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ABSTRACT
IONIC LIQUIDS AS ADDITIVES FOR BIODEGRADABLE POLYLACTICACID
by
Ku-Il Park
In this study, two ionic liquids (IL) with different anions (decanoate, tetrafluoroborate)
but with the same phosphonium based cation were evaluated as potential plasticizers and
lubricants for polylactic acid (PLA) and also for their effects on its hydrolytic and
thermal degradation. Both ILs at 5wt% were well dispersible and partly miscible with
PLA as evidenced by scanning electron microscopy/energy dispersive x-ray scattering,
SEM/EDX, and glass transition temperature, T,, characterization, as well as from
solubility parameters calculations.

The effects of the IL containing a decanoate anion were more pronounced on
lubrication and degradation as evidenced by reduced melt viscosities and accelerated
thermal/hydrolytic degradation; this IL could also considered as a more efféctive
plasticizer based on T, suppression results although the degree of plasticization could
also be affected by the observed excessive molecular weight, MW, degradation during
melt processing.  The IL containing the tetrafluoroborate anion increased the thermal
stability of PLA as also confirmed from rate constants calculated from random chain
scission statistics and activation energies from thermogravimetric analysis, and
accelerated its hydrolytic degradation, but to a lesser extent than the decanoate based IL.
The catalytic role of the decanoate anion in hydrolytic degradation was confirmed

through experiments with a model compound.



Hydrolytic chain scission of ester bonds catalyzed by acid groups are the
suggested mechanisms of hydrolytic degradation based on results of pH and acid
number changes, although it appears that the presence of the phosphonium cation
contributes also to accelerated degradation. Degradation results were confirmed by
optical and SEM examination and experiments in “as received” and sterilized soil. The
different surface characteristics of PLA/ILs were reflected in differences in coefficients
of friction and contact angles. The tetrafluoroborate anion containing IL reduced the
flexural modulus and strength of PLA, affecting much less its ductility than the decanoate

anion containing IL.
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CHAPTER 1

INTRODUCTION

1.1 Polylactic Acid
1.1.1 General
Poly(lactic acid), PLA, is a rigid biodegradable linear aliphatic thermoplastic polyester,
produced from renewable resources. PLA can be semicrystalline or totally amorphous,
depending on the structure of the polymer backbone. L-lactic acid (2-hydroxy propionic
acid) is the natural and most common form of the acid, but D-lactic acid can also be
produced by racemization.

Due to its capability to be crystallized, impact modified, filled, copolymerized,
and processed in most polymer processing equipment, it may become the polymer with
the broadest range of applications [1]. PLA also has excellent organoleptic characteristics
and is excellent for food packaging, biomedical and pharmaceutical controlled release
applications.

PLA is not a new polymer introduced to the world. Carothers[2] investigated the
production of PLA from the cyclic dimer (lactide) of lactic acid as early as 1932. Even
before that time, low molecular weight dimers and oligomers were detected when water
was removed from an aqueous solution of lactic acid as early as 1845 by Pelouze and
later by Nef as described in ref. 1. The announcement of the formation of a new company,
Cargill Dow LLC, in 1997 brought two large companies together to focus on the
production and marketing of PLA with the intention of significantly reducing the cost of

production and making PLA a large-volume plastic [1]. Concerning the green chemistry



and the environment, PLA has achieved spot lights in the marketplace. Lactic acid, the
starting material for PLA, is made by a fermentation process using 100% annually
renewable resources such as corn starch or sugar cane. PLA rapidly degrades in the
environment and the by-products are of very low toxicity, eventually being converted to
carbon dioxide and water which can be used for photosynthesis of natural resources.

PLA can be prepared by both direct condensation of lactic acid and by the ring-
opening polymerization of the cyclic lactide dimer as shown in Figure 1.1. Most research
work has been carried out on the ring-opening polymerization of lactide due to the
difficulties of removing water in the late stages of polymerization of the lactic acid,
which generally limit the ultimate molecular weight. In ring-opening polymerization,
bacterial fermentation is used to produce lactic acid, which is oligomerized and then
catalytically dimerized to make the monomer for the polymerization, which uses catalysts

such as stannous octoate or stannous chloride.

H,O
o Jz
£ -~
H CH,

o / L-PLA
H,0

L-Lactide

Figure 1.1 Polymerization routes to L- polylactic acid (PLLA) [1].



PLA can be processed like most thermoplastics into fibers, films or molded objects. PLA
can also be employed in the preparation of bioplastics useful for producing loose-fill
packaging, compost bags, food packaging as well as devices for a number of biomedical
applications. Degradation times, which to a large extent involve hydrolytic degradation,
vary depending on the medium and temperature. Biodegradation in soil for PLA takes
typically longer (1 year) than other biodegradable polyesters such as poly(e-caprolactone)
and poly(butylene succinate) [3] whereas degradation in the human body may take as

long as approximately 2 years [4].

1.1.2 Properties

PLA has a number of interesting properties including biodegradability and processability.
Mechanical properties are satisfactory although, low elongation at break and high
modulus have limited its applications in the packaging industry. Properties of PLA such
as glass transition temperature (Tg,) melting temperature (Tp), tensile strength and
crystallinity are determined by the polymer architecture, (i.e. different proportions of L,
D or meso-lactide shown in Figure 1.2) and molecular weight. The proportion of D and L
lactides determines polymer morphology; PLA can be produced as totally amorphous or
up to 40% crystalline. Due to the chiral nature of lactic acid several distinct forms of
polylactide may exist. Poly-L-lactide (PLLA) is the product resulting from
polymerization of lactid acid in the L form. PLLA has a crystallinity around 37%, a glass
transition temperature between 50-80° C and a melting temperature between 173-178° C.
The polymerization of a mixture of both L and D forms of lactic acid leads to the

synthesis of poly-DL-lactide (PDLLA) which is amorphous (Figure 1.2).



The mechanical properties of PLA are compared to those of other plastics in Table
1.1 [5]. PLA shows similar mechanical properties to polystyrene (PS) and has higher

yield strength than polyvinylchloride (PVC) and polypropylene (PP).

0 0 0O
CH; CH; ‘,“ CHs
0] 0] o]
o gl o / 0 o e o
H,C* H,C H,C*’

0] (o] (o]

Meso-Lactide D-Lactide L-Lactide
M.P.=54°C M.P.=95-96°C M.P.=95-96°C

Figure 1.2 Structures and melting points of lactide isomers. [1]

Table 1.1 Comparison of Mechanical Properties of PLA with Other Thermoplastics [5]

Properties PLA PS PVC PP

Tensile Yield
Strength, MPa

49 49 35 35

Elongation at

2.5 2.5 3 10
break, %
Tensile
32 34 2.6 1.4
Modulus, GPa
Flexural
70 80 90 49

Strength, MPa




Bigg [6] reported on the effect of temperature on the degradation of PLA. PLA
quickly loses its thermal stability when heated above its melting point. A significant level
of molecular degradation occurred when PLA was held at 160 °C for a sustained period
of time. Migliaresi et al. [7] have shown that thermal degradation was due to chain
splitting and not hydrolysis. They observed molecular weight reductions as high as 50%
and concluded that even larger molecular weight reduction was unavoidable.

The degradation process was complicated by more than just molecular weight
reduction. Another process-limiting phenomenon associated with the upper limit of
thermal processing was the development of color in the natural polymer when processed
above 200 °C. When the residual monomer level of the polymer dropped during extrusion

at 190 °C, color developed in the water white polymer [8].

1.2 Ionic Liquids

1.2.1 General
In general, Ionic Liquids (ILs) are liquid salts that consist of combinations of
organic/organic or organic/inorganic cation/anions. While molten salts refer to high
melting point, highly viscous substances, ILs are already liquid at low temperatures
below 100 °C and have low viscosity. The salts that are liquid at room temperature are
called room-temperature ILs. Component ions in ILs strongly interact with each other
through coulombic forces, whereas normal liquids are bonded through Van der Waals
forces and/or hydrogen bonding [9].

In addition to having a wide liquidus range, ionic liquids have the ability to

dissolve both polar and non-polar compounds and, perhaps most importantly, they do not



evaporate due to their extremely low vapor pressure and, thus, cannot lead to fugitive
emissions. The chemical and physical properties of ILs can, to some extent, be tailored
by proper selection of the type of cation and anion that compose the IL, as well as any
substituent groups [10].

Because of their insignificant vapor pressures, low melting points, good solvent
characteristics for organic, inorganic and polymeric materials, adjustable polarity,
selective catalytic effects, chemical and thermal stability, non-flammability and high
ionic conductivity, ionic liquids have generated significant interest for a wide range of
industrial applications [11]. Examples include organic synthesis where they are employed
as green solvents replacing volatile organic compounds (VOC) or substituting for various
organic solvents, catalysis, polymerization, bioprocessing operations, liquid-liquid
extraction, gas separation, electrochemical processes, and heat transfer fluids. ILs have
also the attractive benefit of easy recovery (recycling) since organic molecules can be

easily separated by direct distillation without loss of the ionic liquids [12].

1.2.2 Characteristic Properties

The properties of ILs can be varied by the selection of proper cations and anions.
Examples of five different well-known types of organic cations which comprise

typical ILs are shown in Figure 1.3. The cation substituent groups (the “R” groups) are

typically alkyl chains but can contain any of a variety of other functional groups as well

(e.g., fluoroalkyl, alkenyl, methoxy, etc.).
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Figure 1.3 Structures of ionic liquids. X ~ represents any of a large number of anions,
including nitrate [NOs], acetate [CH3COO], trifluoroacetate [CF3:COO], tetrafluoroborate
[BF4], triflate [CF3S0Os], hexafluorophosphate [PFs], and bis(trifluoromethylsulfonyl)
imide [(CF3;S0O,),N .

As mentioned above, a key feature of ILs is that their physical properties can be
tailored by proper selection of cation, anion and substituents. For example, the water
solubility of an alkylimidazolium based IL can be controlled by the nature of the alkyl
chain. Increasing the length of the alkyl chain tends to decrease water solubility by
increasing the hydrophobicity of the cation. In addition, the water solubility of the IL can
be changed dramatically by the choice of anion. At ambient conditions, water is
completely miscible with 1-n-butyl-3-methylimidazolium [bmim] tetrafluoroborate [BF4],
but is almost completely immiscible with [bmim] hexafluorophosphate [PFs]. A solid
understanding of how the molecular structure of an IL affects its thermophysical
properties, transport properties, and phase equilibrium behavior is necessary to facilitate

the design of ILs that can be used for a specific industrial task, will not pose a serious



health hazard if released in a chemical spill, and can be produced in large quantities at a
low cost.

Melting points of ILs can be affected by either different cations or anions due to
their symmetry [13], weak intermolecular interaction, good distribution charge in the
cation [14] and size of anion.

Thermal stability is another significant advantage of ILs which allows their use in
a wide temperature range. It is not unusual for organic salts to decompose upon heating
but the ILs resist weight loss at higher temperatures [15]. Thermal stabilities of ILs
depend on their structure, both cations and anions. The relative anion stabilities were
observed as TN >PF6™>BF4™>>CI™. Most ILs are liquids over a wide temperature
range (104 to 350 °C) and begin to decompose around 350 °C [13]. In the case of
cations, for applications requiring temperatures in excess of 100 °C, phosphonium salts
provide superior thermal stability over analogous ammonium salts [16].

The viscosity of ILs is determined by their tendency to form hydrogen bonding

and by the strength of their Van der Waals inicractions . | It is shown that stronger

hydrogen bonding and Van der Waals interactions result in a higher viscosity of the IL.
Comparison of the viscosities of [BMIM]"CF;SO;”~ with [BMIM]"(CF3S0,),N" reveals a
lower viscosity for [BMIM]"CF;SO;™ despite stronger Van der Waals interactions for ILs
with the (CF3;SO,);N™ ion. In this case, the almost complete suppression of hydrogen
bonding overcompensates for the expected increase in viscosity [18]. In some cases, the
viscosity of IL can be lowered drastically by slightly increasing the temperature.

Besides lower vapor pressure, density is another characteristic that distinguishes

ILs. Generally, the density of ILs decreases as the bulkiness of the organic cation



increases. Slight structural changes of the cation allow a fine adjustment of the density.
Density measurements of ILs with triflate or trifluoroacetate ions confirmed the more

general result that a certain density range is established by the choice of anion [18].



CHAPTER 2

BACKGROUND

2.1 Physical Chemistry of Ionic Liquids
2.1.1 Polarity of Ionic Liquids
In order to use ILs in polymer systems, there is a need to understand of how the structure
of the IL affects its physical properties, solvent strength as well as its polarity. Since
polarity and polarizability are the simplest indicators of solvent strength, organic solvents
are frequently classified based on their ability to dissolve and stabilize dipolar or charged
species. The following are some examples of recent studies.

According to Sudhir et al. [19], fluorescent probes that are commonly used to
determine the solvent strength of organic solvents can also be used to determine the
solvent strength of ILs]. For example, Bonhote et al. found that the solvent strength of 1-
ethyl-3-methylimidazolium bis-(triflyl)amide, using pyrene and pyrenecarbaldehyde
probes, was similar to ethanol and hexane respectively, depending on the choice of the
fluorescent probe [18]. Figure 2.1 shows the structures of several ILs, (I to IV) and two

fluorescent probes (V, VI) used to estimate their polarities.

10
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Figure 2.1 Structures of fluorescent probes and ionic liquids. [19]

The results show that both I and III ILs have more polar characteristic
environments than I[ and IV [Ls. By comparing IL- I with [L- II, the fact that IL- II has
an octyl group which is non-polar (hydrophobic) leads to the conclusion that IL-I is more
polar than IL-II which has a shorter butyl substituent. In the case of IL- III and IL- IV
comparison, polarity difference maybe due to the presence of different cations
(imidazolium vs pyridinium).

Canongia Lopes et al. [20] reported from their molecular simulation study that
interaction of water with the PFs anions in l-butyl-3-methylimidazolium
hexafluorophosphate [C4mim][PF¢] are dominated by hydrogen bonding. The radial
distribution functions between a given solute and IL are shown in Figure 2.2. The H-P
bonding between IL and water was picked by the second H-P peak at 4.4 A, a feature that
is obviously absent in methanol. The major difference between water and methanol is the

stronger interaction between the acidic hydrogen atom of the cation and the oxygen atom
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The complex microscopic structure of the ionic liquids can be demonstrated by
the differences in relative position, orientation, and specific interactions between water or
methanol and the different regions of the ionic liquid such as polar imidazolium ring,
nonpolar aliphatic chain, and anions (PF).

Similar information based on the polarity of ILs, can be used to predict and
explain interactions between the relatively polar PLA polymer and ILs in the molten or
solid state or water and ILs during hydrolytic degradation.

Wasserscheid and Keim [21] described the tuning of the solubility properties of
ionic liquids by the choice of cations and anions depending on their polarities. It is
shown in Figure 2.4 that variation of the alkyl group length on the ammonium cation of
four ILs having the same tosylate anion significantly affects the solubility of 1-octene. As
expected, by increasing the nonpolar character of the cation, the solubility of 1-octene in

the melt increases.
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Figure 2.4 Solubility of 1-octene in four different tri-n-alkylmethylammonium tosylate
melts at 80° C [21].
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The influence of anions on the solubility characteristics of ILs was determined by

the water solubility of ILs having the same cation but different anions. While

[BMIM]'Br, [BMIM]'CF;COO’, and [BMIM]*CF;SO; are highly water soluble, ILs

with the same cation but with a PFs or (CF3S0,),N anion formed biphasic mixtures with

water.

2.1.2 Thermal Stability of Ionic Liquids
ILs are well known for their high thermal stability due to their negligible low vapor
pressure. Great attention has been given to quaternary nitrogen based ILs (e.g.,

ammonium, imidazolium, pyridinium, etc) in recent years. Their thermal stability by
TGA has been shown to largely depend on the anion type with BF, providing higher

decomposition temperatures. For example, the thermal stability of three pyridinium and
imidazolium ILs was ranked as [Etpy]* [BF4] » [EMIM]* [Br] » [HXMIM]* 22" [23, 24].

However, specific accounts of ILs containing quaternary phosphonium cations have been
less common [25]. Phosphonium based ILs have been shown to have better overall
properties than many nitrogen based ILs, especially thermal properties [26, 27]. Although

the decomposition temperature of phosphonium ILs on heating varies, depending on the

anion, a thermal stability of over 3000C has been observed for many species [28].

Brazel et al. [29] compared the thermal stabilities of various ILs with
conventional polyvinylchloride (PVC) plasticizers. Figure 2.5a shows the decomposition
temperature for various ILs and traditional plasticizers as observed during a TGA

temperature ramp of 10° C/min. It is clear that all three traditional phthalate and mellitate
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plasticizers (DEHP, DIDP, TOTM) have lower thermal stability compared to the ILs
studied, which were found to be fairly stable up to and above 300 °C. Abbreviations of
plasticizers and [Ls used in Figure 2.5 are shown in Table 2.1. In an ideal plasticizer, the
solvating groups are usually located internally rather than at the ends of the plasticizer
molecule [30]. The compatibility is controlled by the solvating groups along with the
significant influence of the non-polar groups creating a barrier between polymer chains.
The phthalate and trimellitate plasticizers studied, as shown in Figure 2.6, clearly fall into
this category as well as the ILs used in their study [29].

Significant differences were observed between the ILs and the conventional
plasticizers when those were subjected to an isothermal condition heating at 200° C for
30 min. As shown in Figure 2.5b, all of the ILs displayed good stability, losing Swt% or
less of their initial weight, whereas DIDP and DEHP lost around 20% and 65% weight,
respectively. This suggests that among ILs those having a good miscibility with the
polymer have a strong potential to be used as a new generation plasticizers since they
were shown to have better thermal stability than conventional plasticizers.

Conventional plasticizers of PLA such as tributyl citrate, polyethylene glycol,
diethylene glycol successfully lowered the glass transition temperature of PLA. However,

all of them decreased the thermal stability of the polymer.
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Figure 2.5 (a) Onset temperature for decomposition of different plasticizers when
subjected to a temperature ramp of 10 °C/min, (b) percentage of weight remaining for
different plasticizers when subjected to an isothermal condition at 200 °C for 30 min.
Plasticizers, as denoted by different numbers, are as follows: 1. DEHP, 2. DIDP, 3.
TOTM, 4.[tbPh*][doss ], 5. [hmim*][doss], 6. [tbam*][doss], 7. [thtdPh*][deca], 8.
[hmim*][BF47], 9. [thtdPh*][CI], 10. [bmim*][PF6], 11. [thtdPh"][Tf2N] 12.
[hmim*][PF67], 13. [tbtdPh*][mes’], 14. [tbtdPh*][dbs], 15. [thtdPh*][mes], and 16.
[thtdPh"][dbs] [29]. For abbreviations see Table 2.1.
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Table 2.1 Abbreviations and Chemical Names of Plasticizers and ILs.

Abbreviation Chemical name
DEHP Di(2-ethylhexyl) phthalate
DIDP Diisodecyl phthalate
TOTM Trioctyl trimellitate

[bmim+][PF6-]

1-Butyl-3-methylimidazolium hexafluorophosphate

[hmim+][doss-]

1-Hexyl-3-methylimidazolium dioctylsulfosuccinate

[hmim+][BF4-]

1-Hexyl-3-methylimidazolium tetrafluoroborate

[hmim+][PF6-]

1-Hexyl-3-methylimidazolium hexafluorophosphate

[tbam+][doss-]

Tetrabutyl ammonium dioctylsulfosuccinate

[tbPh+][doss-]

Tetrabutyl phosphonium dioctylsulfosuccinate

[tbtdPh+][dbs-]

Tributyl (tetradecyl) phosphonium dodecylbenzenesulfonate

[tbtdPh+][mes-]

Tributyl (tetradecyl) phosphonium methanesulfonate

[thtdPh+][T{2N-]

Trihexyl (tetradecyl) phosphonium bis(trifluoromethane)
sulfonylimide

[thtdPh+][ClI-]

Trihexyl (tetradecyl) phosphonium chloride

[thtdPh+][deca-]

Trihexyl (tetradecyl) phosphonium decanoate

[thtdPh+][dbs-]

Trihexyl (tetradecyl) phosphonium dodecylbenzenesulfonate

[thtdPh+][mes-]

Trihexyl (tetradecyl) phosphonium methanesulfonate
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Figure 2.6 Structures of conventional plasticizers and selected ILs [29].
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2.2 Ionic Liquids in Polymer Systems
2.2.1 Use of Ionic Liquids as Lubricants
ILs have been recently evaluated as promising versatile external or internal lubricants in
several polymers including external or internal lubricants in PVC, polymethyl
methacrylate, (PMMA), and polyamides [29].

In order to be used as a lubricant in a polymer, miscibility of the additive with the
polymer is a significant factor. From the recent study by Liu et al.[31], certain ILs
including the quaternary ammonium based IL, [MesNC,H,OH]" [ZnCl;]” are miscible
with some polymers such as PMMA, PS and PBMA (poly n-butyl methacrylate). For PS
and PBMA, the miscibilities of the IL were up to 40 v%. The miscibility of these
polymers with the room temperature ILs estimated by storage stability is in the order:
PMMA > PBMA > PS.

Sanes et al. [32] reported on the tribological properties of thermoplastics-steel
pairs using ILs, both as neat external lubricants and as polymer dispersed internal
lubricants. The main objective was to establish the polymer lubricating ability of ILs by
determining friction and wear values as a function of IL content, and relating them to
real-time observation of the sliding contact and to the possible material degradation
effects. They used several kinds of ionic liquids as internal lubricants of polystyrene (PS)
and polyamide (PA6). Table 2.2 shows that the coefficient of friction of PS was reduced
by adding up to 10% I-butyl-3-methyl-imidazolium tetrafluoroborate, IL1. However,
further friction and wear reduction were not necessarily obtained by increasing the

concentration of IL [32].
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Table 2.2 Tg Values and Dry Friction and Wear Coefficients for PS Against AISI 52100

Steel as a Function of IL1 Content [32]

Fricti Wear

Material Tg (°C) coe fﬁcl:?:nt coefficient
(mm°N'm™)

PS 101.54 0.784 1.3x 1072
PS+ 1.35 wt% ILI 105.29 0.258 50x 107
PS+ 3 wt% IL1 105.74 0.232 1.7x 10*
PS+ 10 wt% IL1 103.34 0.163 3.3x 107
PS after 100h. immersion in IL1 104.70 NA NA

These results confirm a strong interaction between AISI 52100 steel and the IL

lubricant, which contains a reactive (BF;) anion and are in accordance with the

tribochemistry of ILs at metal-metal interphases described previously [33].

Ye et al. [34] also reported that alkylimidazolium tetrafluoroborates are versatile

lubricants which show excellent friction reduction for the contact of steel/steel,

steel/aluminum, steel/copper, etc. Chemical structures of these lubricants are shown in

Figure 2.7. Ionic liquid L106 showed the lowest friction coefficient as compared to two

fluorine-containing lubricants, phosphazene (X-1P) and perfluoropolyether (PFPE)

which are widely used as lubricants for head/disk interface or space applications (Table

2.3) [35].
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Figure 2.7 Molecular structures of the ionic liquids L.106 and L206 and traditional
lubricants X-1P and PFPE [34].

Table 2.3 Friction Coefficients for Several Frictional Pairs Lubricated with Various

Lubricants [34]

Friction Coefficient

Friction pair (ball/disk) L106 X-1P PFPE
Steel/Steel 0.065 0.098 0.145
Steel/Al 0.040 0.128 NA

Steel/Cu 0.025 0.117 0.145
Steel/Si0, 0.060 0.110 0.132
Si3N4/Si0O; 0.083 0.125 0.132
Steel/Si(100) 0.050 0.102 0.145
Steel/sialon 0.065 0.100 0.120

SizNa/sialon

0.065 0.102 0.130
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2.2.2 Plasticization of Polymers with Ionic Liquids
Plasticizers have been widely used with polymers for producing flexible plastics to be
used in engineering and medical applications. In the polymer matrix, plasticizers act as
high temperature solvents by breaking up the primary bonds holding the polymer chains
together and forming secondary polymer-plasticizer bonds, and thus rendering mobility
to polymer chains or chain segments [29]. Since polymer-plasticizer interactions are
weak, there exists a dynamic process where a plasticizer molecule attached to one site in
the polymer network may be dislodged and be readily replaced by another [36]. Different
plasticizers give different plasticization effects because of differences in strength in
plasticizer-polymer and plasticizer-plasticizer interactions as a result of functional groups
present in the plasticizer molecule, its structure, chain length, molecular weight (MW),
etc. [30, 29]. Traditional plasticizers offer a wide range of end-use properties to various
polymers. However, uses of many of these plasticizers are frequently faced with potential
problems. Limited compatibility, poor stability at high temperatures or when exposed to
ultra violet (UV) rays, diminished lubricity at low temperatures, and flammability are
some of the common technical challenges in the plasticizer industry [37]. The most
debated issue concerning plasticizers, especially of the commonly used phthalates, is
their leaching and migration One of the unique applications of ILs is as novel plasticizers,
as shown above and as reported in several publications [38, 39, 40, 41].

ILs were also found to increase the thermal stability of many polymers.
Imidazolium-based hydrophobic ILs were found to be compatible with PMMA up to 50
vol% as plasticizers. In addition to lowering the Tg of PMMA from 120 °C to 20 °C, and

producing polymer samples with mechanical properties similar to those produced by
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traditional plasticizers, imidazolium based PFs" ILs offered better high temperature
stability when compared to di-(2-ethyhexyl) phthalate, DEHP or DOP, in both short-term
(Figure 2.8) and long-term (Table 2.4) experiments. As a plasticizer for PVC, a
phosphonium-based IL, trihexyl(tetradecyl) phosphonium bis(trifluoromethane)
sulfonylimide, showed superior short-term high temperature stability compared to DEHP

[42].
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Figure 2.8 Short-term thermal stability of bulk PMMA and samples containing 20 wt%
1-butyl-3-methylimidazolium hexafluorophosphate [bmim][PF6%], 20 wt% 1-hexyl-3-
methylimidazolium hexafluorophosphate [(hmimJ[PF6*], and 20 wt% di(2-ethylhexyl)
phthalate (DOP) at 250 °C [38].
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Table 2.4 Long-term Thermal Stability of Bulk PMMA and Samples Plasticized with 1-
butyl-3-methylimidazolium Hexafluorophosphate [bmimJ[PF6*] and Di(2-ethylhexyl)
phthalate (DOP) at 170 °C for 21 Days [43]

Sample mass loss Plasticizer mass
Plasticizer and content (wt% of initial plasticized  loss (wt% of initial
polymer) (%) plasticizer) (%)
None (bulk PMMA) 2.3 0
10% [bmim*][PF67] 29 8.3
15% [bmim"}[PF67] 3.4 9.6
20% [bmim"][PF67] 4.6 13.8
30% [bmim"][PF67] 5.7 13.6
35% [bmim"][PF67] 6.7 14.9
40% [bmim"}[PF6] 6.9 13.8
20% DOP 15.2 66.8
30% DOP 24.2 75.3

Research interest in the plasticizer industry has recently focused on biodegradable
plasticizers as an alternative to the conventional non-degradable ones. This is related to
the growth of the biodegradable plastics industry, as a result of growing concerns about
the environmental impact of persistent plastics and their recycling. It is understood,
however, that the lack of biodegradability and possible toxicity would restrict the use of
many commonly used ILs as plasticizers in biodegradable polymers; however,
understanding of the effects of adding ILs having different chemical structure on the
properties and degradation characteristics of degradable polymers would encourage

further research efforts to design benign, degradable and bio-renewable ILs [44].
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2.2.3 Ionic Liquids and Nanoclays

2.2.3.1 Nanoclays

Clays are versatile materials that are used in many different areas such as building
materials, ceramics, paper coatings, pharmaceuticals, adsorbents, ion exchangers, etc.
[45]. Clay minerals such as phyllosilicates with a sheet structure having individual layers
with thickness in the order of 1 nm and surfaces of around 50 — 150 nm in one dimension,

are generally referred to as nanoclays [46].

The mineral base of clays is hydrophilic and it can be natural or synthetic.
Cationic clays (e.g., montmorillonite, MMT) are widespread in nature, whereas anionic
clays (e.g., hydrotalcite) are rarer in nature but relatively simple and inexpensive to
synthesize. The clay surface can be changed into organophilic by chemical modification.

Therefore, it can be compatible with organic polymers. Nanocomposite is the term

generally applied when large surface area nanoclays (750m?/g) are added to a host
polymer [46].

Generally, the clays used in nanocomposites are normally 2:1 phyllosilicates as
shown in Figure 2.9 where the octahedral structure is surrounded by two tetrahedral
structures. The cationic clays have negatively charged aluminosilicate layers, which have
cations (Na, Li, etc) in the interlayer space to balance the charge. Clay minerals have a
cation exchange capacity which results from broken bonds around their edges. This
capacity increases as the particle size decreases. Cationic clays, with a cation exchange
capacity, include many aluminum silicates such as montmorillonite, vermiculite, smectite,

and swelling mica.
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Figure 2.9 Structure of 2:1 phyllosilicate clay [47].

2.2.3.2 IL Modified Nanoclays

In addition to conventional quaterrnary ammonium origanomodifiers a variety of ILs
have been used as montmorillonite modifiers to improve dispersion, thermal stability and
properties of many thermoplastics [48, 49, 50]. While a great attention has been given to
quaternary nitrogen-based ILs (e.g., ammonium, imidazolium, pyridinium, etc.), specific
accounts of ILs containing quaternary phosphorus cations have been less common. It has
been shown that certain phosphonium-based ILs have better properties than nitrogen-
based ILs, particularly thermal stability. For example, thermal stability of phosphonium-
based ILs is over 300 °C for many species, even though their decomposition point upon

heating varies depending on the anion. Hence, research on nanoclay comgosites
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containing clays modified with phosphonium-based ILs has recently increased as a result
of the projected higher thermal stability of the modified clays [51, 52]. For example,
Byrne et al. [52] produced MMTs modified with a trihexyltetradecyl phosphonium
tetrafluoroborate and showed an expansion of the basal spacing (1.8 nm compared to 1.1
nm in pristine MMT) and improved thermal stability up to 330 °C. Tributylhexadecyl
phosphonium bromide was also used with MMT to produce organoclays with expanded
d-spacing, high thermal stability, and partially exfoliated structures in linear low density
polyethylene, LLDPE, nanocomposites [S1, 49]. Similarly, phosphonium based cations
present in the ionic liquid [L-4 used in the present work were successfully intercalated
into MMT by increasing the basal spacing to 1.5 nm and used in PP nanocomposites [27].
Such phosphonium modified MMTs were also used with PLA in the present work to

study possible catalytic degradative effects.

2.3 Degradation Mechanisms of Polylactic Acid

2.3.1 Mechanisms of Thermal Degradation

Thermal degradation of PLA is a complex reaction and various mechanisms have been
postulated. As reported by Wachsen et al. [53], the degradation of PLLA during thermal
processing is mainly caused by intramolecular transesterification reactions leading to
cyclic oligomers of lactic acid and lactide. Doi et al. [54] claimed that thermal
degradation of microbial aliphatic polyesters occurred via random chain scission
regardless of the type and the chemical composition, by showing that there was a linear
relationship between the inverse of the number average degree of polymerization and

time.
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Kopinke et al. [54] suggested five possible reaction pathways from their experimental
data: intra- and intermolecular ester exchange (lactide and cyclic oligomers), cis-
elimination, radical and concerted nonradical reactions, radical reactions, and selective,
Sn-catalyzed depolymerization. Their thermo-analytical techniques concluded that the
dominant reaction pathway is an intramolecular transesterification for pure polylactic
acid which gives rise to the formation of cyclic oligomers.

Arraiza et al. [55] proposed a thermal degradation mechanism for PLLA in which

a carbon-oxygen bond is broken forming an acid and an unsaturated ester as shown in

Figure 2.10.
H"h
o,
: { |
0~ OH

Acid Unsaturated ester

Figure 2.10 Mechanism of thermal degradation of PLLA [55].

The activation energy for the decomposition of the PLA is important in assessing
the reaction mechanisms. The rate equation that was used by Friedman (Equation 2.3) is

related to temperature by an Arrhenius relationship as shown in equation 2.1.

E
Ink=InZ -—= (2.1
RT

where k is the rate constant, Z is a frequency factor, E, is the activation energy, R is the
gas constant, and T is temperature in Kelvin.

The Friedman and Chang techniques are among the common techniques used to
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study the pyrolytic behavior of polymers [56]. The thermal decomposition kinetics
related to thermogravimetric weight loss data (TGA) may be calculated by the Friedman
technique from the kinetic equation:
do/dt = Z(1-a)"e "R (2.2)

where o is the weight loss of the polymer undergoing degradation at time t, da/dt denotes
the decomposition rate or weight-loss rate, n represents the decomposition reaction order,
[56].

The Friedman technique suggests that a plot of In(da/dt ) versus I/T is linear with
the slope corresponding to the overall activation energy. The order of decomposition can
be obtained from the plot In(1-a) versus 1/T.

The relation is given by

da E
In| 2% | =1 )2 .
n( — ) n(Z)+nhn(l- ) o7 (2.3)

Chang’s method uses a rewritten form of the Friedman equation as:

1 da E
1 =1 _ 2.4
n((l o J n(Z) (2.4)

In this study, the activation energy for the thermal decomposition of PLA and
PLA/IL blends was determined through the Friedman technique (2.3) from TGA
measurements at a single heating rate of 20 °C/min.
2.3.1.1 Effect of Fillers/Additives on the Thermal Degradation of PLA.

Although PLA has an excellent balance of physical and rheological properties, many
additives have been combined with it to further extend the range of properties achievable

and, thus, optimize the material for specific end use applications. Fillers that have
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valuable properties with blended with PLA are talc, mica, kaolin, glass, a variety of
inorganic carbonates and sulfates, as well as starch [57].

Usually a large amount of fillers can significantly increase viscosity, cause shear
heating and degradation. Appearance may also be a potential problem with flow lines,
poor colorability, and opacity being among the main issues [57].

Lee et al. [58] studied the thermal stability of PLA/wood flour blended materials
by thermogravimetic analysis. As the wood flour content increased, the decomposition
temperature of the composites decreased slightly which may be due to the decomposition
of wood components. The lower decomposition temperatures of the PLA/wood flour
composites indicated that the composites were less thermally stable than the neat PLA
matrix.

Chang et al. [59] compared the organo-montmorillonite (C16-MMT) to
dodecyltrimethyl ~ammonium  bromide-montmorillonite (DTA-MMT) and the
commercially available Cloisite 25A in the preparation of PLA nanocomposites. From
morphological studies using transmission electron microscope (TEM), most clay layers
were found to be dispersed homogeneously in the matrix polymer, although some clusters
or agglomerated particles were also detected. The authors found the degradation
temperature (at a 2% weight loss) of the PLA nanocomposite films with C16-MMT and
Cloisite 25A decreased linearly with an increasing amount of organoclay.

On the contrary, Pluta et al. [60] investigated PLA/MMT nanocomposites by
studying dispersions of MMT modified with dimethyl 2-ethylhexyl ammonium cation
and unmodified MMT prepared by melt blending. X-ray diffraction, XRD, showed that

the good affinity between the organo-modified clay and the PLA was sufficient to form
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an intercalated structure in the nanocomposite. Thermogravimetric analysis, TGA,
showed that the PLA-based nanocomposites exhibited improvement in their thermal
stability under oxidative conditions and both types of clays showed a tendency to limit
PLA degradation.

Paul et al. found that MMT organo-modified by bis-(2-hydroxyethyl)-methyl
(hydrogenated tallow alkyl) ammonium cations produced the greatest increase in thermal
stability. Increasing the amount of clay ..as shown to delay the onset of thermal
degradation of the poly(ethylene glycol) (PEG) plasticized PLA matrix. Finally, Zhou
[61] showed that thermomechanical degradation of semicrystalline and amorphous PLA
polymers was affected by the presence of different MMT and hydrotalcite (HT) fillers,

which apparently acted catalytically to different degrees.

2.3.2 Mechanisms of Hydrolytic Degradation
Generally the hydrolytic degradation of aliphatic polyesters in aqueous media proceeds
through random ester bond cleavage in the bulk of the sample or a device [62, 63, 64].

It has been shown that thick samples of PLA lead to a h=ter~seneous degradation
with faster degradation inside than at the surface [65, 66, 67, 68]. This heterogeneous
degradation was assigned to the contribution of two phenomena: (1) easier diffusion of
soluble oligomers from the surface into the external medium than from inside, and (2)
neutralization of carboxylic endgroups located at the surface by the external buffer
solution [69]. Both phenomena contribute to the reduction of the acidity of the surface
layer, whereas in the internal part the degradation rate is enhanced by autocatalysis due to

carboxylic end groups. A parameter that indicates which way a degradable polymer will
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erode is the ratio of the rate of bulk to surface erosions. Applying penetration theory, it
can be shown that the thickness (w) associated with each mechanism is related to a

characteristic time, by the following equations:

4Dt(,,ﬂ. ) ' (2.5)
w = .|——— in the case of bulk erosion
4

and

w= /Dt in the case of surface erosion (2.6)

reaction
where tgifrusion and treacion are characteristic times of the two processes and D is the
diffusion coefficient.

In order to identify parameters that determine surface or bulk erosion pathways,
Burkersroda et al. [70] proposed a model in which the two characteristic times of
Equations 2.5 and 2.6 are expressed in terms of a dimensionless number (can be
considered as a Deborah number) named “erosion number”

In the case of amorphous PLA, material degradation proceeds through surface
erosion and is faster in the inner part than at the surface due to the autocatalysis
phenomena while degradation of semi-crystalline PLA proceeds through the amorphous
regions since these have higher water uptake ability than crystalline parts. The degraded
fragments from semi-crystalline PLA diffuse and recrystallize and this results in
increasing the degree of crystallinity [71].

Several relationships have been derived relating the changes in number average
molecular weight, M,, with time and hydrolysis rate of ester linkages since M, is directly
related to the scission of polymer chains and is considered to be the most sensitive

parameter for modeling polymer degradation.
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Anderson [72] proposed a statistical method for relating M, and hydrolysis rate.
They suggested the following relationship assuming that the extent of degradation was

not large:

/M, =1/M, +kt 2.7)

no

no

where M is M_" at time t=0 and k is the rate constant. Under this assumption, a linear

relationship should exist between 1/ M—” versus time. The weak point of this mechanism

is that it does not take into account the possibility of acid autocatalysis that would
significantly influence the degradation rate.

Pitt and Gu [73] derived an equation based on the kinetics of the ester-hydrolysis
reaction and taking into account the autocatalytic effect.

d[E)/dt = -d [COOH}/dt = - kK [COOH] [H»O] [E] (2.8)

where [COOH], [H»O] and [E] represent the concentration of the carboxyl end groups,
water and ester groups, respectively.

By assuming that the ester and water concentrations remain constant and the

concentration of acid groups is equal to //M,, it can be shown that

M, =M, e™ (2.9)

no
If this relationship holds true, a linear relationship should exist between lnﬁ,: versus

time up until mass loss occurs:

InM, =—kt +InM,, (2.10)

2.3.2.1 Parameters Influencing the Hydrolytic Degradation of PLA.  According to
Scliecker et al. [22], the hydrolytic degradation process of polyesters is affected by four

parameters, specifically: the degradation rate constant, the amount of water that has been
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absorbed, the diffusion coefficient of the chain fragments, and the solubility of
degradation byproducts in the aqueous media. Several more factors that influence the
rate of the hydrolysis reaction are known from many studies: the type of chemical bond,
pH, and temperature are the most important [74]. Chemical and physical changes
accompany the degradation of biodegradable polymers, such as crystallization of
oligomers [56] and monomers [75] or pH changes [71]. Some of these factors can have a
considerable feedback effect on the degradation rate.

pH affects reaction rates through catalysis. After shifts in pH, reaction rates of
esters may change by some orders of magnitude due to catalysis [76]. The effect of pH on
degradation has been investigated carefully for most biodegradable polymers. For
poly(glycolic acid) and poly(lactic-co-glycolic acid) sutures, the breaking strength was
found to depend markedly on the pH of the degradation medium and was found to be
highest at neutral pH [77] reflecting the fastest degradation at low and high pH. This
faster chain scission at low pH explains the heterogeneous erosion of PLA due to
autocatalysis. The generated monomers, which are carboxylic acids, accelerate polymer
degradation by lowering pH [68]. For poly(bis-(p-carboxyphenoxy)propane anhydride)
cylinders, for example, the degradation rate increases by a factor of 10 when increasing
the pH of the degradation medium from 7.4 to 10 [78]. Poly(ortho esters), in contrast, are
resistant against basic pH and degrade substantially faster at acidic compared to neutral
pH [79]. By using acidic or basic excipients, the degradation rate of polymer hydrolysis
can be varied in a controlled way. The internal pH can, thus, effectively be used to
influence the degradation rate of polymers [80]. From a recent study, it is known that the

erosion kinetics of PLA and PLGA change tremendously under base catalysis [70]. While
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polymers eroded at pH 2 and 7.4 changed their original shape within a few days to an
irregular form, matrices eroded at pH>13 maintained their shape up to 6 days. In the case
of alkaline medium, one can conclude that the mechanism of erosion has changed from
bulk to surface erosion which was confirmed by GPC and SEM [70].

The type of bond within the polymer backbone determines the rate of hydrolysis
[81]. Several classifications for ranking the reactivity exist which are either based on
hydrolysis kinetics data for polymers [82, 83] or are extrapolated from low-molecular
weight compounds containing the same functional group [84]. Reactivities can change
tremendously upon catalysis [85, 86] or by altering the chemical environment of the
functional groups [76] through steric and electronic effects. The influence of steric effects
on degradation can be seen with poly(a-hydroxy esters). In the case of PLA, hydrolysis is
relatively slow due to steric effects [87], because the methyl group hinders the attack of
water.

In general, hydrolysis is a bimolecular reaction in which water and the functional
group possessing the labile bond are involved. The reaction rate is determined by the
concentration of both reaction partners [74]. Lipophilic polymers cannot take up large
quantities of water and decrease, thereby, their degradation velocity [78, 88]. Hydrophilic
polymers, in contrast, take up large quantities of water and increase, thereby, degradation
rates.

As shown by Zhou and Xanthos (2008) [61] degradation rate constants were
higher for amorphous PLA and its composites than semicrystalline PLA and its MMT
composites as a result of increased permeation through the amorphous domains. Since the

MMT-Na" lost its neutralization ability after treatment with the organic modifiers the
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degradation rate constants of the nanocomposites were significantly higher than those of
the unfilled polymers with certain differences observed depending on the type of
modifier; by contrast, those of the MMT-Na* microcomposites were lower or slightly
lower than those of the unfilled polymers possibly due to the reduction of the carboxyl

group catalytic effect through neutralization with the hydrophilic alkaline filler.

2.4 Objectives
Little or no work has been reported in the polymer modification field using ionic liquids
as additives for polylactic acid. Although several plasticizers and lubricants have been
used for polylactic acid modification, little attention has been given to the combined
effects of ILs on physical, rheological and mechanical properties, thermal stability and
thermal/hydrolytic degradation rates.

The aim of this work is to investigate the role of ILs with long chain hydrophobic
cations and different anions as process and property modifiers of PLA including
plasticization, lubrication, and thermal/hydrolytic degradation. In addition to
processability, this research addresses the effects of the selected ILs on the rates of
hydrolytic and thermal degradation of PLA, compares with existing models and also
attempts to separate the corresponding effects of cations and anions by using model
compounds including cation exchanged montmorillonite, MMTs. Thus, an amorphous
PLA polymer is mixed with two phosphonium- based ILs which have different anions, at
various ratios by melt-blending and solvent casting. The choice of the particular IL
structures was based on literature evidence that alkylphosphonium surfactant cations

exchanged in the structure of saponite clay tend to accelerate the soil degradation of
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aliphatic polyesters including PLA [89]. The efficiency of plasticization and lubrication is
measured from changes in thermal, rheological and frictional properties. Changes in
polymer molecular weight, changes in pH and acid number of the hydrolytic degradation
medium and weight losses are followed during thermal/hydrolytic degradation and are
related to morphology by scanning electron microscopy and visual observation, and

ultimately to the structure of the ionic liquids.



CHAPTER 3

EXPERIMENTAL

3.1 Materials
3.1.1 Polylactic Acid
Polylactide polymer pellets PLA 4060D purchased from Natureworks® had a reported
glass transition temperature of 58°C and density of 1.25g/cc. This grade was selected
because of its amorphous structure that could lead to accelerated degradation. The pellets

are transparent and start to become tacky at 45°C as per manufacturer’s technical data

sheet {90].

3.1.2 Ionic Liquids
The phosphonium based ionic liquids used in this study include the following:
= trihexyltetradecylphosphonium decanoate ([THTDP][DE])

s trihexyltetradecylphosphonium tetrafluoroborate ([THTDP][BF4])

[THTDP][DE], with MW 655.13 (designated as IL-4) and [THTDP][BF,], with MW
570.68, (designated as IL-5), were obtained from Sigma-Aldrich and Structures of IL-4

and IL-5 are shown in Figure 3.1.

38
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Figure 3.1 Structures of ILs: a) [L-4, b) [L-5 (Source: Sigma Aldrich).

IL-4 with a density less than 1g/cc is sparingly soluble in water and can dissolve
up to 21.1% water when fully saturated. When dry, it is totally miscible with a wide range
of organic solvents such as toluene, tetrahydrofuran (THF), and dichloromethane. IL-5
has a low melting point of 37 °C and is immiscible with water. When fully saturated, it
will contain up to 1.8% water. It is miscible with most common organic solvents such as

toluene, THF and dichloromethane [16].

3.1.3 Other Chemicals
Chloroform (CAS No 67-66-3) and the model compound decanoic acid, CHz (CH,);CH,

COOH, designated as DECA, (CAS No. 334-48-5) were obtained from Sigma Aldrich.

3.1.4 Nanoclays
Sodium montmorillonite (MMT-Na*), used in this study was obtained from Southern

Clay Products Inc. (CAS# 1318-93-0, trade name: Cloisite®-Na*). MMT-Na* contains 4 -

9% moisture and sodium ions in the basal spacing without added organic modifiers. Its
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3.1.5 Degradation Media

3.1.5.1 Phosphate Buffer Saline Sviution (PBS). In order to follow the hydrolytic
degradation behavior of the polylactic acid and its mixtures with ILs, pouches of
phosphate buffer saline (PBS) were obtained from Sigma Aldrich. PBS is commonly used
for hydrolytic degradation in in vitro controlled release experiments. Contents of one
pouch, when dissolved in one liter of distilled or ionized water, yielded 0.01 M PBS
(NaCl 0.138 M; KCl1 0.0027 M) with a pH of 7.4 at 25 °C. The composition of the PBS
aqueous solution is 1.38 mM NaCl, 1.15 mM Na,HPO,, 1.2 mM KH,PO4 and 2.7 mM
KCIL.

3.1.5.2 Soil.  For the soil degradation of polylactic acid and its mixtures with ILs,
Miracle-Gro® soil (The Scotts Company, Maryville, OH) was used. The compost contains
0.21% nitrogen (0.12% ammonia-nitrogen, 0.09% nitrate nitrogen), 0.07% of P,Os, and
0.14% of K»0O. Measured pH of the soil was 8.1 at 25 °C. Sterilized soil (pH 6.8) was
prepared by heating up the above soil at 200 °C for 24 hours in the oven followed by

storing in a vacuum desiccator.

3.2 Sample Preparation

3.2.1 Meh Compou.. liag
Direct addition of IL-4, and IL-5 at concentrations up to 10 wt% into the molten PLA in
the counter rotating Brabender batch mixer (PL2000, C.W. Brabender) created segregated
samples since the ILs tended to concentrate on the surface of the mixer bowl.

[L-4 or IL-5 were then dissolved in EtOH/H,O (4:1) and PLA pellets were added
in this solution until thoroughly immersed for 24hrs. The solvent was removed by heating

at 70°C for 24hrs in a ventilated oven. The concentrations of [L-4 and IL-5 in the solution
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were selected so that the dried pre-mix contained 10 wt% IL. Different weight
percentages of ILs in PLA were used. To produce 1 wt% and 5 wt% of IL-4 or IL-5 in
PLA, proper amounts of PLA pellets were added along with the pre-coated pellets in the
mixer bowl and melt blended at 50 rpm and 160°C for 10 minutes under nitrogen until
the torque stabilized. After melt processing, PLA and PLA/ 5wt% IL-5 samples were
transparent and had brown color; PLA/ 5wt% IL-4 was dark brown probably the result of

excessive degradation. The mixtures produced were then compression molded in a

hydraulic compression press for 2 minutes at 180°C into 10mm thick films.

3.2.2 Solvent Casting

5 wt% (based on PLA) of IL-4 or IL-5 was dissolved in chloroform and PLA pellets were
added in each solution. Model compounds containing only decanoic acid and
MMT/phosphonium cation (MMT-4) were also prepared in order the separate the effect
of the anion from that of the cation in IL-4. To keep the same concentration of decanoate
anions and phosphonium cations as in [L-4, 1.6 wt% of DECA and 50 wt% of MMT-4
were dissolved/dispersed, respectively in the PLA solution. As a control, a MMT-Na*
slurry containing 50wt% clay based on PLA was also produced. After homogenization,
the polymer/additive solution was poured into glass petri dishes and kept for 48 hrs under
the hood. After most of the chloroform had evaporated, the remaining solids were dried
under vacuum. The thicknesses of the dried films were 1mm with a diameter of 7.5 cm.
3.2.3 Preparation of Nanoclay Modified with IL-4

The cationic exchange reaction was carried out according to [27]. IL-4 was added at 2X

the stoichiometric amount of the cationic exchange capacity (CEC) (3.65 g respectively
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in 250 ml solution) of MMT-Na*. IL-4 was dissolved in ethanol (200 ml) and deionized
water (50 ml) solution by vigorous stirring for 10 minutes at room temperature. MMT-
Na* (3 g) was then added to the solution. The cationic exchange reaction was performed
at 60 °C under reflux. The modified MMT was collected by vacuum filtration (Genuine
Whatman filter paper, 7cm diameter, 1.6um pore size). The modified MMT was washed

many times in the funnel with EtOH / HZO solution and then three more times with
vigorous stirring in a 500ml (EtOH 80 %, H20 20 %) beaker in order to remove residual
anions. The finally filtered MMT (designated as MMT-4) was dried at room temperature
for 24 hours and then at 900C for 24 hours under vacuum. The final products were ground

o
with a mortar and pestle and dried at 90 C for 24 hours under vacuum once again.

3.3 Testing and Characterization
3.3.1 Thermal Properties
PLA, ILs, and their compounds were characterized by thermogravimetric analysis, TGA,
(TA Instruments, QA 50 analyzer) from room temperature to 500°C, at a heating rate of
20°C/min in a nitrogen atmosphere to determine thermal stability.
PLA, ILs, and their compounds were characterized by differential scanning
calorimetry, DSC, (TA Instruments, QA 100 analyzer) from 0°C to 150°C at a heating

rate of 10°C/min to determine glass transition temperatures.

3.3.2 Rheological Characterization
3.3.2.1 Helical Barrel Rheometer. The HBR™ is a portable on-line viscosity

measuring instrument with a single screw that measures pressure drop across a flight at a
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given shaft speed. The data set can be converted to determine viscosity as a function of
shear rate. Viscometric behavior of PLA, PLA/ 5wt% IL-4, and PLA/ 5wt% IL-5 was

RTM

determined by the HB (Figure 3.3) over a period of 70 minutes at constant shaft

speed. To eliminate air in the feed compound and stabilize it before measuring viscosity,
20g of PLA and pre-coated PLA pellets with 5 wt% IL-4 and 5 wt% IL-5 were fed and
compressed for a period of 1 minute. Measurements were taken at 160°C and 5 RPM in
order to minimize excessive thermomechanical degradation.

With the geometry as noted in Figure 3.3 b, the viscosity, 7, changes as function
of time can be calculated from equation 3.2 using the rotor speed and pressure drop 2t

closed discharge.

2
AP=6[ﬂih)’] nN 3.1
TR
| 2| AT 32
. 6(@] g 62)

h = Channel depth (1mm), D, = Diameter of rotor (23 mm), AP = pressure difference over
one flight, and N = rotor speed
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3.3.2.2 Capillary Rheometer. Information on apparent viscosities of PLA/IL-4,
PLA/IL-5 melt mixed compounds were determined using a capillary rheometer (Instron,
Model 4204) in the shear rate range of 15 s'to 38 s at 190 °C. A series of capillary dies
of length/diameter (/d) ratio of 38.3 and diameter of 1.59 mm was used to obtain the die

wall shear stress, shear rate, and apparent viscosity. Viscosity was obtained from

Equation 3.5 by using values of the shear stress (Tway) and the shear rate (9wa||) at the

capillary wall derived from equations 3.3 and 3.4. No Bagley or Rabinowitsch

corrections were applied in this study.

Toall = (APR.)/2L = (APH)/4L (3.3)

AP= pressure drop across the capillary tube
H = inside capillary tube diameter
R. = inside capillary tube radius

L = capillary tube length.

Pwat = (4QM(TR.) (3.4)

Q = volumetric flow rate, cm’/sec

v = average fluid velocity, cm/s.

Twall =M q}wall (35)

N = viscosity of fluid.
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3.3.3 Isothermal Degradation

[sothermal degradation experiments were carried out at 160 °C for 7 days in a ventilated
oven in air. An initial amount of 2 grams of each sample (PLA, PLA/S wt% IL-4, PLA/S
wt% IL-5,) from the melt mixing process was ground to a powder and placed in
uncovered glass jars. [L-4 and IL-5 were also used as controls. All samples were weighed
every two hours for the first day and then weighed at intervals of 24 hours for seven days.
Another set of five samples was placed in the uncovered glass jars at 160 °C in the same

oven. Samples collected at pre-determined time intervals were analyzed by GPC.

3.3.4 Hydrolytic Degradation

PLA, PLA/ 5wt% IL-4, and PLA/ 5wt% IL-5 processed by melt mixing were
compression molded using a circular plate at 160 °C. Specimens with diameter of 30 mm
and thickness of 1.5 mm were then cut into four equal pieces. Specimens were placed
into small flasks filled with 60 ml of 1M (phosphate buffer solution, PBS) at pH 7.4. The
flasks were allowed to stand in a thermostatted oven at 60 °C for predetermined periods
of time. Samples were withdrawn from the PBS after 1 day, 4 days, 6 days and 11 days
and washed with distilled water followed by drying in the vacuum oven for a week at
room temperature. Samples taken on the 6" day were used for MW analysis by gel
permeation chromatography (GPC). The pH change of the degradation medium was

frequently measured up to 30 days.
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3.3.5 Soil Degradation
Biodegradability was determined by measuring weight loss of the pre-cut lcm x lcm
specimens with Imm thickness buried in the soil. The buried specimens were incubated
at 60 °C. Relative humidity was kept constant at 30-35 % and measured by a moisture
meter (HH2, Delta T, Cambridge, England). Each specimen was removed from the soil
after burial for 1, 2, 3, 4 weeks, respectively. The specimens were swiped to remove soil
on the sur... > an dried at 40 °C in « .acuum oven overnight. Plans were to calculate
weight changes at each time period using the following equation:

% Weight Change = 100 x (Wi— W)/ W,
Where W; and W, respectively are weights of the initial sample and that at time t.

Another set of samples were placed in the sterilized soil in the same manner to
compare the % weight changes and visual appearances with those degraded in the

unsterilized soil.

3.3.6 Gel Permeation Chromatography

Molecular weights of the samples before and after thermal and hydrolytic degradations

were determined by GPC [Waters Co., RI detector, PLgel 5 um MIXED-C, 300%7.5 mm

(PL1110-6500) column] with THF as eluent at 1.0 ml/min at 35 °C. Columns were
previously calibrated using poly(methylmethacrylate) standards. Samples were dissolved

in THF (concentration up to 5 wt%).
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3.3.7 pH and Acid Number
The pH of the buffer solution at different hydrolytic degradation periods, after sample
removal, was measured to monitor changes that could be a combination of acidic
degradation byproducts resulting from the polymer and the ILs. When the tests were
completed, the samples were washed with distilled water and dried under vacuum at
room temperature for further characterization.

Acid numbers (mg of KOH/ g of sample) of PLA, PLA/ 5wt% IL-4, PLA/ 5wt%
IL-5 (p.cpwed by solvent casting) befure and after six days of hydrolytic degradation
were determined by titration using 0.05 N KOH solution with phenolphthalein as an
indicator in chloroform as a solvent. Acid numbers of 1L-4, and IL-5 in chloroform at a
concentration of 0.016 wt% (same concentration of ILs as in PLA/ILs) were also

measured.

3.3.8 Physical and Mechanical Properties

3.3.8.1 Flexural Properties.  Test specimens (100mm length, 13mm width, and lmm
thickness) were prepared by pressing melt mixed samples for 2 min at 160 °C. The
flexural strength and flexural modulus by 3-point bending were measured by a Tinius-
Olsen (Lo Cap Universal) testing machine using a span to depth ratio of 16:1, up to 5%
deformation/strain (ASTM 790) at a crosshead speed of 0.5 cm/min. Flexural strength

and modulus were calculated using the following equations 3.6 and 3.7.

31l
S = 3.6
2ba’ (36)

3
g=" (3.7)

" 4bd?
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Where:
S = stress in the outer surface at mid-span (Pa)
f=load at a given point on the curve (N)
E = Flexural modulus (Pa)
m = initial slope of the load vs. deflection curve (N/m)
a = thickness of beam (m)
b = width of beam (m)
d = depth of test beam (m)
[ = span length between two support points (m)
In the case of PLA/IL-4, the samples broke at about f= 7.5N load and the
calculated strength is indeed the maximum stress at break. PLA and /PLA/IL-5 samples
did not break but rather bent excessively and the reported strength refers to the maximum

recorded force.

3.3.8.2 Coefficient of Friction. A dynamic friction coefficient was measured using
a mobility/lubricity tester (9505A, Altek Co., Torrington, CT) composed of lkg sled
(9793A, Altek, Co.) as shown in Figure 3.4. A steel sled with | kg weight contacts three
steel balls on the surface of the sample and measures the friction force resisting the
movement of the load cell. Three | mm thick films (PLA, PLA/ 5wt% IL-4 and PLA/
5wt% IL-5) were prepared by the melt mixing method followed by pressing for 2 minutes
at 160 °C. The string connected to the load cell and sled was pulled by a motor at the
selected speed and the measured force converted to coefficient of friction (COF) was

recorded by a gauge. COF was the average of three measurements. All friction tests were
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The samples were carbon coated using a Bal-Tee Med 020 Sputter Coater and then
viewed by varying the working voltage (from 1 to 10 kV).

3.3.9.2 Energy Dispersive X-Ray Analysis (EDX). Elemental analysis was
performed by EDX on the surfaces and cross-sections of samples examined by SEM. The
distribution of IL-4 and IL-5 in the PLA matrix was investigated by analyzing for
elements such as P and F present in the cations of [L-4 and IL-5 and in the anion of IL-5,
respectively. The P/F ratio was calculzted and compared with the theoretical ratio of P/F
in the case of IL-5.

3.3.9.3 X-Ray Diffraction (XRD). Philips PW3040 diffractometer (Cu Ka
radiation A=1.5406 A, generator voltage = 45 kV, current = 40 uA) was used to evaluate
the crystallinity of the PLA before and after soil degradation. The scanned 20 range was

from 5° - 45° for every sample.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Miscibility of ILs and PLA
There are numerous demands put on plasticizers, but an especially important factor is that
plasticizers should be miscible with PLA, thus creating a homogeneous blend. Solubility
parameter, ¢ (Equation 4.1) [92] is the most effective indicator to predict the miscibility

and solubility of ILs with various polymers and in the present case PLA.

5= —EV’ (4.1)

Where E,, is cohesive energy and V is molar volume for plasticizer or polymer.

Plasticizers are usually miscible with polymers when their solubility parameters are
matched or show small differences.

In this study, the solubility parameters of PLA, IL-4 and IL-5 were estimated
from group contributions as per procedures summarized by Van Krevelen [92]. For PLA,
the methods of Small, Van Krevelen and Hoy, based on group contributions to the molar
attraction constant, and by taking PLA density, p, as 1.25 g/cm3 and MW of the repeat
unit as 72 gave reasonably close values of 19.6, 18.6 and 19.9 MPa”, respectively (Table
4.1).

All calculations were based on Equations 4.1 and 4.2 but with different values for

E.pand V.
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= 4.2)

where F' is the group molar attraction constant.

From the a structural point of view [93], IL-4 and IL-5 both have long alkyl

chains in the cation which can improve the miscibility with PLA by secondary bonding or

interaction with the hydrocarbon backbone in PLA.

Table 4.1 Group Contributions to F [92]

Values Small Van Krevelen Hoy
—CHj3 438 420 303.4
—CO0— 634 512 668
>('_:'— 57 140 176

4.1.1 Predicted Miscibility of IL-4 and PLA

The group contributions to cohesive energy and molar volume method by the Fedors
method [94], although apparently less accurate than Small, Van Krevelen and Hoy’s
methods, contained a larger number of structural groups and could as a result be used for
[L-4 that contain elements such as phosphorus. The molar volume of IL-4 is calculated
from a density of 0.88 g/cm3 provided from the MSDS (Materials Safety Data Sheet)
from Merck & Co., Inc. Fedor’s method using equation 4.1, gave a solubility parameter

value for PLA of 17.9 MPa " (lower than those of the other methods) and a very similar
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value for IL-4 (approximately 17.5 MPa ”*). The cohesive energy of groups in IL-4
provided by Fedor and used for the calculation are -CH> (4940 J/mol), -CH3 (4710 J/mol),
-P (9420 J/mol), and —COO (18000 J/mol) (See Appendix A). Molar volumes of groups
used for these calculations were obtained from Table 7.4 of [92] and were very similar to
values provided rrom Cytec [16].

The similarity in the solubility parameters suggests that the IL-4 should be
miscible with PLA, as also shown in the literature for other potential PLA plasticizers
such as triacetin [95] and citrate oligomers having § values approaching that of PLA.

It is recognized that the use of the Hansen solubility parameters based on partial
parameters corresponding to dispersion forces, dipole-dipole forces and H-bonding would
have been more appropriate considering the polar nature of the PLA and the ILs.
However, Hansen’s data on the phosphorous group necessary for these calculations are

not available.

4.1.2 Predicted Miscibility of IL-5 and PLA

The solubility parameter of [L-5 was calculated using a molar volume of 651cm*/mol [92,
16] by the same group contribution technique described in Section 4.1.1. The cohesive
energy of groups provided by Fedors for IL-5 and used for the calculation are —-CH; (4940
J/mol), -CHj; (4710 J/mol), P (9420 J/mol), B (13810 J/mol), and F (4190 J/mol) (See also
Appendix A). The calculated solubility parameter was 17.4 MPa” which suggests that IL-
5 should also be miscible with PLA. It is understood that predictions of miscibility based

on solubility parameter are independent of the IL concentration.
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Table 4.3 EDX Elemental Analysis of PLA/ Swt% IL-5 Surface

Element Weight% Atomic%
C 55.29 62.31
O 43.74 37.01
F 0.96 | 0.69
P 0.28 0.12
Totals 100.00

Elemental EDX mapping of ILs has been used by other authors to determine uniformity
of their distribution in a polymer matrix. Sanes et al. [32] prepared polymer/ 10wt% IL
blends using polystyrene, PS, and 1-ethyl-3-methyl imidazolium tetrafluorobrate,
[EMIM]'[BF4]” . EDX results of the mixture on fractured surfaces showed a
heterogeneous phase distribution where in dark grey regions attributed to the IL elements
such as fluorine, nitrogen, etc were detected. This non-uniform IL distribution may due to
either the high concentration of IL in PS or the poor miscibility of PS and

[EMIM]'[BF4]".

4.1.5 Phase Separation of ILs in PLA

The cross-section of PLA/ Swt% IL-4 after one year showed uniformly dispersed phases
of PLA and I[L-4 (Figure 4.5). By contrast, a distinct sign of phase separation (Figure 4.6)
of PLA/ Swt% IL-5 after a long time period of one year was detected by SEM resulting
from agglomerated white phases on the cross-section of the fractured sample. This
phenomenon suggests that PLA/ Swt% IL-5 tends to have relatively poor long-term

miscibility and compatibility of the IL-5 and PLA.
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molecules along the sides of the sample.

4.1.6 Glass Transition Temperature

DSC scans of melt processed samples were carried out in order to confirm the miscibility
of ILs with PLA by determining the T, of the blends. Figure 4.7 shows DSC scans of the
PLA/ILs blends. The T, was taken as the midpoint of the inflection. For pure PLA, the T,
was observed at approximately 60 °C and decreased with increasing concentration of IL.
At 10 wt% IL-4 (the more effective additive), the T, decreased to approximately 45 °C,
which is at the same level as that attained with polyethylene glycol, PEG, conventional
plasticizers . No glass transition temperature was detectable for either IL-4 or IL-5 at
temperatures as low as -30 °C. Thus, both ILs can be considered as plasticizers with

efficiency depending on their type and concentration. (Table 4.4)
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Polymer plasticization involves the entrance of smaller plasticizer molecules into
the matrix allowing more slipping and flexibility of the polymer molecules. Thus, the
smaller plasticizer molecules increase the interchain distance between the large polymer
molecules reducing their entaiiglements and, thus, lowering the glass transition
temperature. ILs used as plasticizers can also change T, by increasing free space and
volume of polymer and allowing polymer segment mobility even at lower temperatures.
[Ls used in this study have anions with different values of molar volume as calculated
from density and MW: IL-4 has a higher molar volume of 744.5cm’/mol while the molar
volume of IL-5 is 65lcm’/mol. The higher molar volume of the anions in [L-4 and their
enhanced organophilic interactions with the PLA hydrocarbon backbone should more
effectively lower T, than IL-5.

It should be noted that T, decreases with decreasing M,, according to the

Equation 4.7 [96].

T,=T,"- C/M, @.7)

T, » is the glass transition temperature at infinite polymer molecular weight and C is a
constant whose units are °K mol g

Thus, direct comparison of the effects of the ILs on Ty would only be possible if
no MW changes took place during blending. As will be shown in later chapters, both ILs
reduced the MW of PLA to different degrees, acting catalytically. Therefore the reduction

of the T, of PLA could be the result of a combined plasticization/degradation effect.



65

4.2 Thermal Stability of ILs/PLA by TGA

Figures 4.8 and 4.9 compare the thermal stabilities under nitrogen of single components
and blends produced by melt mixing. In terms of increasing thermal stability the blend
components are classified as IL-5>PLA pelllets>IL-4 (Fig.4.8). IL-5 lost about 50 wt% of
its initial weight at approximately 485 °C whereas IL-4 lost half of its initial weight at
approximately 360 °C. PLA/IL-4 blends have lower thermal stability than PLA/IL-5
blends (Figure 4.9) (due to the inherent lower thermal stability of IL-4) and both blends
have lower thermal stability than the non-processed PLA pellets. Although both ILs have
the same phosphonium based cation, [L-4 caused the most rapid weight loss of PLA
while PLA/IL-5 was relatively stable. This leads to the conclusion that IL-4 displays a
more intensive catalytic degradative effect compared to IL-5.

PLA/ 5wt% IL-5 lost 10 wt% of its initial weight at approximately 360 °C. The
temperature at which PLA/PEG (conventional plasticizer for PLA) looses 10wt% of its
initial weight is about 300 °C [97] under at similar TGA operating conditions. This may
be due to the presence of the phosphonium based cations which are known as thermally

stable [98] resulting, thus, in a plasticized compound with higher stability than PLA/PEG.
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In plotting TGA data, the temperature range was from about 200 °C to a temperature
corresponding to 10% weight remaining for each sample.

The calculated E, values from Figure 4.10 are 176.3 kJ/mol, 84.8 kJ/mol, and
130.3 kJ/mol for PLA, PLA/IL-4, and PLA/IL-5 respectively. High R? are calculated for
each case. This suggests that PLA and PLA/IL-5 have higher thermal stability than

PLA/IL-4 in agreement with Section 4.4.1.

4.3 Flow Characteristics of ILs/PLA

4.3.1 Capillary Rheometer

Figure 4.11 contains viscosity /shear rate curves for PLA and PLA/IL-5 samples prepared
by melt mixing. It is evident that IL-5 produces significant reductions in the PLA
apparent viscosity, proportional to its increasing concentration. The apparent viscosity of
PLA/IL-5 (10 wt%) is 57.3 Pa-s while that of PLA is 531.6 Pa:s at 384 s and 190°C. In
addition, while PLA/IL-5 (10 wt%) exhibits a marked negative dependence of apparent
viscosity vs. apparent shear rate in the range relevant for processing, the viscosity of PLA

decreases only slightly when the shear rate increases.
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groups of IL-4 as mentioned also in Section 4.3.1. In the case of PLA and PLA/ 5wt% IL-
5, in agreement with the results of the capillary viscometry, PLA/IL-5 showed a lower
viscosity and less tendency to degradation. As shown in Sections 4.3.1 and 4.3.2, both
IL-4 and IL-5 reduced viscosities of PLA/ILs, to different degrees, and could be

potentially used as internal lubricants to improve flow characteristics.

4.3.3 Torque Curves during Melt Mixing
As shown in Figure 4.13, at a concentration of 5 wt% IL-4 in PLA, torque dropped to
zero, two minutes after addition of the neat PLA pellets to 10 wt% PLA/IL-4 pre-coated
pellets. Again, this may due to migration of the carboxylated additive in PLA to the steel
rotors of the batch mixer to induce slippage by the formation of a lubricating layer [101].
At 5 wt% IL-5 the torque increased somewhat at approximately 1 minute after the
addition of the PLA pellets and remained more or less steady throughout the mixing
period. At all times, torque values of PLA/ILs were lower than the torque levels attained
by the PLA alone. At 10 wt% IL-4 concentrations (data not shown), torque was
practically zero at the time of addition and remained zero until the end of the mixing
period. At 10 wt% of IL-5 (data not shown), torque decreased gradually from the time of
addition but was still measurable. At | wt% of ILs, (data not shown) torque values were
measurable for both ILs, however, torque decreased much more rapidly in the case of

PLA/IL-4.
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4.4.2 Molecular Weight Changes as a Function of Time

Table 4.5 contains molecular weight data, obtained by GPC, for PLA and its blends with
[L-4 and IL-5, before and after isothermal degradation.

Table 4.5 MW Changes of Melt Processed PLA, PLA/ 5wt% IL-4 and PLA/ 5wt% IL-5

before and after Isothermal Heating at 160°C; M,, M,, and M, are Peak MW, Number
Average MW, and Weight Average MW, Respectively

Samples

PLA PLA/IL.-4 PLA/IL-5
M, (M,, My,) M, ( My, M) M, ( My, My,)
Thermal treatment
Nonc 168880 N/A N/A

(113200, 172260)

After melt 154950 62930 185900
processing (113200, 161090) | (39327, 62520) | (126740, 196920)

4 hours heatin 143030 i 139640
g (103620, 145040) (97080, 142900)

145470 22620 128310

6 hours heating (96350, 141360) | (20930, 25380) | (78260, 129630)

129230 17550 140630

8 hours heating (91900, 131270) | (16500, 18560) | (89890,137470)

138280 24060 95330

19 hours heating (88640, 146450) | (19020, 27170) | (57300, 99350)

50 hours heatin 109110 79120
¢ (85790, 117460) ) (52030, 86240)
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Molecular weights in the Table are expressed as M, (Peak MW), M, (number
average MW) and M,, (weight average MW). The data were most often based on single
point measurements on degraded, small samples, having complex and possibly non-
uniform composition; as a result some observed discrepancies are as expected. Overall,
however, some reasonable trends can be observed.

As expected the MW of PLA decreases somewhat after melt processing and by
about 27% after 50 hours isothermal heating at 160 °C. The PLA/ Swt% IL-4 underwent
the most rapid degradation after melt processing and the polymer MW decreased further
to very low values after 19 hours isothermal heating. Although the PLA/ S5wt% IL-5 had
an abnormally high MW value after melt processing, the polymer MW began decreasing
upon isothermal heating, however, more rapidly than that of the unmodified PLA. The
data are in agreement with the previously obtained differences in thermal stability of the

three materials.

4.4.3 Thermal Degradation and Modeling

4.4.3.1 Degradation Rate Constant. Many researchers have studied degradation
mechanisms of aliphatic polyesters and derived mathematical models to fit experimental
data [102, 103]. Emsley and Heywood [104] used the following equation that accounts
for the relationship between degree of polymerization and time based on random chain

scission model.

I/DP, - 1/DPy = kt (4.8)
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where DP, is degree of polymerization at time ¢,. DP, is initial degree of polymerization,
and k is degradation rate constant.

Calculated DP values in this work were based on number average molecular
weight. 1/DP of was plotted vs. time according to Equation 4.8. As shown in Figure 4.15,
all systems obeyed a reasonable linearity up to 19 hours which allowed the calculation
and comparison of the initial rate constants. The derived k values were 8.5 x 10¢s™, 3.05
x 10* s, and 3.42 x 10° s, for PLA, PLA/IL-4, and PLA/IL-5, respectively. The
corresponding R? values were 0.88, 0.99, and 0.96. The calculated rate constant values by
equation 4.81 were higher for both [Ls modified PLA than the unmodified polymer. The
high R* values also confirm that the thermal degradation of PLA in the - csence of the
ILs occurs by the same chain scission mechanism that is assumed in the derivation of

Equation 4.8.
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4.5.2 Molecular Weight Changes as a Function of Time

MW changes of melt mixed samples after 6 days of hydrolytic degradation indicate that
both IL-4 and IL-5 accelerate the degradation of PLA (Table 4.6); however, as in the case
of thermal degradation, the effects of IL-4 are much more pronounced. Peak molecular
weight, M), values by GPC after 144 hours were 65,353 (PLA) vs. 3,543 (PLA/IL-4) and

37,053 (PLA/IL-S).

Table 4.6 Peak MW, M,,, Changes of PLA, PLA/ 5wt% IL-4 and PLA/ 5wt% IL-5 before
and after Hydrolytic Degradation (144 hrs)

Samples M, M, M,
Treatment PLA PLA/IL-4 PLA/IL-5
None 168880 N/A N/A
After melt 154950 62970 185900
processing
After melt processing
followed by 144 hrs 65350 3540 37050
hydrolytic
degradation

It is known that PLA degradation is acid catalyzed, particularly in the presence of
carboxylic groups [106]; this could explain the significant effect of the decanoate anion.
On the other hand, the BF, anion of IL-5 could also accelerate the degradation by
forming HF in water [16]. To investigate the relative contributions of the cation and the
anion to the degradation of PLA, model compounds (PLA/DECA, PLA/MMT-0, and

PLA/MMT-4) were prepared. The effects of the cations and anions on the polymer peak
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MW after 144 hrs hydrolytic degradation are shown in Table 4.7
Table 4.7 Peak MW, M,, Changes of PLA, PLA/MMT-0, PLA/MMT-4, PLA/IL-4, and

PLA/decanoic Acid Prepared by the Solvent Casting Method after 144 hrs Hydrolytic
Degradation

As prepared After 144 hrs hydrolytic
degradation
PLA 162280 89100
PLA/MMT-0 (untreated 167950 80310
MMT control)
PLAMMT-4 156810 34650
(phosphonium cation
modified MMT)
PLA/IL-4(phosphonium 29000 750
cation/decanoate anion)
PLA/DECA 111260 20010

Unmodified MMT-0 appears to have little, if any, catalytic effect on the polymer
degradation. The presence, however, of the phosphonium cation on the MMT (MMT-4)
although having little effect on the polymer MW of the *“as prepared” samples does have
a significant effect on the samples subjected to hydrolytic degradation. Decanoic acid

and its anion contribute somewhat to degradation of both the “as prepared” samples and
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much more to the ones subjected to hydrolytic degradation. IL-4 containing a
combination of phosphonium and decanoate ions appears to catalyze degradation of both
the ‘“as prepared” samples and also those subjected to hydrolytic degradation. In
summary, both phosphonium cations and decanoate anions play a significant role in the
PLA degradation with the catalytic effect more pronounced for the decanoate anion. It
should be noted that IL tributylhexacecyl phosponium bromide containing the same
phosphonium cation has been reported to be an effective catalyst in the alkaline

hydrolysis of polyethylene terephthalate (PET) [107].

4.5.3 Scanning Electron Microscopy

The morphological changes due to the incubation in PBS were visualized by SEM
micrographs of specimens collected at certain time periods of time. Figure 4.17 shows
“TM micrographs of PLA, PT A/IL-4 anu r o A/IL-5 before and after 144 hours of
hydrolytic degradation. Both PLA/IL-4 and PLA/IL-5 samples display rough surfaces
and porosity compared to PLA. The pictures, clearly, revealed that all the surfaces of
PLA/IL blends were degraded. The effects are much more pronounced for the PLA/IL-4

sample that is characterized by accelerated degradation.
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Average pore sizes increased in the order of PLA, PLA/IL-5, and PLA/IL-4
(0.3um, lum, 5 um) (see Appendix B), confirming the rapid acceleration of degradation
by both IL-4 and IL-5, but in particular IL-4. It is known that degradation causes an
increase in the number of carboxylic acid chain ends which are known to autocatalyze
ester hydrolysis. In the case of IL-4, additional degradation appears to be due to the

presence of decanoate anions/decanoic acid in the hydrolysis medium.

4.5.4 Acid Number and pH Changes as a Function of Time

Figure 4.18 shows the pH of the degradation medium at different incubation times. In the
case of PLA/ 5wt% IL-4, as mentioned before, the presence of decanoic acid in the
degradation medium could catalyze and accelerate the hydrolysis of other ester bonds.
The pH decreases due to polymer degradation involving autocatalysis, resulting in
increase of -COOH concentration. PLA/ Swt% IL-5 is forming a byproduct (HF) which
could also decrease the pH value of the degradation medium [16]. However, it is
understood that HF could react with the silicate glass of the container thus affecting the
pH reading. The pH of the PBS containing immersed PLA and PLA/ 5wt% IL-5
remained stable for the first 3 days whereas for the PLA/ Swt% IL-4 system it dropped
down to 3.5 in 5 days. In the case of PLA, pH decreased slightly between 10 and 12 days
followed by rapid decrease to 4 between 13 and 16 days, due to formation of acidic
oligomers/monomer. The pH change of PLA/ Swt% IL-4 was the most rapid among the
samples, in agreement with the MW changes of PLA/ Swt% IL-4 after 6 days of

hydrolytic degradation.
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Table 4.8 Acid Numbers before and after Hydrolytic Degradation

Sample Acid number Acid numb;r (after 6 Qays of
(control) hydrolytic degradation)
PLA 2.21 9.2
PLA/ 5wt% IL-4 7.57 35.6
PLA/ Swt% IL-5 5.02 8.4
IL-4 7.15 N/A
IL-5 2.52 N/A

4.6 Soil Degradation Characteristics of PLA and PLA/ILs

4.6.1 Visual Observation

There was no significant visual difference between PLA and PLA/ILs blends until 7 days.
The apparent decay after 7 days of the neat PLA is slower than that of PLA/ Swt% I[L-5
and PLA/ 5wt% IL-4, indicating that PLA/ILs blends have higher biodegradability than
PLA. After 21 days, samples could not be fully recovered due to a considerable
fragmentation, as shown in Figure 4.19. PLA/ILs blends were already cracked and
crumbled after 14 days, and recovery of the degraded fragments was difficult after that
time period. For all samples, color change to opaque white started on the 7™ day as in the
case of hydrolytic degradation. This is due to crystallization promoted by the formation
of low MW polymer during degradation (See Section 4.6.3). It should be mentioned that

weight losses could not easily be measured due to excessive fragmentation of the samples
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soil system was expected to be controlled by moisture only. The surface of the matrix
PLA appears unchanged except for the color change and shrinkage after the burial-test
(Figs 4.19 b, ¢). In the case of PLA/ILs blends, many cracks were observed especially for
the PLA IL-4 in soil. The cracks were thought to be formed by the excessive degradation
of the polymer and shrinkage of the sample due to PLA crystallization as a result of its
MW reduction. Such cracks were not observed in the case of PLA and PLA/IL-5 blend in
both soil and sterilized soil. In general, samples degraded in sterilized soil were less

opaque than samples degraded in the “as received” solil.

4.6.2 Change of Crystallinity after Soil Degradation

Figure 4.20 shows the X-ray spectrum of PLA before and after 4 weeks of soil
degradation. The spectrum of the initial polymer was typical of an amorphous polymeric
material. After 4 weeks of degradation a peak (17°) clearly appeared, indicating
morphological changes. A second narrow peak (18.5°) appeared at the expense of the
scattered energy due to the amorphous domains as also shown by Miyajima et al. [108]
The peaks indicate that amorphous PLA crystallized during/after soil degradation due to
its lower molecular weight. This is supported by the results of Miyajima et al. [108] who
studied the hydrolytic degradation of amorphous PLA prepared by quenching. They
obtained similar peaks after 16 hours immersion in pH 7.4 PBS at 37 °C. Degradation
gives shorter chains that are more mobile than longer ones, and more susceptible to
crystallize. Since PLA/ IL-4 and PLA/IL-5 also became whitish after 4 weeks, it is
assumed that crystallization of the amorphous polymer also took place. As a result, XRD

experiments were not carried out with the exposed blends. The results of this Section
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force for the run. The resulting COF values of ILs in PLA are compared with PLA in
Table 4.9. Two important observations are made: (i) for both PLA/IL-4 and PLA/IL-5
compositions, COF values were significantly lower than that of PLA. (ii) PLA/IL-5
showed a lower COF than PLA-IL-4. Both IL-4 and IL-5 appear to be good internal

lubricants which would tend to migrate to the surface of the PLA matrix.

Table 4.9 Contact Angle and Coefficient of Friction Results.

Coefficient of friction

Sample (ALTEK) Contact angle (deg)
PLA 0.45+0.07 71.10
PLA/ 5wt% IL-4 0.17+0.05 66
PLA/ Swt% IL-5 0.08+0.02 58.9

In the aboence of 1os, friction is between the rLA surface and the steel balls and,
as a result, the COF is very high (~0.45). Incorporation of ILs into the composite results
in ILs covering some fraction of the PLA matrix surface and causing a reduction in the
measured COF. ILs may be uniformly distributed in the PLA matrix including its surface
resulting in a reduction of COF. A possible explanation on the structure of PLA/ILs
blends is that the anion part of the ionic liquid can interact with positively charged sites

such as carbonyl group due to the delta (-) charge of oxygen atoms in the PLA chain.
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4.7.2 Contact Angle Measurements of PLLA and PLA/ILs

According to the results shown in Table 4.8, the presence of [L-4 and IL-5 decrease the
contact angle of water on PLA resulting in increasing hydrophilicity that depends on the
type of the anion. The more hydrophilic tetrafluoroborate anions [109] appear to be
present on the surface of the PLA film reducing, thus, the contact angle to about 59°. In
this experiment, it is found that there is a relationship between contact angle and
coefficient of friction; lower coefficient of friction corresponds to lower contact angle in

agreement with the results of Hiratsuka et al. [110].

4.7.3 Flexural Properties of PLA and PLA/ILs Blends

The effects of ILs on the mecchanical properties of PLA can be derived from the
summarized data in Figure 4.21. Please note that in the case of PLA/IL-4, the samples
broke at about 7.5N load and the calculated strength is indeed the maximum stress at
break that caused brittle fracture. PLA and /PLA/IL-5 samples were more ductile and did
not break but rather bent excessively; the reported strength refers to the maximum
recorded force.

As discussed in Section 4.1.6, the low T, of PLA/ILs samples could not only be
due to plasticization but also thermo-mechanical degradation. PLA/IL-4 was the most
highly degraded sample with the lowest T, and exhibited brittle fracture and a high
modulus. PLA/IL-5 underwent less thermo-mechanical degradation, had a higher T,, was
more ductile and had also a lower modulus. Therefore, it appears that IL-5 can be
considered as a better plasticizer. By contrast, processed PLA underwent relatively little

thermo-mechanical degradation and retained its high modulus and ductility.
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Figure 4.21 Flexural modulus and flexural strength of PLA, PLA/ Swt% IL-4, and PLA/
5wt% IL-5 by three point bending test. *Error bars indicate mean values + one standard
deviation.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

In this study, two ILs with different anions (decanoate, tetrafluoroborate) but with the
same phosphonium based cation were evaluated as potential plasticizers and lubricants
for PLA and also for their effects on its hydrolytic and thermal degradation. Both IL-4
and IL-5 were well dispersible and partly miscible with PLA at 5 wt% content as
evidenced by SEM and T, characterization, as well as from solubility parameter
calculations. However, in the case of PLA/ 5wt% IL-5, phase separation was observed
one year after melt processing.

The effects of the IL containing the decanoate anion (IL-4) were more pronounced
on lubrication and degradation as evidenced by reduced melt viscosities and accelerated
thermal/hydrolytic degradation; it could also be considered as a more effective plasticizer
based on T, suppression results although degree of plasticization could also be affected
by the observed excessive MW degradation during processing. The IL containing the
tetrafluoroborate anion increased the thermal stability of PLA, at least up to 40 hours at
160°C in air, and accelerated its hydrolytic degradation, but to a lesser extent than the
decanoate based IL. The catalytic role of the decanoate anion in hydrolytic degradation
was confirmed through experiments with model compound (PLA/DECA).

Hydrolytic chain scission of ester bonds catalyzed by carboxylic groups of PLA
and IL-4 and HF formed from IL-5 are the suggested mechanisms of the hydrolytic
degradation from results of pH and acid number changes, although it appears that the

presence of the phosphonium cation contributes also to accelerated degradation.
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SEM micrographs confirm that both [Ls accelerate hydrolytic degradation by increasing
pore size. In the “as received” soil, PLA and their IL blends (particularly the PLA/IL-4
blend) appeared to degrade faster than in a sterilized soil, presumably as a result of
additional enzymatic degradation. Different surface characteristics of the PLA/ILs were
manifested in differences in COF and contact angle measurements; PLA/IL-5 showed
lower COF towards steel and more hydrophilic characteristic than PLA and PLA/IL-4.
The effects of IL-5 on the mechanical properties of PLA blend demonstrated lowest
flexural strength and modulus but still higher ductility than IL-4.

Based on the results of this study, IL-5 could be considered as a more desirable
multifunctional additive for PLA offering a better balance of adverse vs. beneficial
effects than IL-4.

Further understanding of the biodegradation of PLA/ILs blends remains for future
studies. Research in the toxicity of ILs may be helpful to find applications of studied
PLA/ILs blends. Given the potential toxicity of ILs towards living organisms, further
experiments are recommended in order to separate the biodegradation of PLA from the
effects of ILs that could be released from the matrix in a controlled manner. Potential
applications for the studied PLA/ILs systems could be as additives in antibacterial

coatings or insecticide/pesticide containing devices.



APPENDIX A

CALCULATION OF SOLUBILITY PARAMETERS USING FEDORS METHOD
(92]

Solubility parameter of IL-4, IL-4, and PLA were calculate as shown in the follwings;
l.  Solubility Parameter of IL-4

CH2: 4940 J/mol (Cohesive energy according to Fedors)

CH3: 4710 J/mol

P: 9420 J/mol

COO: 18000 J/mol

Molar volume: 744.46 cm*/mol

1
6.___\/(4940x36)]/mol+(4710><5)J/m§)l+942OJ/mol+18000]/mol =17.53(J/cm3)5
744.46¢cm” I mol

=17.53 (MPa)'"?
2. Solubility parameter of IL-5
CH2: 4940 J/mol
CH3: 4710 J/mol
P: 9420 J/mol
B: 13810 J/mol
F: 4190 J/mol

Molar volume: 651 cm’*/mol

5= \/(4940>< 28)J / mol + (4710x 4)J / mol +9420J / mol +13810J / mol + (4190x4)J / mol

65 lem® I mol

= 17.4 (MPa)"?

9



3. Solubility parameter of PLA
CH: 3430 J/mol
CH3: 4710 J/mol
COO: 18000 J/mol

Molar volume: 58 ¢cm’/mol

5= \/3430] ! mol +4710J / mol +1470J / mol +18000J / mol

- =21.8J/cm’
58cm” [ mol

=21.8 (MPa)"”
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