c) Norrisothermal crystallization: heating the sample toJd8&nd maintainingt at 18010 for 5
mins to erase the thermal history followed by cooling at different cooling rat@sodhin,
3.5J6/min and 26/min.
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7.4.Results and Discussion

7.4.1.Crystalline structure of AS and PLA/AS blends

The X-ray diffraction patterns of AS presentedHigure 7-1A indicate changes in crystallinity
according taDS. By comparing the patterns of AS to those of neat starch, one obaérwes
intensity of the peaks characteristic of crystallinity. Similar decrease was reported previously for
acetylated corn stardfi0]. The reduction of crystallinity during acetylation may reflect the lower
inter and intramolecular hydrogen bonding due to the partial replacement of hydroxyl groups with
acetyl groups resulting in disordering of the crystalline stru¢ite72]. The WAXRD patterns
revealed a new crystalline structure 83 where a new set of peaks was observed betwee3)2

and 1d (Figure7-1A).

Figure 7-1B shows the Xay diffraction patterns of PLA/AS blends. There is no sign of AS
diffraction in the diffraction pattern adhe PLA/AS blends. The diffraction peak 2+=31J from

(1010) plane of the -form crystal[180 was observed in all blends. The peak a&26.5]
representing the diffraction from (110) and/or (200) planes of the disordededm [15] was
observed in all blends except PLA/DSO and PLA/DS2.5. A very low level of crystallinity was
observed in all blends except for PLA/DS1.5, most probably due to the fast cooling. The
PLA/DS1.5 blenchas the highest degree of crystallinity and possesses distinguishing diffraction
patterns such as a peak a+29Jfrom (203) plane of the-form crystal[181].

7N A /\_J B

PLA/DS2.5

PLA/DS1.5

/\/\’\\,\/\ DS=1.5 // PLA/DS0.5
\ DS=0.5
/__‘_/w’/ PLA/DSO

5 10 15 20 25 30 35 40 10 15 20 25 30 35 40 45
20 20

Intensity (u.a.)
il
{{)8
1Y w

Intensity (u.a.)

Figure 7-1. WAXRD diffraction patterns of (A) acetylated starch and (B) PLA/AS blends according to DS.
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7.4.2.Thermal transitions and initial degrees of crystallinity

The influence of AS on the thermal transitions of PLA/AS blends maestigated by TMDSC.
Figure 7-2A depicts the TMDSC thermogram of pure PLA and PLA/AS blends. The glass
transition temperature”Y) of PLA decreased slightly by incorporation of AS due to the
plasticization #ect (Table7-2). The small peak in thér region (pointed out by arrows) of the
TMDSC thermograms showed that the glass transition included an enthalpy relpt@#ofold
crystallization (exothermic peaKY) around 900) was observed for all sampled second
exothermic peakK'{ ) was observed prior to the melting temperatlive (vhich was attributed to

the crystal transformation from the disordgrefiorm to the more ordere¢dform [15]. The initial
degree of crystallinity before cold crystallization was estimated by deconvolution of the heat flow
in its reversible and nereversible prts (Equatiory.1). An example of the deconvolution of the
total heat flow for PPLA is presentedkigure7-2B. The estimated initial degree of crystallinity

is preserdgd inTable7-2. PLA/DS1.5 blend had the highest initial degree of crystallinity which is
supported by the WAXRD results. The degree of crystallinity of all blends was slightly higher than

that of PLA. All blendgeached the same level of crystallinity after cold crystallization.
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Figure7-2. (A) TMDSC thermogram of pure PLA and PLA/AS blends, @Bronvolution of the total heat flow into
the reversing and nonrevarg contributions for PPLA.
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Table7-2. Glass transition temperaturé), cold crystallization temperaturéyf,| ao| transformation
temperature”f ), melting temperaturéY ), area under reversin/(© ) and nonreversing{O ) parts of heat
flow, initial degree of crystallization (. ) before cold crystallization, and findegree of crystallization () after
cold crystallization of pure PLAnd PLA/AS blends.

Sample {j 0P 40P 43P 0 OP Trmc Tre-» Fo %) Fi(%)
(J/g) (J/g)

PPLA 59 92 152 169 8.49 12.52 4.3 38.6
PLA/DSO 56 91 152 169 8.16 13.52 6.7 40.0
PLA/DS0.5 56 89 152 169 6.82 11.4 5.8 40.1
PLA/DS1.5 57 91 153 169 0.10 10.94 13.6 39.6
PLA/DS2.5 58 92 152 169 10.19 14.73 5.7 41.8
PLA/DS3 58 91 152 169 8.45 14.43 7.5 43.9

7.4.3.Isothermal Crystallization

The isothermal crystallization thermograms of PLA ahd\/S blends obtained at 130 are

shown inFigure7-3A. The addition of AS affected the crystallization of PLA in the blends. Two
opposing effects were observed, an increased rate of crystallization for PLA/DS0, PLA/DS0.5 and
PLA/DS3 and lwer rate of crystallization for PLA/DS1.5 and PLA/DS2.5. The rate of isothermal
crystallization was investigated by analyzing the relative crystallinity 4t different timesd)

and calculated as follows:

A TA@O
A TA@O

(7.3)

whereA( TA @ the rate of heat evolution during a given time period. The relative crystallinity,
..., was calculated from the area under the exottegpeak of crystallizatiorHigure7-3B). At the
beginning of the crystallization process, an induction period was observed which reflects
nucleation[183. Crystallization is generally represented as a two steps process: primary
crystallization (linear portion af.) and secondary crystallization (rbnear portion of...) [177].

The first step represents crystal growth until crystals are sufficiently targgich each other.
When crystals touch each other, the second stage starts with slowing down of the crystallization
procesq184]. The kinetics of the isothermal crystallization process were investigated with the

Avrami model;

p ... A@DUo (7.4)
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wherev and¢ are the crystallization rate constant and the Avrami exponent, respectively. The
parametery gives information on the rate of ceation and crystal growth. The parameter

provides information on the type of nucleation and the dimensionality of the crystal gftwth.

A ——PPLA 1.04 B
——PLA/DSO |
PLA/DS0.5 .
PLA/DS1.5 2 0.8+
o ——PLA/DS2.5 ~
=) —— PLA/IDS3 =
o £ 0.6
X =
w iy |
[
8 5 044
- pe | O PPLA
S 2 <& PLA/DSO
o = © 0.2 PLA/DS0.5
& | PLA/DS1.5
R O PLA/DS25
0.0 55 < PLADS3
T T T T T T T T T T
0 5 10 15 20 25 0 5 10 15 20

Time (min) Time (min)

Figure7-3. (A) Isothermal crystallization thermograms of PBAd PLA/AS blends obtained at 160 (B) Relative
crystallinity of PLA and PLA/AS blends according to time. Black dashed lines show the fitted Avrami equation.

The Avrami equation provided a very good fit of the relative crystallinity determined
experimatally (Figure 7-3B). The Avrami parameters,andU obtained fromthe least square

fitting of the experimental data with MATLAB R2014a, are presentethivie 7-3. The Avrami
exponent, related to the nucleation mechanism (simultaneous or sporadic) and the dimensionality
of the crystal growth (two or three dimensional) usually has a value between 2 and 4 for polymer
crystallization. Largealues of the Avrami exponenteandicative of sporadic (or combination of
sporadic and simultaneous) nucleation with thdeeensional spherulitic growth while small
values are attributed to instantaneous (accompanied with some sporadic) nucleation with two
dimensional growtti13, 171]. The Avrami exponent of the PLA/AS blends was slightly smaller
than PLA (except for PLA/DS1.5). Thedition of AS mildly affected the nucleation mechanism

and growth dimensionality of pure PLA. It can be inferred that the crystal growth in PLA/AS
blends became motkantwo dimensional with more simultane®nucleation compared to PLA.

A similar effect ras been reported previously for thermoplastic starcivrami exponent of
PLA/thermoplastic starch blendi$77]. Note that the Avrami equation is basedaonumber of
simplifications which limits the conclusions that can be made with regard to microscopic

mechanisms of the crystal growth without morphological informgti&s).
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The Avrami parameters were used to estimate the crystallizatictirhal{d 7 ), defined as the
time required to reach 50% relative crystallinity (Equaffds) and the crystallization rate (G)

given as the reciprocal 6fy (Equation?.6).

N
PR (7.5)
U

Table7-3. Avrami kinetic parameters of pure PLA and PLA/AS blends for isothermal crystallization. Reported
ranges are the 95% confidence interval on the parameter estimates for Avrami model.

Sample . L (min) <7 (min) g (minl) R?

PPLA 2.51+0.01 0.0072+0.000 6.159 0.162 0.999
PLA/DSO 2.48+0.01 0.0082+0.0001 5.983 0.167 0.999
PLA/DS0.5 2.38+0.01 0.0146+0.000z 5.073 0.197 0.999
PLA/DS1.5 2.52+0.01 0.0021+0.0001 9.955 0.100 0.999
PLA/DS2.5 2.31+0.00 0.0062+0.0001 7.678 0.130 1
PLA/DS3 2.26+0.01 0.0125+0.003 5.918 0.169 0.999

The PLA/DSO0.5 blend had the smallést , i.e. thehighest rate of crystallization which could be
dueto the nucleation effect dS0.5 or to faster dynamics ofethiPLA chains in the blend as a
result ofthelower glass transition. In contrast, the PLA/DS1.5 blend had the highesite.the
lowest rate of crystallization which is contrary to the results of WAXRD and TMDSC where the
highest initial degree of crystallinity was estimated for this blend after fast codlatde(7-2).

The effect & DS1.5 on the PLA crystallization behavior was investigated by-isotihermal
crystallization and is discussed in the next section.

7.4.4.Non-isothermal crystallization

The nonisothermal crystallization thermograms of PLA and PLA/AS blends obtained at three
different cooling rate of 2, 3.5 and 3/min. The thermograms were analyzed with the Avrami
equation modified to account for the Agthermal conditions. The effect of the cooling ratg
is accounted fointroducing a correction factor to the crystallization rate constda86]:

1D

[ T (7.7)

wherev s the kinetic crystallization rate constant fanAsothermal crystallization.
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The relative crystallinity over time and the fitted Avrami equation accorditigetoooling rate
for PLA thePLA/AS blends are depicted Figure7-4 (A, B, and C) and thAvrami parameters
obtained by least square fittiage presented ihable7-4.

The Avrami exponertt for the norisothermal crystallization generally decreased with increasing

cooling rate indicating decrease in the mtiensionality of the crystal growth while nucleation
mechanism is becoming more simultaneous.
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Figure7-4. Relative crystallinity of PLA and PLA/AS blendsdifferent cooling rates (A)B/min, (B) 3.56/min,
and (C) 86/min. Black dashed lines represent fitted Avrami equation

At the lowest cooling rate, Jd/min, 6 y was about 15 mins for PLA and &tle blends indicating
similar crystallization rate. This coulrlso beinferred from the overfaping between theelative
crystallinity versus time curve§igure7-4B). Differences in the relative crystallinity versus time
between PLA and the PLA/AS blends started to appear3abJ0/min cooling rate and wer
distinct ata5J/min cooling rate. The PLA/DS1.5 blend showed the highest rate of crystallization
at the highest cooling rate while in isothermal crystallization, this blend showed the slowest rate
of crystallization. That might explain the highesttiadi degree of crystallinity for this sample
which was observed in WAXRDOFgure 7-1B) and TMSDC Table7-2) experiments.

The exothermic peak of crystallization of PLA and PL&/Alends at different cooling rates,
presented inFigure 7-5, shows that'Y (crystallization peak temperaturshifted to lower
temperatures as the rate of cooling was increased for all blends except the PEANIEBd. The

crystallization peak temperature of the PLA/DS1.5 blend shifted to higher temperatures with
increasing cooling rate.
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Table7-4. Avrami kinetic parameters, activation energy of crystallization, raucleation activity parameters of
PLA and PLA/AS blends during neisothermal crystallization

Sample n < 1 . Ly R2 i I |or|* -
(JFmin)  (min) (min?) (min-1) F (KJ/mol) (K?)
PPLA 2 1556 0.064 4.10+0.04 0.0030+0.0009 0.999 99.15 -238.41 37403 -
35 7.16 0.140 3.26x0.01 0.1442+0.0043 0.999 95.53
5 5.14 0.194 3.34+0.01 0.3115+0.0074 0.999 95.49
PLA/DSO 2 14.19 0.070 3.45+0.01 0.0085+0.0014 0.999 101.49 -276.95 38748 1.03
35 7.56 0.132 3.10x001 0.1504+0.0049 0.999 98.66
5 4.67 0.214 3.01+0.01 0.3678+0.0090 0.999 97.76
PLA/DS0.5 2 14.07 0.071 3.61+0.02 0.0070+0.0015 0.999 102.32 -156.84 22170 0.59
35 7.23 0.138 3.22+0.01 0.1640+0.0050 0.999 97.57
5 555 0.180 3.22+0.01 0.3068+00068 0.999 95.45

PLA/DS1.5 2 1482 0.067 3.18+0.03 0.0114+0.0035 0.998 99.62  347.03 -47851 -1.28
3.5 6.51 0.015 2.53+#0.01 0.2329+0.0109 0.998 101.81
5 3.95 0.253 2.71+0.01 0.4409+0.0137 0.999 102.49

PLA/DS2.5 2 1416 0.070 3.53+0.02 0.0077H©.0020 0.999 99.48 -111.42 164263 4.39
3.5 6.92 0.144 2.72+0.01 0.2006+0.0073 0.999 98.72

5 4.40 0.227 3.11+0.02 0.3689+0.0148 0.998 98.68

PLA/DS3 2 15.49 0.064 4.17+0.03 0.0027+0.0008 0.999 100.31 -220.58 33278 0.89
3.5 7.37 0.136 3.40+0.01 0.1292+0.0044 0.999 96.99
5 581 0.172 3.70+0.01 0.2526+0.0042 0.999 9551
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Figure7-5. Exothermic peaks of crystallization at different heating rates for (A) pure PLA, (B) PLA/DSO, (C)
PLA/DS0.5,(D) PLA/DS1.5, (E) PLA/DS2.5 and, (F) PLA/DS3 blends.

The activation energy of nesothermal crystallization was estimated by using the Kissinger

approactj187:
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where Y, O, and 'Y are the crystallization peak temperature, the activation energy of

crystallization, ands the universal gas constant, respectively.

The Kissinger plots are presentedHigure 7-6A and the estimated activation enerdytbe
crystallizationof PLA are summarized iable7-4. The exothermic nature of the transition from

the melt to the crystalline state leads to negafivealues. A negativé® value represents the
acceleation of the crystallization mechanisms by decreasing the tempefa8lewhich was
observed for all PLA/AS blends excefur the PLA/DS1.5 blend. The positiv® of the
PLA/DS1.5 blend may reflect an endothermic phenomenon such as the disruption of the interfacial
bonding between the PLA matrix and the AS dispersed phase duoerayyistallization process.
Further investigation will be required to understand the presence and effect of the interfacial
interactions in PLA/AS blends.
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Figure7-6. (A) Kissinger plot for the estimatioof the’ O for the crystallization of PLA and PLA/AS blends. (B)
Nucleation activity plots of PLA and PLA/AS blends

The nucleation activity of the dispersed component in polymer bléadsiéfined as a factor by
which the work of crystallizatio of a polymer decreases with the addition of a second component,
was evaluated by the method suggested by Dobreva and Gi88v In this method, he

nucleation activity is defined as follows:
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where 6 and 6 are parameters related to the filled and pure polymer, respectively and are

calculated with the following equatians
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wheref is the cooling rated and® are constast andY’'Y "Y Y is the supercoolingd

and®” are estimated from the slope of the plok  versuspZY'Y (Figure7-6B). The estimated
nucleation activity for PLA/AS blends is presented’able7-4. When the dispersed component

in a blend is extremely active for nucleation, the valu&wofapproaches 0, while fan inert
dispersed component, it is about 1. A nucleation activity higher timaiglit be interpreted as an
antinucleating effecf176. In the context of PLA/AS blends, the highest nucleation activity was
observed foDS0.5,DS0, andDS3 showed inemucleation activity, whered3S2.5 displayed an
antinucleating effect. An unusual nucleation activity was observed for DS1.5 where the nucleation
activity was negative The nucleating activity oDS1.5 may reflect potential endothermic
processes occurring during the crystallizatisrpeeviously concluded from its positi@ value.

The activity of a nucleating agent depends on several factors such as size (available surface area),
thermodynamic affinity to the matrix, and crystalline lattice structure. Nucleants that are small,
possess high affinity with the matrix, amalve matching crystalline lattice structure with the matrix
will promote nucleation activity169-171]. Further investigation of these factors will be regdi

to better understarttie nucleation activity of AS.

7.4.5.Lamellar structure of PLA and PLA/AS blends

The lamellar structure of PLA and PLA/AS blends was investigated by SAXS. The l-orentz
corrected SAXS data are presentefigure7-7 as’@ vsr, wherey 1 ¥_O E4 and—and_

are half of the scattering angles ahdwave length othe X-rays, respectively
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Figure7-7. Lorentzcorrected SAXS profiles recded at room temperature fBLA and PLA/AS blends.

The morphological parameters of the lamellar structure including the long period, the average
lamellar thickness and the amorphqaisse thickness were estimated from the normalized one
dimensional corfation function calculated from the scattered intensity by using the following
equation189:
ri N AT®Ion (7.12

Ol nQn
wherei is the direction along which the electron density distribution was measured.

The data were exteled from the smallest measungdo zero by linear extrapolation. Large
values were extrapolated infinite ; using a Porod lawry decay)[150. The average long
period () was estimated from the first maximum of the catieh function. The average lamellar
thickness ¢ ) was determined frorther-axis value of the intersection point between the tangent
line atf i 1tand the tangerine at the first minimum in the correlation curve as shown in the
inset ofFigure7-8. The thickness of the amorphous phasgwas calculated fromd anda (&

0 a)[189. The long period can also be estimated from equationg” 71", wheren’ is the
peak of Lorentzorrected plo{150. The normalized ondimensional correlation functions of
PLA andthe PLA/AS blends are plottein Figure7-8.
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Figure7-8. Onedimensioml correlation functions dPLA and PLA/AS blends.

Table7-5. Morphological parameters of the lamellar structure of purk &id PLA/AS blends.

Sample 4 (nm) m.(nm) m (nm)
peak of Lorentz-corrected plot correlation function

PPLA 50.7 49.9 15.2 34.7
PLA/DSO 48.2 45.9 12.9 33
PLA/DS0.5 48.2 46.3 14.2 32.1
PLA/DS1.5 50.7 48.1 14.1 34
PLA/DS2.5 48.2 46.3 14.3 32
PLA/DS3 48.2 46.8 14.9 31.9

The morphological parameters of the lamellar structure presenfabia7-5 indicatal lower 0,

a anda estimates for all PLA/AS blends compared to PLA. The PLA/D$Ikefd displayed the
most similar0 and & parameters to those of PLA. During the crystallization process, the
crystallization of the PLA chains competath the interactions between the PLA and AS chains.
This competition will govern the final lamall structure of the materigl9(. The interactions

betwea the PLA and thé&S chaingnterfere with the conformational changes of the PLA chains
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that are required for crystallization to occur and which would lead to a smaller lamellar structure.
With this in mind, the higher thickness of the amorphous phiasef(the PLA/DS1.5 blend may
be attributed to the higher interactions taking place between the PLA and AS components in this

blend. This is in line with th® estimate of the interfacial interaction between PLA B&4.5.

Conclusion

The role ofAS in the crystallization of PLA in PLA/AS blends investigated by WAXRD , SAXS
and isothermal and namothermal crystallization analysis. The highest initial degree of
crystallinity was observed for PLA/DS1.5. The crystallization characteristics of RPPAA/AS

blends are affected by the presence of AS. Based on the Avrami expookttie isothermal
crystallization, the crystal growth is becoming more two dimensional with increased simultaneous
nucleation by incorporation of AS to PLAhe fastest rate of crystallization was observed for the
PLA/DSO0.5 blend. The highest nucleatiactivity observed foDS0.5 (60 =0.59 along with the

faster dynamic of PLA chains due to the plasticization effect in the blend compared to PLA are
the main reasons for the fastest crystallization of this blend. The PLA/DS1.5 blend showed the
lowestrate of crystallization during isothermal crystallization conditions which contradicted its
highest initial degree of crystallinity. This discrepancy was explored further by investigating the
crystallization behavior of PLA/AS1.5 for nesothermal condions. A distinct rate of
crystallization werebserved for PLA/DS1.5 as a function of temling rate. The crystallization

rate of the PLA/DS1.5 blend was very similar to the other PLA/AS blends at cooling rate of
2J0/min. However, at higher cooling rateldmin, PLA/DS1.5 blend showed the highest rate of
crystallization which may explain the highest initial degree of crystallinity for this blend. The
positive O estimate for the crystallization of PLA/DS1mBay reflect an endothermic process
during the crystallization of PLA. Further investigation of the interfacial interactions between the
AS components and the PLA matrix is required to better understand the potential endothermic
process. The lamellar struce of the PLA/AS blends deduced from SAXS experiments, indicated

a small lamellar structure for all the PLA/AS blends. The highest amorphous phase thickness was
observed for the PLA/DS1.5 blend which supports the presence of significant interfacial

interactions in this blend.
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8. Conclusions and Recommendations

8.1.Conclusions

The objective of this PhD was to investigate the acetylation of starch as a tméaprove its
thermal processability and compatibiliyith PLA and ultimately widerthe range of potentia
applications for PLA/acetylated starch (AS) blends. The work was divided in two parts: (1) the
characterization of AS according to degred¢hsf substitution (DS) and (2) the preparation and
characterization of PLA/AS blends.

The analysis of the crystality of AS indicated that the substitution of hydroxyl groups with
acetyl groups upon acetylation destroyed the native clipgtatructure of starch anddeo the
emergence of a glass transition in AS with DS equal or greater than 1.5. The appetence
transition from the glassy state to the rubbery state at the glass transition tempéyatige (
desirable as this is a requirement for the thermal processability of AS. The fully substituted AS
(DS3) showed the emergence of a new crystalline structure which increaS¢cditd a new
thermal transition (melting) before degradationeTénhancement of the thermal stability and
decrease of the molecular weight upon acetylation for all DS were also observed and should
improve the thermal processability of AEhe mlar contribution othe surface energy decreased

as a result of acetylatioof the hydroxyl groups of starch for all DS. Increasing thermal expansion
coefficient along with the decrease of density with increasing DS of AS, make starch a more
similar material to PLABased on its evolution with temperature, the relaxation timddte
formation estimated from Quaisiothermal TMDSC heat capacity data was found to be an
appropriate representation of therelaxation time near the glass transition temperature region.
Together with the VFT model, the relaxation time for hole foromatvere used to estimate thé

and the fragility index (m)l DS of AS indicated that higher DS is more suitable for thermal

processing.

The second part of the thesis, which focused on the preparation and characterization of PLA/AS
blends, resulteth a number of significant observations. The morphology of all PLA/AS blends
was biphasic, excepdr PLA/DS3 which wa uniform, based on the predictions obtained with the
compressible regular solution (CRS) model and confirmed experimentally by SEMgnadie

thickness of the interphase for the biphasic blendseased with increasing D®ased on the
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theoretical approach developediglfand et al[41-43] and confirmed by SAXS measurements.

The length scale of the dynamic heterogeneity of the blends estimated by TMDSC showed similar
relationship with DS as observed for the interphase thickness estimates. The vitrification of the
PLA chains in the interphasregion deduced from TMDSC data was identified for two blends,
PLA/DSO and PLA/DSO0.5, and was attributed to the hydrogen bonding of the PLA chains with AS
based on FTIR analysis. The thermal stability of PLA in PLA/AS blends was enhanced by the
presence 0AS. The PLA/DS2.5 blend showed the highest thermal stability.

The effect of the degree of acetylation and the resulting blend morphology and interphase thickness
on the mechanical and water transport was investigated. Three blends with distinct istzcacte
PLA/DSO with unsubstituted starch, PLA/DS2.5 with the thickest interphase and PLA/DS3 as a
miscible blend were selected. The absence of acetylation in the PLA/DSO blend and the absence
of biphasic structure in the PLA/DS3 blend did not lead taawed mechanical performance. The
PLA/DS2.5 blend, with a biphasic structure and large interphase thickness, displayed the best
mechanical performance. The diffused interphase may have assisted in facilitating the transfer of
the tension from the PLA max to theDS2.5 dispersed phase avoiding crack initiation from the
interface. The PLA/DS2.5 blend also had the lowest water diffusion coefficient which may be
explained by the contributions of the biphasic morphology and the diffused interphase in creating

a tortuous path for the movement of the water molecules.

The crystallization of PLA in PLA/AS blends was investigated for isothermal andsatirermal
crystallization conditions. The PLA/DSO0.5 blend showed the highest rate of crystallization while
PLA/DSL15 blend had the slowest rate of crystallization for isothermal conditions. The highest rate
of crystallization of the PLA/DS0.5 blend may be attributed to the high degree of crystallinity of
DS0.5 and effective interfacial interactions. The slow ratergétallization for the PLA/DS1.5
blend may be related to the dynamic slowdowithefPLA chains in the interphase region. The
investigation of crystallization under nisothermal conditions revealed differences in the rate of
crystallization according t@ooling rate. At the lowest cooling rate, 26/min, the rate of
crystallization was relatively similar for all blends. At higher cooling r&&/min, the
PLA/DS1.5 blend showed the fastest rate of crystallization. Two factors could explain the distinct
rate of crystallization of the PLA/DS1.5dvld. The first factor is the positive value of the estimated

activation energy for the crystallization of the PLA/DS1.5 blend which could reflect an
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endothermic process associated with the breakage of the hydrogen bonds of PLA chains with AS.
The second fetor is the higheghickness of the amorphous phase in lamellar structie@uced

by SAXS, of the PLA/DS1.5 blend which could reflect the significance of the interfacial
interactions in this blend.

Finally, results of this study showed that the acemanf starch is a promising avenue for

PLA/starch blends. Increasing the processability of starch and its compatibility with PLA through
acetylation, provides the opportunity of making a wide range of materials with different
applications. Various mechaai¢ thermal, and water transport properties, transparency and

crystallization behavior can be achieved by incorporating AS with different DS into PLA

8.2.Summary of Contribution

In this work a multi scale investigation of important factors in the procesgatilAS and the
properties of PLA/AS blends as new materials was presented. More specific contributions are

listed below:

Investigation of the effect of DS of AS on the chain dynamics and molecular mobility at moderate
temperature and ambient temperatooaditions was completed. The concepts and techniques
which were developed for synthetic polymers were employed to evaluate the chain dynamics of
AS, a biopolymer, for the first time in the literature. Effect of temperature on hydrogen bonding
and crystalzation as the most influential parameters on the dynamic behavior is investigated.

Evaluation of the properties of the interphase (thickness and chain dynamics) of the PLA/AS
blends as one the most determinant factors of blend properties was condustethiAation of
methods and techniques developed for synthetic polymer blends and nanocomposite were utilized
to study the interphase of PLA/AS blends for the first time in the literature. In an attempt to better
understand the nature of changes in intaggh properties, physical interactions between

components were also investigated.

Investigation of the isothermal and Rsothermal crystallization behavior of the PLA/AS blends.

To the best our knowledge, the employment of the interphase propertiesxplam isothermal

and nonrisothermal crystallization experiments on the PLA/AS blends was done for the first time
in the literature. Lamellar crystalline structure of the blends was also investigated for better
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understanding of the effect of interactidretween PLA and AS on crystallization of the PLA/AS
blends

8.3. Recommendations

The results presented in this study lead to the following recommendations for future work. These
recommendations are presented along two avenues, PLA/AS blend preparation an8 BleAtA

characterization

8.3.1.Blend Preparation

8.3.1.1.Blending Preformed AS Particles with PLA

Size distribution of the dispersed phase in a blend and differences of the size of the dispersed phase
among the blends, add complexity to the investigation ofiritexface attribute to the final
properties of the blend®reforming AS particles and adding themthhe PLA matrix would

provide a means to obtain more uniform interface for all the blends which eventually would
facilitate the investigation of the interfaceol&nt/nonsolvent method could be used to prepare

AS patrticles. A small amount of a crosslinking agent could be used to make a looselykenss
structure and preserve the shape of the particle during the melt blending. The size of the particles
couldbe controlled by changing the solvent/remivent ratio. The effect of the size of the particles

on the interphase properties can be investigated as well

8.3.1.2.Investigation of the Effect of AS Concentration on Properties of PLA/AS
Blends

The concemtition of the AS dispersed p®ain PLA/AS blends should ledd differences in

morphology, interfacial characteristics and ultimately properties of the.blend

8.3.2.Blend Characterization
8.3.2.1.Investigation of Interfacial Properties by Dielectric Spectroscopy

Dielectric spectroscopy can be used to investigate the chain dynamics in the interphase region. By
direct measurement of the relaxation time of the chains in the interphase region, more

comprehensive understanding of interfacial interactions is possible. ldgweaking a good
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sample and finding the appropriate experimental conditions (frequency of electric field oscillation

and temperature) are challenges in using this technique

8.3.2.2.Study of Crystallization Using Cross Polarized Microscope Equipped With a
Hot Plate

A cross polarized microscope provides the opportunity of direct measurement of crystal growth
rate which can be used to provide more insights about the crystallization of PLA at the presence
of AS. For instance, by investigation of crystal growth usiag LauritzenHoffman theory, better
understanding of interactions involved in conformational change of chain and chain folding during

the crystallization can be achieved

8.3.2.3.Study of Transparency and Degradation Rate of PLA/AS Blends

Transparency, visualppearance and degradation rate of BIeA/AS blends are also very

important factors in final applications that need to be investigated in the future.

117



References

1. Mose, B.R. and S.M. MarangA, review on starch based nanocomposites bioplastic
materials.Journal of Materials Science and Engineering B, 20@): p. 239245.

2. Pimentel, T.P.F., et aRreparation and characterization of blends of recycled polystyrene with
cassava starchlournal of Materials Science, 20@2(17): p. 75307536.

3. Schlemmer, D., E. de Oliveira, and M. Araudjo SaRadystyrene/thermoplastic starch blends
with different plasticizers: Preparation and thermal characterizatlmurnal of Thermal Analysis
and Calorimetry, 20087(3): p. 635638.

4. Nasseri, R. and N. Mohammadbtarchbased nanocomposites: A comparative performance
study of cellulose whiskers and starch nanoparticizsbohydrate Polymers, 201406 p. 432
439.

5. Ferri, J.M., et al.The effect of maleinized linseed oil (MLO) on haatcal performance of
poly(lactic acid}thermoplastic starch (PLAPS) blendsCarbohydrate Polymers, 201H#7: p.
60-68.

6. Zuo, Y., et al.Preparation and characterization of dry method esterified starch/polylactic acid
composite materialdnternatiacnal Journal of Biological Macromolecules, 2064. p. 174180.

7. Wang, C., et al.Effect of reaction conditions on grafting ratio and properties of starch
nanocrystalsy-polystyreneJournal of applied polymer science, 20131(15): p. n/an/a.

8. Orfad, P.D., et al.Effect of water as a diluent on the glass transition behaviour of malto
oligosaccharides, amylose and amylopedtiernational journal of biological macromolecules,
1989.11(2): p. 9196.

9. Ashogbon, A.O. and E.T. AkintayBgecent tred in the physical and chemical modification of
starches from different botanical sources: A revigtarch- Starke, 201466(1-2): p. 4157.

10. Fringant, C., J. Desbrieres, and M. RinawRinysical properties of acetylated starbhsed
materials: Relatia with their molecular characteristicBolymer, 199637(13): p. 26632673.

11. Auras, R., B. Harte, and S. Selke) Overview of Polylactides as Packaging Materials.
Macromolecular Bioscience, 20049): p. 835864.

12. Garlotta, D.,A Literature Reviewof Poly(Lactic Acid).Journal of Polymers and the
Environment, 20019(2): p. 6384.

13. Saeidlou, S., et alRoly(lactic acid) crystallizationProgress in Polymer Science, 2012.
37(12): p. 16571677.

118



14. Lim, L.T., R. Auras, and M. Rubin&rocessingéchnologies for poly(lactic acidlRrogress
in Polymer Science, 20083(8): p. 820852.

15. Kawali, T., et alCrystallization and Melting Behavior of Polyléctic Acid).Macromolecules,
2007.40(26): p. 94629469.

16. Le Corre, D., J. Bras, and A. Degne Starch nanoparticles: a reviediomacromolecules,
2010.11(5): p. 11391153.

17. Buléon, A., et al.Starch granules: structure and biosynthedigternational Journal of
Biological Macromolecules, 19923(2): p. 85112.

18. Pérez, S. and E. Bertofhe molecular structures of starch components and their contribution
to the architecture of starch granules: A comprehensive re\8¢avch- Starke, 201062(8): p.
389420.

19. Nasseri, R. and N. Mohammas8iarchbased nanocomposites: A comparatiegfgrmance
study of cellulose whiskers and starch nanoparticdBsbohydrate Polymers, 2014060): p.
432-439.

20. Huneault, M.A. and H. Li, Morphology and properties of compatibilized
polylactide/thermoplastic starch blend®lymer, 200748(1): p. 270-280.

21. Li, H. and M.A. HuneaultComparison of sorbitol and glycerol as plasticizers for
thermoplastic starch in TPS/PLA blendsurnal of Applied Polymer Science, 2011.94): p.
24392448.

22. Zhang, Y., et al.The Effect of Polymeric Chain Extemwd on Physical Properties of
Thermoplastic Starch and Polylactic Acid Blenttsurnal of Polymers and the Environment, 2012.
20(2): p. 315325.

23. Wang, N., et al.Influence of formamide and water on the properties of thermoplastic
starch/poly(lactic al) blends.Carbohydrate Polymers, 2008L(1): p. 109118.

24. Yokesahachart, C. and R. Yoks&ftect of amphiphilic molecules on characteristics and
tensile properties of thermoplastic starch and its blends with poly(lactic acatpohydrate
Polymers2011.83(1): p. 2231.

25. Zhang, JF. and X. SunMechanical Properties of Poly(lactic acid)/Starch Composites
Compatibilized by Maleic AnhydridBiomacromolecules, 20058(4): p. 14461451.

26. Xiong, Z., et al.Preparation and characterization of ly@lactic acid)/starch composites
toughened with epoxidized soybean Gdrbohydrate Polymers, 20138(1): p. 810816.

27. Xiong, Z., et al.The properties of poly(lactic acid)/starch blends with a functionalized plant
oil: Tung oil anhydrideCarbohydate Polymers, 20135(1): p. 7784.

119



28. Jariyasakoolroj, P. and S. ChirachancB#ane modified starch for compatible reactive blend
with poly(lactic acid) Carbohydrate Polymers, 2016 p. 255263.

29. Wokadala, O.C., N.M. Emmambux, and S.S. Rajuicing PLA/starch compatibility through
butyletherification of waxy and high amylose star€larbohydrate Polymers, 201412 p. 216
224.

30. Li, S., et al.Preparation and characterization of acorn starch/poly(lactic acid) composites
modified with funtionalized vegetable oil derivategSarbohydrate Polymers, 20182 p. 250
258.

31. Halal, S.L.M.E., et alS$tructure, morphology and functionality of acetylated and oxidised
barley starches-ood chemistry, 20139.68 p. 247256.

32. Al k ar Starech.modifieation kg lorggnic acids and their derivatives: A Review.
Molecules, 201520(10): p. 1955419570.

33. Dicke, R. A straight way to regioselectively functionalized polysaccharide esletkilose,
2004.11(2): p. 255263

34. Farinha, J.P.S., O. Vorobyova, and M.A. Winiik, Energy Tranfer Study of the Interface
Thickness in Blends of Poly(butyl methacrylate) and Peadti®lhexyl methacrylate).
Macromolecules, 200B3(16): p. 58635873.

35. Virgilio, N., et al.,High Contrast Imaging of Interphases in Ternary Polymer Blends Using
Focused lon Beam Preparation and Atomic Force Microschfacromolecules, 20028(6): p.
23682375.

36. Cheng, S., et alnterfacial Properties of Polymer Nanocomposites: Role of Chain ®Rigid
and Dynamic Heterogeneity Length Scalecromolecules, 201 B0(6): p. 23972406.

37. Pukanszky, Blinterfaces and interphases in multicomponent materials: past, present, future.
European Polymer Journal, 20@8(4): p. 645662.

38. Liang, Y:Y., et al., Role of surface chemical groups on carbon nanotubes in nucleation
for polymer crystallization: Interfacial interaction and steric effd@blymer, 201354(23): p.
64796488.

39. Helfand, E. and Y. Tagamiheory of the Interface between Immiscibtdymers. II.The
Journal of chemical physics, 19B5(7): p. 35923601.

40. Helfand, E. and Y. Taganiiheory of the Interface Between Immiscible Polynigre.Journal
of chemical physics, 19787(4): p. 18121813.

41. Helfand, E.Theory of inhomogenesypolymers: Fundamentals of the Gaussiancand wa | k
model.The Journal of chemical physics, 1982(3): p. 9991005.

120



42. Helfand, E. and A.M. Sapskheory of unsymmetric polynig@olymer interfacesI'he Journal
of chemical physics, 19762(4): p. 13271331.

43. Helfand, E.,Theory of inhomogeneousolymers: Lattice model for polynigrolymer
interfaces.The Journal of chemical physics, 1983(5): p. 21922198.

44. Yokoyama, H. and E.J. Krama&dutual Diffusion of Asymmetric Block Copolymers with
HomopolymersMacromolecules, 200@3(5): p. 18711877.

45, Rharbi, Y. and M.A. Winnikk nt er f ace Thickness of a Styren
Copolymer in the Lamella Phase by Direct Nonradiative Energy Tramdéaromolecules, 2001.
34(15): p. 5238248.

46. Kawaguchi, D., et alRrecise Analyses of Sheftme Relaxation at AsymmetiRolystyrene
Interface in Terms of Molecular Weight by Ti#Resolved Neutron Reflectivity Measurements.
Macromolecules, 20184(23): p. 94249433.

47. Schnell, R., M. Stamm, and C. Cret@iect Correlation between Interfacial Width and
Adhesion in GlagsPolymersMacromolecules, 19981(7): p. 22842292.

48. Klein, J.,The Interdiffision of Polymer&cience, 199@504981): p. 6466546.

49. Zhang, H., K. Lamnawar, and A. Maazddheological Modeling of the Mutual Diffusion and
the Interphase Developmt for an Asymmetrical Bilayer Based on PMMA and PVDF Model
Compatible PolymerdMacromolecules, 20136(1): p. 276299.

50. Perrin, P. and R.E. Prud'homrB&XS Measurements of Interfacial Thickness in Amorphous
Polymer Blends Containing a Diblock Copaier.Macromolecules, 199£7(7): p. 18521860.

51. Edwards, S.A., et aRProbing the interface behaviour of injection molded thermoplastics by
micro-thermal analysis and temperatuneodulated differential scanning calorimet®olymer,
2003.44(13): p.3661-3670.

52. Roe, RJ., Methods of Xay and neutron scattering in polymer scien®®l. 739. 2000:
Oxford University Press on Demand.

53. Donth, E.,The size of cooperatively rearranging regions at the glass transiimurnal of
Non-Crystalline Solid, 198253(3): p. 325330.

54. Berruezo, M., et alPreparation and characterization of polystyrene/starch blends for
packaging applicationslournal of Plastic Film and Sheeting, 203&2): p. 141161.

55. Rahmat, A.R., et alApproaches to improveompatibility of starch filled polymer system: A
review.Materials Science and Engineering: C, 200%8): p. 23702377.

56. Park, J.W., et alBiodegradable polymer blends of polyidctic acid) and gelatinized starch.
Polymer Engineering & Science, 20@@(12): p. 25392550.

121



57. Zhou, L., et al.Toughening polylactide with polyethblock-amide and thermoplastic starch
acetate: Influence of starch esterification degi@arbohydrate Polymers, 201R7: p. 7985.

58. Zeng, S., et alRreparation and poperties of biodegradable blend containing poly (propylene
carbonate) and starch acetate with different degrees of substit@@whohydrate Polymers, 2011.
86(3): p. 12601265.

59. Mahmood, T., M.A. Turner, and F.L. Stodda@hmparison of Methods fordrimetric
Amylose Determination in Cereal Grair&arch- Starke, 200759(8): p. 357365.

60. Shogren, R.L. and A. BiswaAgetylation of starch with vinyl acetate in imidazolium ionic
liquids and characterization of acetate distributi@arbohydratéolymers, 201081(1): p. 149
151.

61. Nara, S. and T. Komiy&tudies on the Relationship Between Wattured State and
Crystallinity by the Diffraction Method for Moistened Potato Sta8tharch- Starke, 198335(12):
p. 407410.

62. Kozicki, W. and PKuang,An alternative method for evaluation of intrinsic viscositiie
Canadian Journal of Chemical Engineering, 19963): p. 429432.

63. Salemis, P. and M. Rinauddolecular weightviscosity relationship for amylopectin, a highly
branched polymeRolymer Bulletin, 198412(4): p. 283285.

64. Cowie, J.M.G Studies on amylose and its derivatives. Part |. Molecular size and configuration
of amylose molecules in various solvebi® Makromolekulare Chemie, 19642(1): p. 230247.

65. Guettler, B.E C. Moresoli, and L.C. Simoontact angle and surface energy analysis of soy
materials subjected to potassium permanganate and autoclave treatnoerdtrial Crops and
Products, 20130: p. 219226.

66. Van Oss, C.JInterfacial forces in aqueous mi@2006: CRC press.

67. Neumann, AW., R. David, and Y. Zulpplied surface thermodynamicgol. 151. 2010:
CRC Press.

68. Owens, D.K. and R.C. Wendistimation of the surface free energy of polyméosirnal of
applied polymer science, 196883(8): p. I741-1747.

69. Craig, R.E.Determination of the density of crystalline solids in the undergraduate laboratory.
Journal of Chemical Education, 198®&(7): p. 599.

70. Chi, H., et al.Effect of acetylation on the properties of corn stafebod Chemistry2008.
106(3): p. 923928.

71. Tupa, M., et alSimple organocatalytic route for the synthesis of starch estarbohydrate
Polymers, 201308(1): p. 349357.

122



72. Luo, Z:-G. and Y-C. Shi,Preparation of Acetylated Waxy, Normal, and Higimylose Maize
Starches with Intermediate Degrees of Substitution in Aqueous Solution and Their Properties.
Journal of Agricultural and Food Chemistry, 206(37): p. 94689475.

73. Zhang, L., et alStudy on the morphology, crystalline structure and thermal propesties
yellow ginger starch acetates with different degrees of substittfleermochimica Acta, 2009.
4951i 2): p. 5762.

74. Pu, H., et alAn Oral ColonTargeting Controlled Release System Based on Resistant Starch
Acetate: Synthetization, Characterizatiaand Preparation of FilrCoating PelletsJournal of
Agricultural and Food Chemistry, 20139(10): p. 57385745.

75. Rundle, R.E., J.F. Foster, and R.R. Baldin,the Nature of the StaréHodine Complex1.
Journal of the American Chemical Society, 1988{12): p. 21162120.

76. Saenger, WThe structure of the blue starabdine complexNaturwissenschafte1(1): p.
31-36.

77. Teitelbaum, R.C., S.L. Ruby, and T.J. MafBg,the structure of staretodine.Journal of the
American Chemical Society, 187100(10): p. 32153217.

78. Shogren, R.LRreparation, thermal properties, and extrusion of haghylose starch acetates.
Carbohydrate Polymers, 1998X1): p. 5762.

79. Wang, X., et alStudy on the morphology, crystalline structure and thermalgrtags of yam
starch acetates with different degrees of substitugarence in China Series B: Chemistry, 2008.
51(9): p. 859865.

80. Zhu, Jf., G-h. Zhang, and Zc. Lai, Synthesis and characterization of maize starch acetates
and its biodegradablelin. PolymerPlastics Technology and Engineering, 200512): p. 1135
1141.

81. Holt, AP., et al,Dynamics at the Polymer/Nanoparticle Interface in Poly(2
vinylpyridine)/Silica Nanocompositeglacromolecules, 2014L7(5): p. 18371843.

82. Sperling, LH., Introduction to physical polymer scier&#.5: John Wiley & Sons.

83. Volkert, B., et al. A comparison of different synthesis routes for starch acetates and the
resulting mechanical propertie€arbohydrate Polymers, 20I0(3): p. 571577.

84. BelloPérez, L.A., et al.Effect of low and high acetylation degree in the morphological,
physicochemical and structural characteristics of barley staldWT - Food Science and
Technology, 201043(9): p. 14341440.

85. Granza, A., et al.Effects of acetylatn and acetylatioihhydroxypropylation (dual

modification) on the properties of starch from Carioca bean (Phaseolus vulgarourpal of
Thermal Analysis and Calorimetry, 2018.91): p. 769777.

123



86. Tupa, M.V., et alQrganocatalytic acetylation otarch: Effect of reaction conditions on DS
and characterisation of esterified granul€®od Chemistry, 2018.70. p. 295302.

87. Liu, X., et al.Kinetics and mechanism of thermal decomposition of cornstarches with different
amylose/amylopectin ratioStarch- Starke, 201062(3-4): p. 139146.

88. Elomaa, M., et al.Determination of the degree of substitution of acetylated starch by
hydrolysis, 1H NMR and TGA/IRarbohydrate Polymers, 20(¥(3): p. 261267.

89. Marmur, A.,Soft contact: measuremeahnd interpretation of contact angleSoft Matter,
2006.2(1): p. 1217.

90. Xu, Y., et al.,Preparation and characterization of orgarsoluble acetylated starch
nanocrystalsCarbohydrate Polymers, 20181(4): p. 10781084.

91. Biresaw, G. and C.J. Cime, Interfacial tension of poly(lactic acid)/polystyrene blends.
Journal of Polymer Science Part B: Polymer Physics, 2029): p. 22482258.

92. Sumita, M., et alDispersion of fillers and the electrical conductivity of polymer blends filled
with carbon blackPolymer bulletin, 199125(2): p. 265271.

93. Moynihan, C.T., et alDependence of the glass transition temperature on heating and cooling
rate. The Journal of Physical Chemistry, 1978(26): p. 26732677.

94. Mohanty, A.K., M. Misra, andL.T. Drzal, Natural fibers, biopolymers, and
biocomposite2005: CRC press.

95. Nasseri, R. and N. Mohammatipdeling of starch retrogradation onset in its aqueous
solution using thermoreversible gelation conc€&asrbohydrate Polymers, 20190: p. 325330.

96. Van Soest, J.J.G. and N. Knootafiuence of glycerol and water content on the structure and
properties of extruded starch plastic sheets during agiogrnal of applied polymer science,
1997.64(7): p. 14111422.

97. Betancur, A.D., G.L. Chelnd H.E. Cafizaregcetylation and Characterization of Canavalia
ensiformis Starchlournal of Agricultural and Food Chemistry, 199%(2): p. 378382.

98. deAzevedo, E.R., et alCenterbandOnl y Detection of Exchange:
Dynamics inSolids by NMRJournal of the American Chemical Society, 198®1(36): p. 8411
8412.

99. Karayiannis, N.C., V.G. Mavrantzas, and D.N. Theoddbatailed Atomistic Simulation of
the Segmental Dynamics and Barrier Properties of Amorphous Poly(ethylepktiedate) and
Poly(ethylene isophthalatdylacromolecules, 20087(8): p. 29782995.

100. Choudhury, R.P., et alChain Dynamics in Antiplasticized and Annealed Poly(ethylene

terephthalate) Determined by Scelglate NMR and Correlated with Enhanced BarProperties.
Macromolecules, 201252): p. 879887.

124



101. Schaefer, J., E.O. Stejskal, and R. Buchdaagjic-Angle 13C NMR Analysis of Motion in
Solid Glassy Polymerslacromolecules, 19771.0(2): p. 384405.

102. Eyring, H.Viscosity, Plasticity, ash Diffusion as Examples of Absolute Reaction Rates.
Journal of Chemical Physics, 19364): p. 283291.

103. Boller, A., C. Schick, and B. Wunderlidpdulated differential scanning calorimetry in the
glass transition regionThermochimica Acta, 199266. p. 97111.

104. Wunderlich, B., et alModulated differential scanning calorimetry in the glass transition
region: Il. The mathematical treatment of the kinetics of the glass transibonnal of Thermal
Analysis and Calorimetry, 19987(4): p.10131026.

105. Boller, A., I. Okazaki, and B. Wunderlidhlodulated differential scanning calorimetry in
the glass transition region. Part lll. Evaluation of polystyrene and poly (ethylene tetrephthalate).
Thermochimica Acta, 199@84(1): p. 219.

106. kazaki, I. and B. Wunderlichyiodulated differential scanning calorimetry in the glass
transition region. V. Activation energies and relaxation times of poly(ethylene terephthalate)s.
Journal of Polymer Science Part B: Polymer Physics, 1B%67): p. 294-2952.

107. Wunderlich, B. and |. OkazakVjodulated differential scanning calorimetry in the glass
transition regionJournal of thermal analysis, 199%(1): p. 5#70.

108. Thomas, L.C., et alModulated differential scanning calorimetry in the glassnsition
region, IV. Pseudasothermal analysis of the polystyrene glass transitidrermochimica Acta,
1997.291(1): p. 8594.

109. Montina, T., P. Wormald, and P. Hazenddi8C SolidState NMR of the Mobile Phase of
Poly(vinylidene fluoride)Macromdecules, 201245(15): p. 60026007.

110. Choudhury, R.P., et alGhain dynamics in antiplasticized and annealed poly (ethylene
terephthalate) determined by sehkthte NMR and correlated with enhanced barrier properties.
Macromolecules, 20125(2): p. 89-887.

111. Schéler,K.,etaDy nami ¢s i n Cr -gaprolactorie)iAs lavestigated b Belidy ( U
State NMRMacromolecules, 20136(19): p. 78187825.

112. Nambiar, R.R. and F.D. Blu@egmental Dynamics of Bulk Poly(vinyl acetat&)y Solid
State 2H NMR: Effect of Small Molecule Plasticikdacromolecules, 20081(24): p. 98379845.

113. Garbow, J.R., J. Goetz, and J. AsPalymers of MethyBubstituted N°Phenylnorbornene
56di car boxi mi de:. Char act er Maramoieaulas, 18981(R): r uct ur
p. 39253930.

114. Calucci, L.,etalSt ruct ur e and Dynamics of Flour by S
and Wheat AgingBiomacromolecules, 2008(4): p. 15361544.

125



115. Tang, H. and B.P. Hill§Jse of 13C MAS NMR tdusly Domain Structure and Dynamics of
Polysaccharides in the Native Starch Granu&®macromolecules, 2003(5): p. 12691276.

116. Sefcik, M.D., et alAnalysis of the Roofiemperature Molecular Motions of Poly(ethylene
terephthalate)Macromolecules]1980.13(5): p. 11321137.

117. Weyer, S., A. Hensel, and C. Schig@lemperature Modulated CalorimetryPhase angle
correction for TMDSC in the glagsansition region.Thermochimica Acta, 1993804 p. 267275.

118. Slichter, C.PPRrinciples of magneticasonanceVol. 1. 2013: Springer Science & Business
Media.

119. Vogel, H..The law of the relation between the viscosity of liquids and the tempe@hy.
Z,1921.22: p. 645646.

120. Fulcher, G.S.ANALYSIS OF RECENT MEASUREMENTS OF THE VISCOSITY OF
GLASSESJIournal of the American Ceramic Society, 19%5): p. 339355.

121. Tammann, G. and W. Hesd$&ieg Abhangigkeit der Viscositdt von der Temperatur bie
unterkihlten Flussigkeite@eitschrift fir anorganische und allgemeine Chemie, 19261): p.
245257.

122. Angell, C.A.Perspective on the glass transitidiournal of Physics and Chemistry of Solids,
1988.49(8): p. 863871.

123. Agapov, A.L., et alEffect of Polar Interactions on Polymer Dynamibfacromolecules,
2012.45(20): p. 8436e8437.

124. Delpouve, N., et alStructural Dependence of the Molecular Mobility in the Amorphous
Fractions of PolylactideMacromolecules, 2014.7(15): p. 518€5197.

125. Bouthegourd, E., et aEjze of the cooperative rearranging regions vs. fragility ingem
glassy systems: Influence of the structure and the molecular interad®bysica B: Condensed
Matter, 2013425 p. 8389.

126. Angell, C.A. Spectroscopy simulation and scattering, and the medium range order problem
in glass.Journal of NorCrystaline Solids, 198573(11 3): p. 17.

127. Angell, C.A.,Formation of Glasses from Liquids and Biopolyme8tience, 1995.
267(5206): p. 19241935.

128. Bohmer, R., et alNonexponential relaxations in strong and fragile glass forméhe
Journal of Chenaial Physics, 199329(5): p. 420142009.

129. Rijal, B., L. Delbreilh, and A. Saitdbynamic Heterogeneity and Cooperative Length Scale

at Dynamic Glass Transition in Glass Forming Liquillacromolecules, 201%.8(22): p. 8219
8231.

126



130. Evans, C.M., etla Fragility is a Key Parameter in Determining the Magnitude of Tg
Confinement Effects in Polymer Filnddacromolecules, 2013.6(15): p. 60916103.

131. Kunal, K., et alRole of Chemical Structure in Fragility of Polymers: A Qualitative Picture.
Macromolecules, 2008.1(19): p. 72327238.

132. Grigoras, C.V. and A.G. Grigoraslanoscale cooperativity on a series of statistical
methacrylates copolymers with electron daramceptor pendant groupgournal of Thermal
Analysis and Calorimetry, 2011032): p. 661668.

133. Nakanishi, M. and R. Nozak¥lodel of the cooperative rearranging region for polyhydric
alcohols.Physical Review E, 20184(1): p. 011503.

134. Arabeche, K., et alStudy of the cooperativity at the glass transition temperaiare
PC/PMMA multilayered films: Influence of thickness reduction from matonanoscale.
Polymer, 201253(6): p. 13551361.

135. Matsuoka, S. and X. Quaf, model for intermolecular cooperativity in conformational
relaxations near the glass transitiod.acromolecules, 19924(10): p. 27762779.

136. Adam, G. and J.H. Gibb&n the Temperature Dependence of Cooperative Relaxation
Properties i n GIThesleurnéd of ChmeimicagPhysicsglOa8(d):sp. 139146.

137. Schmidtke, B., et allemperature Dependence of the Segmental Relaxation Time of Polymers
RevisitedMacromolecules, 2013.8(9): p. 30053013.

138. Fringant, C., et alBreparation of mixed esters of starch or use of an external plasticizer:
two different ways to change the properties of starch acetate @anbohydrate Polymers, 1998.
35(1): p. 97106.

139. Schantz, S. and S.L. Maunliemperature Dependence of Segmental Mobility in
Poly(ethylene oxide) Complexed with Ba(ClO4)2: a Carb8rNMR StudyMacromolecules,
1994.27(23): p. 69156921.

140. Koh, J.J., X. Zhang, and C. Heyly biodegradabld®oly(lactic acid)/Starch blends: A review
of toughening strategietternational Journal of Biological Macromolecules, 201@2. p. 99
113.

141. Vaidya, U.R. and M. BhattacharyRroperties of blends of starch and synthetic polymers
containing anhydridgroups.Journal of Applied Polymer Science, 1992(5): p. 617628.

142. Ke, T. and X.S. Surgtarch, Poly(lactic acid), and Poly(vinyl alcohol) Blendsurnal of
Polymers and the Environment, 2003(1): p. #14.

143. Sarazin, P., et alBinary and érnary blends of polylactide, polycaprolactone and
thermoplastic starchPolymer, 200849(2): p. 599609.

127



144. Kong, X., et al. A Pseudo Equatienf-State Approach for the Estimation of Solubility
Parameters of Polyethylene by Inverse Gas Chromatograpagromolecules, 20035(22): p.
8586:8590.

145. Ruzette, AV.G. and A.M. MayesA Simple Free Energy Model for Weakly Interacting
Polymer BlendsMacromolecules, 200B4(6): p. 18941907.

146. Agrawal, A., et al.Constrained nonlinear optimization fogolubility parameters of
poly(lactic acid) and poly(glycolic acid)validation and comparisorRolymer, 200445(25): p.
86038612.

147. Cheng, B., et aEffects of stereoegularity on the singlehain mechanics of polylactic acid
and its implications o the physical properties of bulk materidd&anoscale, 201 B(38): p. 14312
14316.

148. Nakanishi, Y., et alConformation of amylose in dimethyl sulfoxifecromolecules, 1993.
26(16): p. 42204225.

149. Norisuye, T.Viscosity Behavior and Conformati of Amylose in Various SolvenBlym
J, 199426(11): p. 13031307.

150. Cheung, Y.W., et al..SmallAngle Scattering Investigations of Poly(.epsHon.
caprolactone)/Polycarbonate Blends. 2. Shfalgle Xray and Light Scattering Study of
Semicrystallie/Semicrystalline and  Semicrystalline/Amorphous Blend  Morphologies.
Macromolecules, 19927(9): p. 25262528.

151. Vonk, C. Investigation of nofideal twophase polymer structures by smaltigle Xray
scattering.Journal of Applied Crystallography, 19%%2): p. 8186.

152. Ruland, W.Smaltangle scattering of twphase systems: determination and significance of
systematic deviations from Porod's laleurnal of Applied Crystallography, 194(1): p. 7073.

153. Hanakata, P.Z., J.F. Douglas, and F.Y&r3nterfacial mobility scale determines the scale
of collective motion and relaxation rate in polymer filf&ture communications, 2018: p.
4163.

154. Stevenson, J.D. and P.G. Wolyn@s, the surface of glasseshe Journal of chemical
physics, 208.12923): p. 234514,

155. Higashida, N.,etaEl | i psometri ¢ measurements of posit
polymers and their temperature dependeiacromolecules, 1992520): p. 5259262.

156. Sargsyan, A., et alThe amount of immdided polymer in PMMA SiO2 nanocomposites
determined from calorimetric dat&uropean Polymer Journal, 20@3(8): p. 31133127.

157. Katiyar, V. and H. Nanava®iing-opening polymerization of-lactide using Nheterocyclic
molecules: mechanistic, kinesiand DFT studie®olymer Chemistry, 201Q(9): p. 14911500.

128



158. Eklind, H., et al.Characterization of the Interphase in PPO/PMMA Blends Compatibilized
by P(Sg-EO). Macromolecules, 199&9(3): p. 984992.

159. Espartero, J.L., et alNNMR Analysisof Low Molecular Weight Poly(lactic acid)s.
Macromolecules, 199@9(10): p. 35353539.

160. Battegazzore, D., J. Alongi, and A. Fradpely (lactic acid)based composites containing
natural fillers: thermal, mechanical and barrier propertiedournal of Polymers and the
Environment, 201422(1): p. 8898.

161. lannace, S. and L. Nicolaispthermal crystallization and chain mobility of polyléctide).
Journal of Applied Polymer Science, 1984(5): p. 911919.

162. Rogers, C. and J. Comyglymer pemeability.Elsevier, New York, 1985: p. 113.

163. Chow, W.S., Y.Y. Leu, and Z.A. Mohd Ishakjater Absorption of Poly(lactic acid)
Nanocomposites: Effects of Nanofillers and Maleated RubBetgmerPlastics Technology and
Engineering, 201463(8): p. $8-863.

164. Jiang, X., et alEffects of hygrothermal aging on glafiisre reinforced polymer laminates
and adhesive of FRP composite bridge: Moisture diffusion characteri§taraposites Part A:
Applied Science and Manufacturing, 2054: p. 4958.

165. Van Krevelen, D.W. and K. Te NijenhuBroperties of polymers: their correlation with
chemical structure; their numerical estimation and prediction from additive group
contribution2009: Elsevier.

166. Rubinstein, M. and R.H. Colbyplymer physica003 OUP Oxford.

167. Delaby, I., et alDroplet deformation in polymer blends during uniaxial elongational flow:
Influence of viscosity ratio for large capillary numbelsurnal of Rheology, 19938(6): p. 1705
1720.

168. Zhang, J., et alDisorderto-Order Phase Transition and Multiple Melting Behavior of
Poly(l-lactide) Investigated by Simultaneous Measurements of WAXD andva8molecules,
2008.41(4): p. 13521357.

169. Pukanszky, B. and E. Fekefadhesion and Surface Modificatiom Mineral Fillers in
Thermoplastics |: Raw Materials and ProcessidgJancar, et al., Editors. 1999, Springer Berlin
Heidelberg: Berlin, Heidelberg. p. 10%3.

170. Wittmann, J.C. and B. LotEZpitaxial crystallization of polymers on organic and polymeric
substratesProgress in Polymer Science, 1995(6): p. 909948.

171. Sarikhani, K., et al.Effect of weHldispersed surfacenodified silica nanoparticles on
crystallization behavior of poly (lactic acid) under compressed carbon dioRiolgmer, 2016.
98 p. 106109.

129



172. Ning, N., et al.Realizing the enhancement of interfacial interaction in semicrystalline
polymer/filler composites via interfacial crystallizatioRrogress in Polymer Science, 2012.
37(10): p. 14251455.

173. Choudalakis, G. and A.D. Gotdemeability of polymer/clay nanocomposites: A review.
European Polymer Journal, 20@%(4): p. 967984.

174. Comyn, JRolymer permeabili®012: Springer Science & Business Media.
175. Sperling, L.H.Introduction to physical polymer scier&@5: John Wilg & Sons.

176. Bussiere, P.O., et dEffect of ZnO nanofillers treated with triethoxy caprylylsilane on the
isothermal and noisothermal crystallization of poly(lactic acidphysical Chemistry Chemical
Physics, 201214(35): p. 1230112308.

177. Cai, J et al.,Isothermal crystallization kinetics of thermoplastic starch/poly(lactic acid)
compositesCarbohydrate Polymers, 20186(2): p. 941947.

178. Li, S., et al.Parameters characterizing the kinetics of the nonisothermal crystallization of
thermopastic starch/poly(lactic acid) composites as determined by differential scanning
calorimetry.Journal of Applied Polymer Science, 201296): p. 35663573.

179. Solarski, S., M. Ferreira, and E. DevaDRaracterization of the thermal properties of PLA
fibers by modulated differential scanning calorime®glymer, 200546(25): p. 1118711192.

180. Kim, M.S., J.C. Kim, and Y.H. Kinkffects of tak@ip speed on the structure and properties
of meltspun poly(tlactic acid) fibersPolymers for Advanced Ténologies, 2008LY(7): p. 748
755.

181. Wu, D., H. Xu, and M. Hakkaraindf,om starch to polylactide and nafgyaphene oxide:
fully starch derived high performance composiRSC Advances, 2016(59): p. 5433664345.

182. Wokadala, O.C., et aMorphology, thermal properties and crystallization kinetics of ternary
blends of the polylactide and starch biopolymers and nanoclay: The role of nanoclay
hydrophobicity Polymer, 201571: p. 8292.

183. Gumus, S., G. Ozkoc, and A. Aytdelasticized and unpHicized PLA/organoclay
nanocomposites: Shertand longterm thermal properties, morphology, and nonisothermal
crystallization behaviorJournal of Applied Polymer Science, 201235): p. 28372848.

184. Papageorgiou, G.Z., et aCyystallization kinetts and nucleation activity of filler in
polypropylene/surfacereated SiO2 nanocompositd$hiermochimica Acta, 200827(1): p. 117
128.

185. Wunderlich, B.Macromolecular physicsvol. 2. 2012: Elsevier.

186. Jeziorny, A.Parameters characterizing thénktics of the noisothermal crystallization of
poly(ethylene terephthalate) determined by dBotymer, 197819(10): p. 11421144.

130



187. Durmus, A., et alNonisothermal crystallization kinetics of poly(ethylene terephthalate)/clay
nanocomposites praped by melt processingolymer Composites, 20181(6): p. 10561066.

188. Dobreva, A. and |. Gutzownetics of Noasothermal Overall Crystallization in Polymer
Melts. Crystal Research and Technology, 19847): p. 863874.

189. Strobl, G.R. and MschneiderDirect evaluation of the electron density correlation function
of partially crystalline polymersJournal of Polymer Science: Polymer Physics Edition, 1980.
18(6): p. 13431359.

190. Park, J.W. and S.S. IMiscibility and morphology in blendsf goly(l-lactic acid) and
poly(vinyl acetateco-vinyl alcohol).Polymer, 200344(15): p. 43414354.

191. Merfeld, G.D., et alinterfacial thickness in bilayers of poly(phenylene oxide) and styrenic
copolymersJournal of Polymer Science Part B: PolyrRéysics, 199836(17): p. 31153125.

192. Song, M., et alModulated differential scanning calorimetry: 8. Interface development
between films of polyepichlorohydrin and poly(vinyl acet&e)ymer, 199738(3): p. 503507.

193. Zhang, H., K. Lamnawamd A. MaazouzRheological modeling of the mutual diffusion and
the interphase development for an asymmetrical bilayer based on PMMA and PVDF model
compatible polymerdvlacromolecules, 20126(1): p. 276299.

131



Appendix |

0
ppm
—5.171

Intensity (a.u.)
Intensity (a.u.)

intensiy (a.u.)
4
i
-
/

T T T T T T T T T T T T T T T T T T T
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

Intensity (a.u.)
e
/’/;;
i

Intensity (a.u.)

/
/A
-

FigureOl-2. Separation of the area under the diffractograms to crystalline and amorphous portions for acetylated
starch (A) DSO, (B) DS0.5, (C) DS1.5, (D) DS2.5 and (E) DS3.
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Figure F3.— versus concentration of acetylated starch solutions: (A) DSO, (B) DSO (unsaponified), (C) DS0.5, (D)

DS1.5, (E) DS2.5 and (F) DS3. Dashed line ig%&ler polynomial fitted on the experimental specific viscosities.

Table F1. Representation of versus concentration by®rder polynomial.

degree of substitution fitted polynomial R? SSE
0 - -0 o6 @ 0.9999 4.44x10°
0 (Unsaponified) - -0 W6 0.9997 7.002x1CP
0.5 - -0 WO W 0.9997 3.85x10°
1.5 - -0 o W 1 1.13x1¢°
25 - -0 W0 1 7.68x10
3 - -0 o6 @ 0.9991 4.89x10¢°
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Table F2. Water mas#oss and temperature of the maximum rate of mass loss for the second and third peak
according to TGA measurements.

degree of  water loss (%) temperature of the second  temperature of the third peak

substitution (25-1401p) peak of DTG Jp) of DTG (Jp
0 8.5 313 -
0.5 5.3 290 367
15 6 274 367
2.5 5 279 370
3 2 - 367

Table F3. Activation energy from fitting TGA dataf the second and third peak of mass loss Reported values
represent 95% confidence intervals.

degreeof activation Energy at the temperature  activation Energy at the temperature
Substitution of the second peak of DTG (kJ/mol) of the third peak of DTG (kJ/mol)
0 241+0.87 SSE=1.2810% -
R?=0.999
0.5 141+0.95 SSE= 1.2%10% -
R?=0.999
15 76.4:0.37 SSE=1.58<10° 141+0.58 SSE=6.25¢<10°
R?=0.999 R?=0.999
2.5 76.3t0.19 SSE=3.7610° 1971 SSE=1.88<10*
R?=0.999 R?=0.999
3 - 28H1.12 SSE=2.56x10*
R?=0.999
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Figure F4. AFM topographic images of acetylated starch pel{&sDSO0, (B) DSO0.5, (C) DS1.5, (D) DS2.5, and
(E) DS3.

Table 4. Arithmetic average roughness;Root mean square roughnesg)(&d maximum height of peaks
(Rwmax) of the surface of acetylated starch pellets.

degree of Ra Rq Rmax
Subditution (nm) (nm) (nm)
0 15.5 24.7 306

0.5 10.2 13.5 125

15 4.17 5.51 42.8

2.5 8.49 11.8 166

3 3.88 4.92 33.3

Table I5. Waterand hexadecane contact angle and surface energy components of acetytdipelstts Reported

values represent 95% confidence intervals. (n=3 for contact angels &nd for ; n=9 forf ,[ and’ ).
degree of contact angle(J) s ar Al <= Al 351
Substitution Water Hexadecane (mJ/n¥) (mJ/n?) (mJ/n?) (mJ/n?)
0 41.2#6.8F 152+ 0.86 30.8%*1.19 26.550.03 57.441.19% 58.6A43.72
0.5 43.#10.72 19+ 8.48 29.66:1.94 25.99:0.32 55.66t1.92 57.32+5.97
15 60.13:3.48 20.5:6.2% 18.63:0.64 25.7#0.26° 44.410.63 47.7%2.10°
2.5 70.6#11.43 23.03%6.22 12.281.8# 25.3+0.30' 37.6k1.83 41.2%7.0F
3 79.4% 2.87 17.3:4.73 7.18:0.36 26.26:0.12 33.44:0.37 35.81#1.79
* Total surface energy calculated using Nuemanndés appr

Values in the same column with different letter agmificantly different based on multipleomparison Bonferroni

tt est at a significance level of U=0.1.
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Methodology for quantifying the apparent amylose content of starch samples

The procedure for quantifying the apparent amylose content of starch sampfdased on
Mahmoodet alb s ¢ o | -iedindlmethbld59] with a few modifications. The calibration curve
(Figurel-5) is prepared as follows. 5 mg mixtures of pure amylose (sigma, USA) and amylopectin
(sigma, USA) are prepared with mass fraction of amylose varying @%mnto 40% in 10%

i ncrements. Each mixture is first suspended i
water solution and then 300 €L of 1M NaOH ( Me
vortexed until all the starch dissolves. Subsequerbhabilizing, 1 mL of water is added to the
starch solution. A 200 eL sample is taken fro
citric acid. 800 e242gKl(Fisher Baientiec, USA)I+260 mLaleionized . 2 g
water) are addeto the neutralized starch solution. 10 mL of deionized water are then added to the
solution. The absorbance is read at 620 nm against a reagent blank consisting of all the
aforementioned reagents except amylose and amylopectin using\as $gectrophotmeter
(Spectronic GENESYS 5, Thermo Scientific, Waltham, USA).

0.8 +

0.6 4 -

________________________

0.4 -7

Absorbance

0.2 >

0.0 +

T T T T T T T T T
0 10 20 30 40

Amylose content (%)

Figure 5. Absorbance of amylose/amylopectin mixture solutions against amylose content. Calibration curve is
acquired by fitting a line to experimental data=(9.0137x + 0.1603; ®0.9918 and SSE=0.0016). Error bars
represent standard error (n=3). Dashed blue line determines measured absorbance and associated amylose content of
starch sample.

In order to quantify the apparent amylose content, a 5 mg samptardh $s solubilized and

stained as described above. Solution absorbance is measured at 620 nm against a reagent blank
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consisting of all the aforementioned reagents except starch. The absorbance of starch solution was
0.52+0.05 and associated amylose caimeas 25.4+1.6.

Correlation between absorbance and molecular weight of acetylated starches

A 5 mg sample of acetylatsthrch with different DS, is solubilized and stained as described above.
Solution absorbance is measured at 620 nm against a reagekt dolasisting of all the
aforementioned reagents except acetylatath Figurel-6 shows the comparison between trends

in the absorbance of the acetylated starch samples and their molecular weight.
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Figure F6. Comparison between trends in the absorbance and molecular weight of acetylated starch samples.
Absorbance and molecular weight values were normalized over the neat starch values.
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Appendix Il

Figure I+1. Samplelissajous plots of different degrees of substitution: (A) 1.5 and (B) 3. The modulation periods
and amplitudes are: (1) 30s andJd.5(2) 60s and B and (3) 90s and 136. Insets show the Lissajous plot of last
10 mins of data collection.

Figure I+2. Different demagnetization behavior of different carbons of DS3.
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