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ABSTRAKT

Tato prace se zatfuje na Upravu materialovych vlastnosti a degtaite
chovani polyestér na bazi polylaktidu prostdnictvim modifikace polymerni
matrice pomoci specifickychiigad. Teoretick&tast prace fnasi gehled
sowasného stavu poznani v oblasti degradovatelnychinmeal, mechanismu
jejich degradace a metodologii testovani biodegrad&xperimentalnéast se
pak sousedi na i zpasoby uUpravy degradaiho chovani polylaktidu
prostednictvim jeho modifikace s antihydrolytickyndinidlem, chemicky
povrchow upravenymi pirodnimi viakny a hybridnimi plnivy. Nova metodaopr
popis degradaiho chovani polylaktidu pomoci dielektrické relaxia
spektroskopie byla v ramci této prace takeé testagaptimalizovana.

ABSTRACT

Tailoring of the material properties and degradatibehaviour of
polylactide based polyesters through their modiices with specific
compounds or the addition of the specific fillereres objectives of this work.
The theoretical part brings state of art in thé&fef environmentally degradable
polymers, degradation mechanisms and methodologyhef biodegradation
testing. Experimental part aims at three approatbepolylactide degradation
behaviour through its modification with anti-hydysis agent, surface
chemically treated natural fibres and hybrid fdlerThe novel method for
polylactide degradation process characterizatiorusing dielectric relaxation
spectroscopy was also tested and optimized witlerekperimental part.



THEORETICAL BACKGROUND

Introduction

Biodegradable polymers are natural (bio-based)yathgtic polymers that
are decomposed in environment by action of micramigm. They generally
possess comparable physicochemical properties amategsability with
conventional petroleum-based polymers. Therefore,the last decades a
significant progress in biodegradable polymers basn observed and the
polymers have been widely investigated as a replaneof conventional plastic
in various applications, especially in short-tersage in agriculture (mulching
films), packaging, disposal dishes and area of omeeli(e.g. drug delivery
systems, sutures, implants). However, there isffamtéo extend the range of
utilization in industry sectors such as electronmsd automotive. These
applications require materials with good stabibityd thermal and mechanical
properties, which can be supplied by various modifons of polymer matrix.

The polymer stability or degradability represente of the crucial parameter
for products end-use. Polymers are during procgsanml also during life time
exposed to many types of factors, which can cagbatiges in chemical and
physical properties. Therefore, the knowledge ef degradable processes can
enable the prediction of the material behaviouirduprocessing and usage.

The theoretical part brings an overview of the entrstate in a field of
biodegradable polymers, biodegradability estimateminiques and possibilities
in modification of environmental stability of polyrs. Experimental part aims
at three approaches for polylactide degradationawiebr through its
modification with anti-hydrolysis agent, surfacesnofically treated natural fibres
and hybrid fillers. The novel method for polylagiddegradation process
characterization by using dielectric relaxationcpmEscopy was also tested and
optimized within the experimental part.



1. Environmentally degradable polymers

Environmentally degradable polymers may be desdridecording to the
standard 1SO 472 as a material which is designedntdergo a significant
change in its chemical structure under specifiarenmental conditions. These
changes resulting in a loss of properties. The atkgion can be carried out in
two ways according to factors, which initiate thheqess. The first one is abiotic
mechanism, where the disintegration is caused hgtare, light, temperature,
mechanical impact etc. [1, 2, 3, 4]. The secona@harism is based on the
action of living organisms. However, both mechamsare in close synergy and
usually the abiotic degradation is the pre-stegern@lthe molar mass is reduced
and further more easily metabolisable fragmentsareed [3, 5].

1.1 Biodegradable polymers

Biodegradable polymers are designed to degrade Hmy dction of
microorganisms (e.g. bacteria, fungi) with the hasg products CQ CH,,
water and biomass. Biodegradable polymers can assifked as natural or
synthetic biodegradable polymers according to tbegin [6]. The way of the
catalysis of biodegradation process may also Maryarticular, the polymers
synthesized from natural resources are sensitiveniymatic degradation and
synthetic polymers can be usually considered ashylaeolytically degradable
polymers [7]. Nowadays, biodegradable polymers h&esn extensively
investigated as a replacement of conventional peignn various applications
in packaging, agriculture and medical field.



1.1.1.Natural biodegradable polymers

Polymers, which are synthesized or formed in ndrmaironment during the
growth cycles of organisms, are referred as natpaymers [8]. Those
polymers contain labile bonds that are degradalectty with action of
enzymes [3]. Microbial biopolymers are producedhesit directly via
fermentation or by chemical polymerisation of momosy which are produced
through fermentation [9]. Many biopolymers are bimpatible and have no
adverse effects on biological systems. Therefdreir tutilization is mainly in
biomedical applications [7]. Biopolymers can beididd into three major classes
according to their chemical structure: polysacalesj polypeptides and
bacterial polyesters.

Polysaccharidesare carbohydrate polymers formed from more than 2
monosaccharide units (Figure 1) linked togethemglygosidic linkages. They
play critical roles in a wide range of biologicddiochemical, and physical
processes, including cellular metabolism, signgllinand adhesion
[10]. Cellulose, starch and their derivatives hadwsen the major focus of
interest. They represent an interesting alterndbwvesynthetic polymers where
long-term durability is not desirable and rapid @&lation is an advantage [11].
Starch is composed of two structural units: lineemylose and branched
amylopectin. Cellulose is the most widespread pelyran the earth. It is
recovered from wood after removal of hemicellul@s® lignin. Starch and
cellulose based materials can be used in a widgerah applications such as
disposal products, packaging, personal care etoweMer, the increasing
attention is being paid to the polysaccharides,ciwvtare produced by living
organisms, such as hyaluronic acid, chitin, chitps@anthan, etc. [6, 12]. For
instance, chitosan, which is obtained by deacetylabf chitin, represents
promising antibacterial substance with naturaliarig
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Figure 1 — From the left: stuctural units of cetisk/starch and
chitosan.



Proteinsare polymers composed by regularly arranged eiffetypes of alfa
amino acids which are connected with peptide bdiodmged according to
reaction in Figure 2) and are folded into a thrameethsional structure. The
proteins play several functions in the nature: citmal (collagen, keratin,
elastin), transport and storage function (hemoglpbicatalytic (enzymes,
hormones) and protection (immunoglobulin). Beingaor component of many
tissues, proteins are preferably used in pharmeet¢uand biomedical
applications as a material for scaffolds for tissmgineering, sutures and drug
delivery systems [6, 7]. Well-known and most ughbiz proteins are e.g.
collagen/gelatin, casein, aloumin, soy proteinn z&i, 12].

R H R H R
| -H20 L]
2 HO N—H HO || | N || | N—H
O H O H O H
amino acid peptide bond

Figure 2 —Polycondensation of amino acids resulting pey
bonc.

The third class of biopolymers apoly(#-hydroxyalkanoate)gPHAS), the
natural polyesters, which are synthesized biochaliyic by microbial
fermentation. In Figure 3 is a schematic structofePHA where R can be
substituted by e.g. methyl and ethyl groups reprasg Poly@-
hydroxybutyrate) (PHB) and poly(-hydroxyvalera(HV), respectively. One
of the most investigated member of the PHAs, Behy(droxybutyrate), occurs
in bacteria cells as a carbon and energy storagga@ond in wide variety of
bacteria. PHB has potential in applications as al#gjvle plastics. However, its
high crystallinity, which causes the brittlenesspitls the usage. Therefore,
copolymers containing other hydroxyalkanoate uamespreferred [11, 13].
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Figure 3 - Structure of polgthydroxyalkanoate)s PHAs.



1.1.2.Synthetic biodegradable polymers

Opposite to natural polymers, synthetic biodegrigmlymers possess
biological inertness and more predictable propgrihich can be better tailored
to give a wider range of applications [14]. Moregva batch-to-batch
uniformity is obtained [7]. These properties madethetic biodegradable
polymers suitable for more versatile and diversariadical applications [15].
Biodegradation has been accomplished by scissionydfolytically unstable
linkages in the backbone, like esters, amides, @indtgs and urethanes [14].

Polyestersare thermoplastic polymers with aliphatic estakdiges in their
backbone, which are generally easily hydrolyzedydxers can be obtained
from wide range of monomers via ring-opening andndemsation
polymerization [7]. Due to their biodegradabilityhioresorbability, and
biocompatibility, the polyesters represent the madensively and the most
widely used biodegradable material in medicinelp], Several polyesters, such
as poly(lactic acid) (PLA), poly(glycolic acid) (P&} poly(s-caprolactone)
(PCL) and their copolymers, are produced on semmraercial scale. The broad
field of usage of polyesters has been defined, fui@posable products (cutlery,
cups, plates), packaging up to drug delivery systetissue engineering and
medical products (implants, sutures) [16, 17, 2§, 1

"OH

CHgj
n

Figure 4 - Chemical structure of PLA.
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Nowadays, PLA is one of the most utilized and itngaded polymer in the
group of polyesters. It is a linear polyester sgsthed either from lactic acid by
condensation reaction or by ring-opening of cydictide. According to
monomer, two products are then synthesized, paly¢lacid) or polylactide. To
simplify this, both products are called PLA. Thetia acid exhibits two optical
activities: L(+) and D(-). Resulting poly(L-lactaxid) (PLLA) and poly(D-lactic
acid) (PDLA) are semicrystalline polymers with telaly slow rate of
hydrolysis. However, poly(D,L-lactic acid) (PDLLAhas an amorphous
structure with better ability to hydrolysis. [20L,,22]

The group of biodegradabpmlyurethanesusually exhibits good mechanical
properties and desirable biocompatibility, whicle @xpected to be important
characteristics for biomedical materials [23, 2Rblyurethanesare generally
comprised of two chemically different parts coneectvith urethane linkages:
soft segment based on easily hydrolyzable polyBiSL{ PGA, PLA) and the
diisocyanate with chain extender (rigid segment}, [25]. The rigid part
provides polymer strength and lower ability to éebg than the soft part due to
better susceptibility of ester bones to hydrolygtegradation than the urethane
bonds. Therefore, physicochemical properties aaddte of the degradation can
be tailored by the ratio of soft to rigid segmemntdachemistries of the soft
segments. [26]

n
Figure 5 — Scheme of chemical structure of poljhaees.

The biodegradability of polyurethanes can be pdggitovided if the natural
biopolyols have been used for their synthesis. Gibpolyols are derived from
vegetable oils and thus, they are classified abdsied material. However, the
natural origin of these polyols may not guarantee biodegradability of the
resulting polyurethane. [27, 28]
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Polyamidegmay be also very useful for medical purposes [ZBgy dispose
excellent mechanical properties. Well-known polydesi are polyamide 6 and
66. However, they are limited with the low rate mbdegradation, which is
related to their high crystallinity and hydrophatyic[6, 30]. They are often
classified as nondegradable polymers. Neverthelessthe recent years,
sustained efforts have been devoted to increasaliiigy of polyamides to
degrade. The solution is polyamide 4 (PA 4), a pay of
y-aminobutyric acid which has been described a®ddgradable polymer [31].
Yamano et al. have tested the PA 4 biodegradahittyctive sludge [32],
Hashimoto et al. in soil [33] and Kawasaki et &scribed the biodegradation of
branched PA 4 [31]. Moreover, composites includingde and ester groups are
suggested and investigated as polymers with goopepties and degradability,
where the degradability of copolymers is increasmti ester bonds contents
[7, 11].

T O
N

H OH
n

Figure 6 - Chemical structure of Polyamide 4.

As a biodegradable polymers are reported alslyanhydrides which are
classified as most hydrolyticall** labile polymensedto their aliphatic anhydride
bonds in the bac.oone [7' Mechanism of the ~'eggrad is based mainly on
the surface erosion and uegrades uniformly intotoit metabolites that are
non-mutagenic, non-cytotoxic and non-inflammatoB4][ Owing to those
properties, polyanhydrides are widely used for drdglivery systems
preparation [6].

L

n

Figure 7 - Scheme of chemical structure of polyanides.

12



1.2.0xo0-biodegradable polymers

Special group of the biodeagradable materials axe-boodegradable
polymers, which may represent the solution betwagérdable (in comparison
with intrinsically biodegradable polymers) and eowmentally friendly
materials. These materials are based on the cotymased synthetic polymers,
such as polyethylene (PE), containing substancés mriodegradant activity,
known as pro-oxidants [35]. The most commonly ug®d-oxidants are
transition metal ion (e.g. Fe, Co, Mn, Ti, Zn, @omplexes which promote the
abiotic (photo or thermal) oxidation in order tocelerate fragmentation,
reduction of the molar mass and to form oxygenapemips, which are then
easily metabolized by microorganisms [3, 36]. TRe-biodegradable materials
are already commercially available especially iodfgpackaging (e.g. shopping
bags) and in agriculture as mulching foils [36,.37]

However, the ability of these plastics to fully egrade is still questionable.
For example, Yashchuk et al. investigated polyethglfilm with commercial
pro-oxidant when the complete mineralization hatl m&en achieved after 90
days of incubation at 55 °C [38]. On the other hdaldhmood et al. suggested
modified LDPE with dye sensitized titania and dtabtend as environmentally
friendly material which could be degraded at anebated pace in a real
environment [39].

13



2. Degradation mechanisms

The degradation mechanism of polymer matrix is att@rized by changes in
polymer structure caused by chemical, physicaliological effects which lead
to chain scission and formation of new functionaups. These changes may be
reflected in changes in optical, mechanical andtetal properties of material.
[40]

Degradation of polymers may be promoted by differeachanisms initiated
by action of environmental factors (see Figure &y aheir combination.
According to initiators, two ways of degradatiore astablished: abiotic and
biotic degradation.

‘ Abiotic factors

SN

ical: 0
Environmental Physmgl. .Chem|cal.
degradation factors Mechanical Light, pH, Q,
Heat, Water
2N

Biotic factors:
Living organisms

Figure 8 - Environmental factors influencing polyndegradation.
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2.1 Abiotic degradation

As mentioned in the scheme above, the abiotic dedicn may be caused by
two factors: physical and chemical. However, padly these processes are
often in close synergy and the action of only aasdr occurs only rarely. There
are several environmental factors that can initiagedegradation, e.g. moisture,
light, temperature and pH. Generally, the abiotegrddation is based on
distortion without microorganism contribution.

2.1.1.Physical degradation

Physical mechanisms of abiotic degradation are idersd as processes
where the decomposition is based on an action mgusily physical changes in
the polymer structure, such as melting, dissolytiswelling, etc. Physical
changes can be induced by action of water, mechlloading (compression,
tension, shear force) or increasing temperature.ddgradation may principally
lead to decrease of end-use properties of prodigttape changes, surface
erosion, weight loss). [40, 41, 42]

2.1.2.Chemical degradation

The mechanism of the chemical degradation is basegrocesses where
chemical changes in the polymer structure occures€éhchanges can be
characterized by reduction of MW and transformatibrchemical composition
due to chain scission. Chemical degradation mayidpgered by the exposure to
e.g. electromagnetic irradiation, heat, atmosphieric of oxygen and specific
chemicals. [1, 5, 12] However, the effects of ireéidn, heat and oxygen are
often in close synergy. Therefore, the degradabyirradiation and heat often
takes place with the participation of oxygen andotpbxidation and
thermooxidation, are proposed to be the main meshen during the
degradations.

Photodegradation

The action of electromagnetic radiation, especiaflfthe light radiation, is
one of the most important parameters of abiotic rakgtion. Following
radiations with characteristic wavelength) play the significant role in the
polymer photodegradation:

15



 Infrared radiationX ~ 760 nm — 1 mm)
« Visible light (. ~ 400—-750 nm)

« UV radiation § ~ 10-400 nm)

« X-ray radiation X ~ 0.01-10 nm)

« y-radiation § < 0.01 nm)

However, many polymers, such as polyolefins, whgmosed to light have
tendency to absorb the UV-B and UV-A radiation [dpreover, only the UV-B
(~ 295-315 nm) and UV-A (~ 315-400 nm) radiatiotuce direct photolysis or
photooxidation of polymers, whereas the visibléiignd infrared radiation are
generally responsible for acceleration of thermalidation [40]. The
depolymerisation is initiated by absorption of givg energy K), which is
characterized (Equation 1) by direct relation toark constant
(h=6.626-164* J-s) and frequency,(s?):

E=h-v (1)

The absorbed energy is responsible for the creatfonnstable states in
molecules, free radicals initiate further breakdasfrthe polymeric bonds. The
polymer photodegradation may be ascribed mainkgxidative reaction, where
free radicals (Pe) react with oxygen to produce ddymper peroxy radical
(POOQOe). Further the chain propagation is carried loy reaction of peroxy
radical with another polymer chain to generate pay hydroperoxide (POOH)
and a new polymer alkyl radical (Pe). This procissschematically depicted in
Figure 9. [43]

Norrish reactions may also describe the photolygshanism (see Figure 3).
According to Norrish |, free radicals are generatedchain scission of the
polymers is caused, which is known as Norrish lichamism [1, 44]. The
Norrish Il has been described e.g. during the pbigene and polylactide
photodegradation [2, 45].

hv/heat/0,
_—

P-+0, - POO -
POO - +PH — POOH + P -

Figure 9 - Simplified scheme of photooxidation of
polymer.
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Figure 10 - Mechanism of the Norrish reactions.

Sensitivity to photodegrade may be significantlgreased by impurities that
are present in manufactured products and also bgdblg with the light-
absorbing species like carbonyl groups, hydropeéessi dienes, trienes and
aromatic compounds [2]. Besides these factors, atthditives based on the
transition metal ions (Fg Ti**, Zr?*) are widely used as prooxidants. [5, 36, 46]
They initiate the decomposition of peroxides toridree radicals for reaction
initiation:

ROOH + Me* - RO - +HO™ + Me?*
ROOH + Me?* - ROO -+H* + Me™.

Thermal degradation

Thermal degradation of polymers can be charactérizg a molecular
deterioration as a result of overheating. The ticeain scission, thermolysis, is
caused usually by higher temperatures (T > 400 HDwever, the thermal
degradation wusually occurs during polymer procggsiwhen the melt
temperature (100-200 °C) is reached and the com®nef long chain
backbone break down by molecular scission leadingdetrease in molar mass.
[47]

The scission during the lower temperatures ishaiteid to thermooxidative
reaction. The mechanism of oxidation initiated sathis similar to photo-
oxidation (Figure 9) with only one difference iretiitiator. The extreme case
of thermal oxidation is combustion which leadsdw Imolecular products or up
to carbon. [48]
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The rate of thermal degradation can be also inecely prooxidants on the
transition metal ions principle. Suitable for thexwridation are e.g. ions of Co,
Mn [49].

Oxidative degradation

There are two types of polymers oxidation, diregidation caused by
reaction with acids and oxidising agents and tloegss of auto oxidation which
Is provoked by atmospheric forms of oxygen,(Os). During the autooxidation,
the oxygen attacks peroxides bonds producing fagécals. These oxidations
can be contributing or synergic to light degradatio produce free radicals.
Resulting peroxyl radicals can further lead to slo&ing reactions and chain
scission. However, the autooxidation has severatdtions, such as diffusion of
the oxygen. [1, 40]

Hydrolysis

Abiotic hydrolysis is carried out by reaction witH,O. Therefore, the
degradation takes place if the polymer containgdilydable bonds (e.g. ester,
ether, anhydride, amide, urethane etc.) [1]. Hyaislis dependent on factors
like hydrophilicity of polymer, temperature, pH atnche [50].

Hydrolysis is divided according to initiators of ethreaction into
depolymerisations in alkaline or acidic environméhf Both principles are
illustrated in the simple scheme below (Figure 4).

Acidic hydrolysis:

0 0 0
I [ mo
RCOR+H® +— RC'OR+H* +— RCOH+R'OH+H"
I
H
Alkaline hydrolysis:
0 0 0

I | mo

FCOR+0OH +— RCOE+H +— RCOH+ER OH-+-0OH
|
OH

Figure 11 - Scheme of acidic and alkaline hydrayi polymers.
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2.2 Biotic degradation

Biodegradation is defined as a decomposition chligsubstances by the
action of microorganisms. Particularly two typesnaitroorganism participate
on the degradation of polymers: bacteria and fufbeir action leads to the
polymer mineralisation with main end-products imthg new biomass, water,
carbon dioxide and methane. [6] According to avslity of the oxygen, there
are two metabolic processes of the substrate (mlymineralization:

Aerobic

Csubstrate"' OZ CQ"’ HZO + Cbiomass

Anaerohic

Csubstrate CQ"‘ HZO + CHl + Cbiomass

The biodegradation is generally considered as @&rbogeneous process
including several steps.

19



2.2.1.Extracellular depolymerisation — fragmentation

Polymers are generally molecules with high molecwight unable to cross
the cell wall and/or cytoplasmic membrane. Themefdhe first step is the
depolymerisation of the large macromolecules oatside cells into the
oligomers and monomers. It is called extracellalepolymerisation and it is a
necessary phenomenon for the subsequent step ca#lsunilation. The
fragmentation is performed, in many cases, by theraorganism excreted
extracellular enzymes. [1]

The enzymes are divided according to their funcéistiollows:

« Oxidoreductases — catalyse the transfer of elestron

- Transferases — enable transfer of specific groups

« Hydrolases — catalyse the hydrolysis

+ Lyases — catalyse the breaking of various bondsefdhan hydrolysis or
oxidation)

« |somerases — catalyse isomeric reactions

- Ligases — catalyse bonding of two molecules by lemtdbonds.

Nevertheless, the oxidoreductases and the hydeoledes place in most
cases of biofragmentation of polymers [6].

Besides the enzymes action during the extraceltidaplymerisation, abiotic
physical and chemical effects, such as hydrolysiermal degradation,
oxidation or photodegradation, can also initiate theavage of the polymer
chains. For instance, biodegradation of PLA isdliyeinitiated by hydrolysis
without contribution of microorganisms [17]. Phaotatation has been
investigated to initiate the biodegradation of gtfhylene [38]. In these cases,
usually, the prooxidants are added into the polgetie matrix.

The polymer fragments can pass the cellular menalsran two ways:
passive or active. Diffusion of small pieces oritheansport inside the cell
through the specific membrane carriers are consiblas a passive transport.

Active transport is described as biotransformati@actions, where the
transported molecules are modified into the sugtaimolecules, which can
passed inside the cell. They are generally oxidtkeough catabolic pathways
that lead to the production of adenosine diphospfaDP) and phosphates by
adenosine triphosphate (ATP) hydrolysis. The trarispf the bigger molecules
Is mediated by vesicular transport. [1, 6] Exocias known as transport from
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the cell to extracellular environment. When the ecales move in, the process
Is called endocytosis and there are two types [51]:

« pinocytosis — transfer of liquids and small molesylimplemented by
every cell
« phagocytosis — transfer of solids, implemented.gy macrophage.

*e Extracellular environment

o % m—_m_— Cytoplasm membrane

Cytoplasm

Vesicle

Figure 12 - Scheme of pinocytosis mechanism.
2.2.2.Intracellular processes

The process of mineralisation takes place insigectll and poses a source
of energy, electrons and elements, which are impbrfor microorganism
growth and reproduction. The microorganisms carlizati the substrate
(polymer) by processes of dissimilation (cells medgpn, fermentation) and
assimilation (nutrients supplying, production ofwnébiomass) which are
conducted by various biochemical cycles in the (zlfj. Krebs cycle, pentose
phosphate or glycolysis cycle, etc.). The end-pctslof these intracellular
processes are energy, £6,0 and new biomass. [1]
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3. Biodegradability estimation techniques

As described in previous chapters, polymers arenguhe biodegradation
subjected to physical and chemical changes thdmeinée their properties.
Therefore, the rate of polymer biodegradation can dharacterized by
evaluation of these changes by several estimagicmiques.

3.1.Monitoring of polymer biodegradability

Many parameters influence the biodegradation psyaast only parameters
influencing the ability of polymers to degrade lalgo crucial factors affecting
the microbial activity. Factors, such as humidityemperature, pH,
presence/absence of oxygen and the supply of éiffemutrients significantly
affect the rate of polymers biodegradation. Therefthese conditions must be
considered during the determination of plasticslegradability. [6, 40]

According to the presence of oxygen, the biodedi@aalgrocesses can be
divided into aerobic and anaerobic. Aerobic proesssare involved in
decomposition in wastewater, surface water, in migavaste (compost,
landfill). Anaerobic mechanisms take place duriegrédation processes in e.g.
anaerobic sediments and anaerobic sludge.

The biodegradability testing can be conducted uhaleoratory conditions
(in vitro) or in the natural environment. There aeveral advantages of
laboratory investigations, such as good resultsodkmtion, easily observed
physical and chemical properties and the acceteratif usually long-term
degradation (by increasing temperature). On theradtland, the testing in real
environment gives the actual results about prodaghaviour in natural
environment. However, testing in natural conditiongs some drawbacks
(unstable climate, long lasting experiment, unpriadile conditions, etc.). [52]

The biodegradability examination can be carriedusing several types of
medium. The most frequently used are:
- Test in aqueous environment — sewage, liquids sitimg in vivo
conditions, aqueous medium with specific enzymes

« Controlled composting test — aerobic process ofvesion of organic
substrate to compost
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o Active composting — specific conditions (temperatus8 °C,
humidity 50 %)

o Passive composting — long term experiment, lowenptrature
(30 °C)

o Composting in natural way

« Soil burial test — decomposition of products ifl soi

« Invivo testing

Biodegradation can be estimated by several mettibdse pertaining to the
polymer (substrate), to the microorganisms, or he teaction products.
Therefore, the biodegradation process can be gimnton purposes, studied and
evaluated according to the following parameters:

« Changes in polymer properties
» Depletion of substrate (polymer)
« Microbial growth

« Reaction products
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3.1.1.Visual observations

The method of visual observation can be considaeedirst indication of a
microbial attack. Visible changes caused by degdmdainclude surface
roughening, changes in colour, formation of holesl aracks, formation of
biofilm on the surface. The more detailed obseovatf these effects can be
obtained using scanning electron microscopy (SENgtomic force microscopy
(AFM). In the picture below (Figure 5), there cam $een the sample of PLA
after the biodegradation with clearly visible caksof bacteria on its surface
indicating microbial activity.

Figure 13 - SEM micrograph of PLA after biodegradat
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3.1.2.Monitoring of physical and chemical properties

Changes in physical properties are closely relatghl chemical changes in
polymer structure. For instance, mechanical progeruch as tensile strength
depend very closely on changes in molar mass ofmpais. This can be also
applied for thermal properties and thermal stabi[62]

However, if the polymer is subjected to abiotic @e&tion in the first stage
of biodegradation, the depolymerisation often tagkse in bulk and can be
indicated directly with tensile strength measureim&his type of measurement
Is often used for materials where the abiotic psees take place, such as PLA
hydrolysis or polyethylene oxidation.

Besides the reduction of the molar mass, the datjmdcan be characterized
also by changes in composition (creation of newdscand end groups) or/and
in amount of total organic carbon, which is durthg degradation consumed by
microorganisms or released into the surroundingrenment. The reduction of
polymer molar mass is usually accompanied by wdags caused by microbial
metabolism of low-molecular products (erosion). Ktieal methods, which are
commonly used for determination of these changedjsied below.

Methods for determination of physical properties:

« Mechanical tests

« Thermal analysis
o Differential scanning calorimetry (DSC)
o Thermogravimetric analysis (TGA)

Methods for determination of chemical composition ad structure:
« Chromatography
o Gel permeation chromatography (GPC)
o Gas chromatography (GC)
o High performance liquid chromatography (HPLC)

e Spectroscopy
o Fourier transform infrared spectroscopy (FTIR)
o Nuclear magnetic resonance (NMR)

- Elemental analysis
o Total organic carbon analysis (TOC)
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3.1.3.Monitoring of microbial growth

Testing of the microbial activity can also pointtdbe biodegradability of
material. The method is based on the clear zorfenigae. It is a very simple
method where the polymer is dispersed to creat@eastispension in an agar gel
as the sole carbon source (opaque appearancel).ifdteilation and incubation
with microorganisms, a clear zone appears in sadimg of the inoculum,
which indicates the polymer utilization (depolynsation) by microorganisms.

[53]

Figure 14 - Formation of clear zone after incubatio

3.1.4.Analysis of reaction products

During the polymer mineralisation, the processis$ithilation is carried out.
It is based usually on oxygen consumption (aeralggtems) or evolution of
metabolic end-products in gas state {COH,). Analysis of these products can
be considered a good biodegradation indicatortitsmpurpose, respiration tests
(Chapter 3.2.) are the most often used methodse@msure biodegradation in

laboratory conditions.
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3.1.5.0ther methods

Some other analytical methods to monitor biodedyditha can be applied

[40, 52]:

Radiolabelling — Measurement of slowly degradablatemals. Process
based on incorporation of radioactit*€ in polymers and comparison of
the amount of produced radioactivéCO, and **CH, to the original
radioactivity of the labelled polymer.

Dissolved carbon measurement — determination o$otlisd organic
carbon content in medium.

pH measurement — estimation of changes in pH cahgddrmation of
free acids through enzymatic polyester cleavage.

Dielectric spectroscopy - a very useful tool todstuhe changes in
polymer structure caused by the biodegradation.th&y observation of
relaxation spectra (dielectric permittivityand ") can be described
changes in dynamics of various relaxation processegelaxation
generally relates to the Brown motion of the maiaio, which caused the
glass transition anfl relaxations can be associated with rotation oé sid
groups or with local movements of main chain. Réduacof molar mass
enables better mobility of the chains due to moee fvolume, which is
reflected then in the relaxation processes. [5#, 55
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3.2 Respiration tests

Aerobic microbial activity is typically characteed by the utilisation of
oxygen.Thus, a measurement of the amount of utilized eryglefined as the
biochemical oxygen demand (BOD), can express tigeedeof biodegradation.
The closed bottle BOD measurements have been @ekign determine the
biodegradability of chemicals in water. Recently, has been adapted in
applications in nonwater-soluble materials, sucplastics. The most often used
method is dilution method 5-day BOD test. The staddmethod consists of
filling with sample, to overflowing, an airtight tite of the specified size and
incubating it at the specified temperature for gsddissolved oxygen (DO) is
measured initially and after incubation, and theDB@ computed from the
difference between initial and final DO. [52, 53]

The evolution of carbon dioxide or methaniom substrate represents a
direct parameter for mineralisation. Gas evolutiests can also be important
tools to determine the polymer biodegradability.efidiore, a number of
standards for aerobic and anaerobic degradaticis temve been specified.
Aerobic degradation can be tested in an agueousumeatccording to e.g. 1ISO
9439, 1ISO 14852, EN 14047, or under controlled aostipg conditions (ASTM
D5338-98, ISO 14855, EN 14046, DIN V 54900). Andecaests have been
described as sludge test (ASTM D5210-92, ISO 1178%) digestion test
(ASTM D5511-02). However, these methods are allebasn the same
principle, which differs in medium composition, swum, introduction of
substrate and in the measurement technique ofa$ieTdne principle of the 1ISO
14855 method is described in Figure 15. [52, 53]

Besides the conventional trapping of £0© Ba(OH) solution followed by
manual titration, infrared gas sensors can alsoidssl. It can be applied for
continuously and also for noncontinuously aeratgdtesns. Moreover, for
noncontinuous systems, the analysis of,@@ectly in the headspace can be
used (using GC analysis). [40]
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Figure 15 - Principle of biodegradation determir@tiaccording to 1ISO 14855.

The degree of biodegradation is generally exprelgesjuation:

D, (%) = %. 100 (2)

where (CQ)t represents cumulative amount (g) of dm flask with sample,
(CO,)s represents cumulative amount (g) of 48 blank (without sample) and
ThCQ, is theoretical amount of GOIn sample (determined by e.g. TOC
analysis). The polymer can be generally considasedegradable only when the
carbon conversion to G@chieved 60% within 28 days.

Biodegradability of plastics has been widely inigetied and number of
methods have been standardised. Frequently usedastis are summarised in
Table 1.
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Table 1 - Summary of ISO standards for polymerdgoaddation testing. [56]

ISO No.

Title

Conditions

14851

Determination of the ultimate
biodegradability of plastic materials in an aque
medium - Method by measuring the oxyg
demand in a closed respirometer

aerobic

ous
en

14852

Determination  of the  ultimate
biodegradability of plastic materials in an aque

aerobic

aqueous

ous

medium - Method by analysis of evolved carbon

dioxide

14855-1

Determination of the ultimate
biodegradability of plastic materials unc
controlled composting conditions - Method
analysis of evolved carbon dioxide Part 1: Gen
method

aerobic

er

by
eral

14855-2

Determination of the ultimate
biodegradability of plastic materials unc
controlled composting conditions-Method
analysis of evolved carbon dioxide Part
Gravimetric measurement of carbon diox

evolved in a laboratory-scale test

aerobic compost

er
by

2.
ide

16929

Plastics - Determination of the degree

of

disintegration of plastic materials under defined

composting conditions in a pilot-scale test

20200

Plastics - Determination of the degree

Ocpsmtegratlon

disintegration of plastic materials under simulated

composting conditions in a laboratory-scale test

17556

Plastics - Determination of the ultimate aeragbic

biodegradability in soil by measuring the oxyg
demand in a respirometer or the amount of ca
dioxide evolved

en

soil
'bon

14853

Plastics - Determination of the ultimate anaerobic

biodegradation of plastic materials in an aque
system - Method by measurement of bio
production

ous
gas

15985

anaerobic

Plastics-Determination of the ultimate anaerobic

biodegradation and disintegration under high-sc
anaerobic-digestion conditions - Method
analysis of released biogas

lids
by
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4. Factors influencing PLA degradation

Biodegradable polymers have already found appdinatin many fields of
the constantly growing market. PLA represents ohéhe most widespread
biopolymer on the market due to its attractive naeotal properties,
renewability, biodegradability and relative low tds has found applications in
medical field, packaging and agriculture. Howeveywadays there is a strong
demand to extend the range of PLA properties (tigidnechanical properties,
processability, antimicrobial activity etc.), whidomes from requirement of
long lasting bioplastics in industry sectors sushebectronics and automotive.
Therefore, the new PLA based materials (compositaspcomposites, tailored
compositions, etc.) with improved properties ardely investigated. [57]

Generally, the composites consist of two or morengbkally and physically
distinct phases: matrix and fillers (fibres/addisy, separated by distinct
interface. The presence of the additive in matlayp several roles. However, it
may accelerate/decelerate or inhibit the degradatitechanisms of PLA.
Selected types of additives, which are used tdarsa the PLA matrix and their
influence on degradation mechanisms of the PLAdaszEribed in the following
chapters.

4.1 Natural fibres

To maintain the unique properties of renewabilitgl diodegradability, the
natural fibores (NFs) are very often used to reicdoPLA matrix. Moreover,
advantages of the NFs can be found in the relgtisV price of raw material,
low density, high specific strength and stiffnes,. [57, 58]. Some properties
of the selected fibres are shown in Table 2. Thkention is focused principally
on flax fibres. However, hemp, jute, kenaf and edi#ht forms of cellulose
extracted from NFs can also be used [4, 58, 5%. [bhding of fibres depends
on the required properties. It can vary from loike@l materials (1-5 wt. %) to
high filled system (e.g. 70 wt. %) [60]. Usuallyet loading is around 30-50
wt.%.

The NFs are generally hydrophilic materials andstimcompatible with
hydrophobic polymer matrix. The NFs hydrophilictgn also cause problems
with the reinforcement in PLA, which is sensitive hydrolysis and higher
temperatures. Thus, the pre-treatment, such asglofi PLA and the fibres or
NFs surface modification in order to improve adbesis necessary. The most
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well-known chemical treatment for hydrophobizatinaludes modification with
alkali, acetyl, silane, peroxide, etc. [57, 59]

Table 2 - Mechanical properties of fibers. [57]

Densit Young's| Tensile | Elongation
Fiber (g.c mg)y modulus| strength| at break
9- (GPa) | (MPa) (%)
345-
Flax 1.54 27.5-85 2000 1-4
Hemp 1.47 17-70| 368-800 1.6
Jute 1.44 10-30| 393-773 1.5-1.8
Cotton 1.5-1.6| 5.5-12.6 287-597 7-8
Kenaf 1.2 14-53 | 240-930 1.6
2000-
E-glass 2.5 70 3500 2.5

As mentioned above, the NFs are used in order tontama the
biodegradability. Some articles have already dbedrithe ability of PLA/flax
composites to biodegrade. Wang et al. have modRie@l with flax fibres (40-
60 wt. %) and investigated the biodegradability dmyl burial test [61]. The
addition of the fibres accelerates the processiaddgradability due to prior
degradation of fibres. This was confirmed with Alimmaman et al. [60]. In this
study, the influence of flax content on the bio@debility (compost soil burial
test) and water absorption was reported. Both e$ehproperties are increased
with the increasing fibres content.

Generally, the content of natural fibres increaties ability of PLA to
biodegrade, especially because of high wettabibtyd the preferential
biodegradability of the fibres.
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4.2 Additives with specific functions

The additives are usually incorporated into polysystem to reduce the cost
or modify optical, rheological, physical or otheoperties. Still, nowadays the
growing market creates more specific requiremeatdiovpolymers and the
systems with e.g. antimicrobial properties arereesiTo reach these functional
properties, various agents are incorporated intpnper matrix.

4.2.1.Antimicrobial agents

Demand for materials with specific properties isvgng especially in food
packaging. There has been an effort to developvaunge solutions both for
active packaging and low environmental impact [@2jerefore, the PLA based
nanocomposites are the promising material forghipose.

Metallic oxides like silver, copper, zinc and gale often used as the agents
to raise a good antibacterial activity. Besideg,ttiee oxides are known due to
their prooxidant activity and flame retardant effexthe polymer matrix[62, 63,
64][62, 63, 64] [7, 21, 26]. Out of these metal tgdes, ZnO takes a
predominant place due to nontoxicity, high stap#it elevated temperatures and
pressures. Moreover, ZnO nanoparticles are welknobio-safe and
multifunctional inorganic additives that can prawidntibacterial properties,
ultraviolet absorption or photocatalytic effect. uh the PLA/ZnO
nanocomposites have been produced as an activeiahdbe food packaging
and textile applications with the unique antibaetgsroperties. [62, 63, 64, 65]

Recently, the PLA/ZnO system has been widely studieantani et al.
prepared PLA/ZnO films by melt-blending and desedib significant
improvement of the antimicrobial activity against Eoli and S. aureus,
respectively Gram-negative and Gram-positive bactstrains, even when the
small concentration (1-3 wt. %) of ZnO is incorgeta[62]. Further, several
publications have been investigated on the inflaeno PLA degradation
processes. Therias et al. studied a photooxidatechanism of PLA/ZnO films,
where the ZnO nanoparticles induce the oxidatiod @hay a significant
prodegradant role [65]. A catalytic effect of the@ nanoparticles on the rate of
the PLA hydrolysis at the temperature below itsghaansition temperature was
described by Qu et. al. The concentration of ZnGs MRs about 19 % and
activation energy for ZnO catalysed PLA hydrolygias approximately 38%
lower than that of pure PLA hydrolysis [66].
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4.2.2.Hydrophobity increasing additives

Further expansion of PLA is expected in the automotind electronic
industries. Nevertheless, the requirements for mgdgthanical properties and
durable products with long term performance coukl lbmited by poor
mechanical properties and propensity to hydrolgeigradation. [67] Therefore,
the resistance to hydrolytic decomposition durihg fprocessing and their
service life has become the key requirement and tbhabe satisfactorily
guaranteed. It follows that to retard the hydrslysocess either the penetration
of water into polymer matrix or the rate of the rofgisis reaction along with the
autocatalysis phenomenon has to be suppressedinigrevement of PLA
resistance to abiotic hydrolysis could be reachedhbans of the incorporation
of suitable additives suppressing at least onedtépe degradation mechanism.
The inhibition of diffusion kinetics can be achidvby the intercalation of
nanofillers (e.g. cellulose nanowhiskers), whickate the physical barrier in the
polymer matrix hindering the penetration of wat8][ Moreover, the rate of
hydrolysis can be affected by the addition of appede agents which react
preferably with water and carboxylic groups [69].

For instance, polycarbodiimides act on the abovatimeed principles and
proved to be effective stabilizers PLA against mhedr degradation during
processing [70]. In particular, carbodiimides deenoed to be efficient stabilizer
for polyesters susceptible to hydrolysis. It haerbestated that the PLA
decomposition in abiotic and biotic degradationcesses could be substantially
retarded by the addition of carbodiimide-based taddi[71]
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AIMS OF DOCTORAL STUDY

The aims of doctoral work defined based on theestdt art study and
conclusions made out of that are following:

* Preparation and characterization of polylactide edassystems with
degradation behaviour controlled by specific asiddieffecting free surface
energy.

* Preparation and characterization of biocompositestesy based on
polylactide/natural fibres. Assessment of natutakf surface modifications
effect on degradation kinetics.

» Tailoring of degradation properties of polylactiole hydride nanostructured
fillers.

» Verification of polylactide degradation monitoringpssibilities by using

dielectric relaxation spectroscopy and comparisoith wconventional
techniques.
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EXPERIMENTAL PART

Experimental part of doctoral study is dived inbaif main part according to
the defined aims. The work has been focused géyenalpreparation of PLA
based materials and their modifications. In foait, the properties of PLA were
modified by anti-hydrolysis agent, carbodiimide.rtRer, reinforcement by
natural fibres and influence of interfacial adhasimodification on system
properties were investigated. The third investidatepic describe possibilities
of tailoring of PLA degradation processes by hydridystem of silver
nanoparticles immobilized on zinc stearate surfécahe last part is research
focused on the monitoring of PLA degradability wsidielectric relaxation
spectroscopy, where obtained results were compaidd commonly used
method for degradability estimation.

5. Effect of carbodiimide on hydrolytic stability of PLA

PLA can be considered as a replacement for cormitipetroleum-based
polymers in the electro-technical applications antbmotive industry [72, 73,
74, 75]. Nevertheless, this kind of applicationguiees excellent mechanical
properties and durability of the material, whicleate a limitation for usage of
PLA with propensity to thermal and hydrolytic dedm#ion [67, 76, 77].
Particularly, the resistance to hydrolytic deconifpms is the key to achieve
sufficient PLA properties for long service life digptions [78].

Hydrolytic chain scission can be considered as iemgsy cause of the
reduction of molecular weight, which is relatedhwieduction in physical and
chemical properties of PLA and, in natural enviremty enable subsequent
assimilation and mineralisation by microorganisriig,[79]. Principally, the
abiotic hydrolysis was suggested as a major depafgation mechanism and
the rate-controlling step in of PLA biodegradatidaoring composting [80].
Generally, the hydrolysis process takes place vilusibn-reaction of the
aqueous medium, which penetrates through the polymmatrix and
simultaneously converts the long polymer chainote molecular weight water
soluble oligomers and the monomer [81]. Moreovsterebond hydrolysis can
be autocatalyzed by carboxyl end groups initialigsent or formed during the
process [21]. The PLA resistance to abiotic hydslycan be increased by
inhibition of water penetration into the polymertnrg retardation of hydrolysis
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or retardation of the rate of hydrolytic reactiolore with the autocatalysis
phenomenon.

The inhibition of diffusion kinetics can be achidvby the intercalation of
the physical barriers, nanofillers (cellulose nahiskers), in the polymer matrix
which hindering the penetration of water and débayonset of hydrolysis [68].
The rate of water diffusion could be also contmlite some extent through the
modification of crystallinity of the material byahaddition of nucleation agents
[82, 83]. Moreover, the reaction kinetics of hyg$ can be affected by the
addition of appropriate agents which react prefgralith water and carboxylic
groups [69, 84]. Recently, the use of compounds@an the above-mentioned
principle e.g. polycarbodiimides [70] and tris(hdAyhenyl) phosphite [85],
proved to be effective to stabilize PLA againstrih& degradation during
processing. In later phases of its life cycle, srtigular, carbodiimides are
claimed to be efficient stabilizer for polyesteusseptible to hydrolysis [86]. In
the previous work of Stloukal et al. the retardatid the PLA decomposition in
abiotic and biotic degradation processes by thetiaddof carbodiimide-based
additive has been investigated [71]. However, frrtimformation concerning
the stabilization action of carbodiimides (CDI)Jvarious concentrations as well
as its subsequent effect on kinetics of abioticrolydis and biodegradation has
not been satisfactorily described yet.

In this chapter the influence of bis(2,6-diisoprigenyl)carbodiimide
(BDICDI) incorporated as the anti-hydrolysis agenfPLA polymer matrix in
various concentrations on the durability of finahterial during subsequent
lifetime of the products was investigated. The ektef stabilization and
subsequent degradation kinetics as well as the amésin of PLA films in
dependence on concentration of BDICDI loaded wageteand monitored by
different experimental techniques in the processtithydrolysis and microbial
decomposition under compost conditions. The expartal data from abiotic
hydrolysis and aerobic composting were analyzeddyylinear regression to fit
the first-order kinetic models and to calculate kivestics parameters, especially
material rate constants and the length of lag phE$e duration of suppression
of chains scission in BDICDI stabilized material svalso evaluated and
maintenance of material mechanical properties veassodistrated at the end of
this period.
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Materials and methods

Materials

Polylactic acid PLA2002D was purchased from Natuoeh® Ingeo™,
USA. The antihydrolysis agent  ZIKA-AH362 le. Bigh2
diisopropylphenyl)carbodiimide (BDICDI) was kindiyupplied by Ziko Ltd.
Seoul, Korea.

Procedure for processing the materials
Preparationof PLA/BDICDI mixture

Prior to being compounded, PLA pellets were drie@@C under reduced
pressure for more than 24 hours. A co-rotatingnisdrew micro-compounder
(DSM Xplore, Geleen, the Netherlands), equippedhwito stainless steel
screws and a bypass allowing continuous reciranatf the materials, operated
at 200°C; the screw speed of 100 RPM was used Her dompounding
operations. Firstly, the master-batch of PLA with%2 w/w of BDICDI was
prepared to allow more homogeneous dispergatidheofdditive. Secondly, the
master-batch of PLA with BDICDI and neat PLA weied to prepare mixtures
with 0.125, 0.25. 0.5, 1.0, 1.25, 1.5, 1.75 and@v@w of BDICDI.

Preparation of films

PLA films of 100 um thickness were compression rdedl The material
was brought up to the processing temperature of 2D@or 1 minute, then
moulded for 2 minutes, and immediately cooled dawmnler pressure after
transferring the material to a second press kepddt.

Characterization
Gel permeation chromatography

The weight average molecular weight (Mand molecular weight
distribution of samples and their changes duringra#ation tests were analysed
by gel permeation chromatography (GPC) on an HT-GRCsystem (Agilent),
equipped with a dual detection system (“RI” refraetindex and “VIS”

viscosity detectors). Samples were dissolved in THE mg.mf') overnight.
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Separation took place on a series of mixed bedwadu(1xB, 1xD, 1xE) (300 x
7.8 mm, Polymer Laboratories). Analyses were cdraet at 40°C in THF as
the mobile phase, at a 1.0 mL.niflow rate and loading volume of 1QQ..
The GPC system was calibrated with narrow polysigrgandards ranging from
580 to 3000 000 g.mol (Polymer Laboratories Ltd., UK). The molecular
weight averages (M M,) and molecular-weight dispersitydex (MWD =
Mw/M;) were calculated with the aid of a polystyrenexdtads-based
“universal” calibration curve. Values of intrinsieiscosityy were obtained
directly from the viscosity detector. All data pessing was carried out using

Cirrus software.

Thermal properties - Differential scanning calorintey

Thermal properties were investigated by differdrd@nning calorimetry
(DSC) on a Mettler Toledo DSC1 STAR System. All swaments were
carried out under a nitrogen atmosphere (58.mim?!). The temperature ramp
was set from 0°C to 200°C (10 K.y followed by annealing at 200°C for 5
min. Subsequently there was a cooling scan fronfQ@0 0°C (20 K.mir),
then an isothermal step at 0°C for 5 minutes. Binalsecond heating scan was
conducted from 0°C to 200°C (10 K.rin Melting point temperature {) and
the exothermic response relating to cold crystilon (T.) were obtained from
the first heating cycle. The region of glass-traosi temperature @ was
determined from the second heating scan. The degfr@eystallinity y. was

calculated according to the following equation [87]

xe = (F257) x 100 (3)

m

whereAHn is the heat of fusionyH. cold crystallization enthalpy angH®, is
the tabulated heat of fusion for theoretically 100etystalline PLA
homopolymer (93.1 J3) [87].
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Fourier Transform Infra-red Spectroscopy
Fourier transform infra-red attenuated total raflece (FTIR-ATR) spectra

were recorded on a Nicolet iS10 instrument equippeth a Zinc/selenide
crystal (Thermo Fisher Scientific, Waltham, MA). &ollected spectra in the
wavenumber range from 500 to 4000 érepresented the average of 64 scans at
a spectral resolution of 4 ¢t The spectra for film samples before and during

the abiotic hydrolysis process were recorded.

Mechanical properties

The tensile tests of samples before and duringtiabiydrolysis were
carried out according to théSN EN ISO 527-1-4 standard, using a tensile
testing machine — the Testometric M350-5CT - atr@sshead speed of 5
mm.mint. The dimensions of dog-bone form specimens cuinfrthe
compression moulded plates were 60 x 4.0 x 0.1 FPnor to testing, the
samples were dried at 60°C for 4 h. A minimum ekfspecimens from each
group were tested.

Degradation test
Abiotic hydrolysis

The extent and rate of PLA hydrolysis was folloved90 days at 58°C. PLA
film samples (50 mg) were cut into 0.5 x 0.5 cmcapens and suspended in 50
mL of sodium phosphate buffer (0.1 mot,LpH 7) amended with a microbial
growth-inhibiting substance (NaN2% w/w). The experiment was carried out in
three replications for each sample type. 1.5 mbualis of the medium were
taken out at regular intervals, centrifuged (10 0§0 10 min.), and the
supernatants were analysed for dissolved orgamicona(TOC-L Analyser,
Shimadzu). In parallel, at appropriate intervéig materials were also analysed
by GPC.

Biodegradation under composting conditions

Biodegradation tests were performed in 500 mL binimdlasks equipped
with septa mounted on the stoppers. Three compsmveaite weighed into the
flasks: polymer samples (50 mg), mature composgt@bdry weight) and perlite
(5 g). The sample flasks were incubated at 58°@dHspace gas was sampled at
appropriate intervals through the septum with atggd syringe (100 pL), and
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then injected manually into a GC instrument — anilekg 7890 (Agilent
technologies, USA), equipped with Porapak Q (1.82ngth, 80/100 MESH)
and 5A molecular sieve (1.829 m length, 60/80 ME$blumns connected in
series and a thermal conductivity detector (carrgas helium, flow
53 mL.mirr?, column temperature 60°C). From the &0Oncentration found,
the percentage of mineralization with respect ®odarbon content of the initial
samples was calculated. Endogenous production gfo§@he compost in blank
incubations was always subtracted to obtain vahegsesenting net sample
mineralization. Three parallel flasks were run éach sample, along with four
blanks.

Degradation kinetics

The data obtained from the degradation experimesrtewnvestigated by
applying the appropriate kinetic models. The patanseof all individual models
were obtained in MS Excellhe fit of the individual models was compared
using the coefficient of determination%R

Biodegradation

In order to evaluate the experimental data fromhbioelegradation test, the
model expressing the degradation of organic cafbmm a solid sample was
adopted [24]. In the previous study by the autli@fshe resulting parameters of
the solved model suggested that essentially PLAenads exhibited only one
type of carbon, so herein the hydrolysis compomnetite model was expressed
by merely the hydrolysis rate constant for so caligdrolysable solid carbon.

The analytical solution to the proposed model gregsed by Equation (4) for
t > c (Cr= 0 for t< c), whereCrrepresents the percentage of total cumulative
CO; production at time (days);Ch o, are the initial content of hydrolysable solid
carbon, respectively; an@.qo is the initial percentage of water-soluble carbon.
The kinetic parametets, (day?') represent respective first-order hydrolysis rate
constants for the hydrolysable solid carbon. Furtkg (day') represents the
rate constant of mineralization (biodegradation) widter-soluble carbon to
carbon dioxide. Finally, parameteris the duration of the lag phase (days)
during the initial phase of biodegradation befdre dnset of C&production.

Cri = {Caq,o . (1 _ e—kaq(t—c)) + [Ch,o . (1 _ ﬂe—khr(t—c) + Le—kaq(t—c)ﬂ} (4)

kaq_khr kaq_khr
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The assumed mathematical constraints required riweda valid model

are as follows:

1. Cco=Cqgot G

2. Ccina = Cagsfinat G final

3. All parameters are positive

4. Cpy; Cyqrand Gi=0fort<c
, where Go and Gina are the percentages of total and final initialboar,
respectively.

Hydrolysis

With the purpose of fitting the experimental datalissolved organic carbon
from the abiotic hydrolysis experiments, the matagoal model given above
was modified to describe merely the first phasethef degradation process,
namely the change of solid organic material intteenmediate water-soluble
organic carbon forms. Therefore, the rate constagt expressing the
mineralization of water-soluble carbon into carlwboxide, was excluded. The
modified model is expressed by Equation (5):

Caq,t = Caq,O + Cr,O ' (1 - e_khr(t_c)) (5)

42



Results and discussion

Material characterization

The degradation of PLA is critically affected byetproperties of the input
material, its composition and processing historiger€fore, investigation was
carried out into the properties essential for teting data from the
degradation experiments (Table 3).

It is well-known [88, 89] that PLA easily undergogsgradation at increased
temperatures during processing. Consequently, BDI&1i-hydrolysis effects
could also be expected during thermo-plastic psings The GPC results listed
in Table 3 show a slight decrease in molecular hteigr non-stabilized PLA
after processing in comparison with the originalAPIAs expected, the drop in
molecular weight was improved by increasing thecemtration of BDICDI, and
above 0.5% w/w there were no longer any significannges indicating
degradation during processing.

DSC analysis revealed that BDICDI had no significeffiect on the i, and
Tg4 values in comparison with pure PLA film or with tiv@tial PLA prior to
processing. The crystallinity of the films was ddesably low and quite
resembled neat PLA, probably reflecting the re&dsivbrief time available for
crystallization during the preparation of films.

Table 3 - Selected material properties of PLA-badets

Content of

BDICDI (% M2 MWD ?® Tm® Ty X<

Sample w/w) [g moL? [°C] [°C] [%0]
PLA prior to processing 0 124000 2.22 153.1 58.2 32.6
PLA 0 106000 2.16 152.3 59.5 2.8

PLA + 0.125% BDICDI 0.125 116000 2.16 152.8 59.5 1.9
PLA + 0.25% BDICDI 0.25 121000 2.1 152.5 59.1 1.9
PLA + 0.5% BDICDI 0.5 129000 2.08 152.3 59.6 0.9
PLA + 1% BDICDI 1 121000 2.22 152.3 60.0 2.7
PLA + 1.25% BDICDI 1.25 137000 2.19 152.0 59.0 9.1
PLA + 1.5% BDICDI 15 123000 2.21 152.6 58.7 2.8
PLA + 1.75% BDICDI 1.75 122000 2.26 151.3 58.8 7.3
PLA + 2% BDICDI 2 133000 2.28 151.0 58.9 0.4

a\Weight average molecular weightmolecular-weight dispersity® melting
temperatured glass transition temperaturécrystallinity
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Abiotic hydrolysis

The sensitivity of PLA to abiotic hydrolysis, esmdly at elevated
temperatures, is considered one of the limitingaiiscfor application in products
requiring a longer service life. In order to invgate the stabilization effect of
BDICDI applied at various concentrations, the hygbis experiment was set up
in the aqueous environment at 58°C. The temperatelected was favourable
for several reasons. Firstly, it was proven thagrdéation proceeds at a
reasonable rate at this temperature [77], so teahyithe laboratory study was
feasible, also stability at such temperature capeeted as a minimal
requirement for e.g. in electrotechnic applicatiohdditionally, the temperature
remained under the glass transition temperaturg) @ the material,
consequently the results should be applicableg¢ddmperate interval below. T
Finally, 58°C is the usual temperature used in fatooy composting tests,
hence the results could provide some informationtheneventual behaviour of
the material during biodegradation under thermaplaibnditions. Furthermore,
the extent of stabilization and subsequent hydelgsetics were studied by
several techniques, including analysis of dissolwegianic carbon (TOC), GPC,
DSC, FTIR and tensile tests.

Release of water-soluble hydrolysis products

The accumulation of water-soluble, organic carbandpcts from PLA
hydrolysis was observed (Figure 16), and the d#&dfwith the kinetic model
(Eq.(5)). The resulting parameters of the model with tleefiicients of
determination R%) are shown in Table 4. Coefficients of determiomatiR?)
exceeding 0.96 were obtained for all data setscatidg the excellent fit of the
model.

The results revealed an insignificant stabilizatiefiect of BDICDI at
concentrations of up to 0.5% w/w, a moderate srabibn effect at
concentrations of 1 and 1.25% w/w, and a very gtrstabilization effect at the
highest concentrations from 1.5% to 2% w/w, whiohrtteracted the hydrolysis
of PLA. This phenomenon was quantified by the tasgllength of the lag
phasec calculated from the kinetic model (inner graphFig. 16). While at the
lower concentrations of BDICDI at up to 1.25% whe length of lag phase was
only slightly extended by increasing the amounthef anti-hydrolysis agent, at
higher concentrations of BDICDI a steep rise in kmegth of lag phase was
observed. It was discerned that the hydrolysis catestants gradually rose with
the increasing amount of BDICDI from 0.0128 dapertained to BDICDI-
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stabilized PLA at the concentration of 0.125%, edieg to 0.0240
day! for PLA+ 1.75% BDICDI. Only PLA + 2% w/w BDICDI @ly stood out
(0.0180 day). The calculated rate constants suggest that PLAvrotected
against hydrolysis and the autocatalytic actiorfreé carboxylic groups for a
certain time, depending on the amount of BDICDIteAthe dose of BDICDI is
depleted, the material is hydrolyzed at a comparableven slightly higher rate
than pure PLA. The values of the rate constantsgareerally consistent with

previous investigations by other authors [90].

In the work [68] authors demonstrated the stahibraeffect of cellulose
nanowhisker on the hydrolytic degradation behavioupoly(D,L-lactide). No
weight loss was observed for the composite of Plith &% nanowhisker, even
after 12 weeks. In our case, no release of watkrko product, which is
equivalent to weight loss, was observed for moenthOO days application
from PLA with lower amount of BDICDI (2% w/w) in coparison with

nanowhiskers.

80 Model Experiment
— - PLA
— PLA + 0.125% BDICDI
70 — . PLA + 0.25% BDICDI
* : — PLA + 0.5% BDICDI
— PLA + 1% BDICDI
w— PLA +1.25% BDICDI
= PLA + 1.5% BDICDI
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PLA +1.75% BDICDI
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Figure 16 - Abiotic hydrolysis of PLA film sampie$.1M phosphate
buffer (pH = 7) at 58°C The inner graph represeiits dependence of lag
phases of hydrolysis calculated from the kineticlehon the concentration of

BDICDI.
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Table 4 - Kinetic model parameters and coeffici@rfitdetermination (B
for abiotic hydrolysis of pure PLA and BDICDI-sthbed PLA films

Caq.Oa Cr.Ob khrC Cd
Sample R?

(%) (%) (day*) (days)
PLA 0 100 0.0140 17.45 0.9989
PLA + 0.125% BDICDI 0 100 0.0128 17.40 0.9863
PLA + 0.25% BDICDI 0 100 0.0130 18.30 0.9879
PLA + 0.5% BDICDI 0 100 0.0127 20.64 0.9925
PLA + 1% BDICDI 0 100 0.0141 30.23 0.9850
PLA + 1.25% BDICDI 0 100 0.0142 38.46 0.9779
PLA + 1.5% BDICDI 0 100 0.0234 90.71 0.9770
PLA + 1.75% BDICDI 0 100 0.0266 109.09 0.9975
PLA + 2% BDICDI 0 100 0.0118 136.54 0.9633

@ percentage of initial intermediate solid carbdbRercentages of initial hydrolysable
solid carbon¢First-order hydrolysis rate constarftQuration of lag phase during the initial
phase of hydrolysis prior to water-soluble carbardpction.

Changes in molecular weight distribution

In order to explain in more detail the time franfetiee stabilization and the
changes in the material at a molecular legspeciallyduring the initial phase of
the hydrolysis process, GPC measurements wereedasut (Figure 17) during
the hydrolysis experiment.

The data obtainedlearly confirmedprevious findings that thehain scission
during hydrolysis was significantly retardeég adding BDICDI in an amount
above 1.5% w/wThe stabilization effect of BDICDI is charactekz by only
slight reduction in M within a certain time (the “plateau period”), whic
increased alongside heightened concentration of ahi-hydrolysis agent.
Afterwards, the rate of IMdecrease approximately equates to that of pure PLA

The stabilization effect was quantified by therastiion of the time necessary
to bring about 20% reduction in Min comparison with materials before
hydrolysis (see the inner graph in Figure 17). Sackrop in M, roughly
corresponded with the “plateau period” for highlgitslized samples. The drop
in My, even exceeding 20% after around 2 days of incobagignified the
immediate onset of the hydrolytic scission of edbends for BDICDI at
concentrations below 0.5% w/w. For higher conceioing, the stabilization
effect gradually increased alongside heightened (DI concentration. The
20% decrease in Mfirom the original value was delayed by 8, 23,&Pand 95
days for BDICDI-stabilized PLA at concentrations1ofl1.25, 1.5, 1.75 and 2%
w/w, respectively. This type of carbodiimide addés showed to be more
effective in comparison with the carbodiimide baseftlitive applied in our
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previous study [71], when the Mf PLA with 2 % w/w of stabilizer remained
approximately unchanged for only about 40 dayhke significantly better
stabilization effect was also achieved in compariadath study [91], where the
deceleration of PLA hydrolysis by addition of Taas demonstrated.

The insignificant stabilization effect of BDICDI ats low concentrations
might be due to depletion of the same taking pexearly as during thermal
processing in the reaction of BDICDI with the marst and carboxylic groups.
It suggests that a certain amount of BDICDI aboveiaimal concentration
limit should be necessary, depending on the tim& @nditions of thermal
processing, so as to ensure the effective statdizaf PLA against hydrolysis
during the expected lifetime of a product. In ademce with the amount of
BDICDI applied above this minimal concentrationg tthuration of stabilization
can be effectively tuned.
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Figure 17 - Molecular weight evolution of PLA waldiffering content of
BDICDI.
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Figure 18 - Molecular weight distribution curves faure PLA (A) and PLA
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In order to evaluate the hydrolysis behaviour ofep®BDICDI and that
containing PLA at a molecular level, the changes nolecular weight
distribution (MWD) for pure PLA and PLA with 2% w/wf BDICDI were
observed during the hydrolysis experiment and coathéFigure 18). Prior to
hydrolysis, both materials - either non-stabilized stabilized, possessed a
narrow, unimodal and moderately symmetrical distidn with a polydispersity
(PDI) index of about 2. In the course of the hygsd™ experiment, the MWD of
non-stabilized PLA gradually broadened out (PDIl.842after 14 days, and 1.36
after 28 days), and later the overall unimodal shaipthe distribution changed
to bimodal, with a distinct peak in substances vaithM, of several thousand,
which was probably just over the water solubilityit for PLA oligomers [77].

A different situation arose in the case of PLA wBBICDI content. Firstly,
for almost 100 days, the molecular weight distiifiutbroadened out only
slightly (the PDI changed from 2.28 to 2.77). Aftéis period, rather rapid
MWD changes could be observed, characterized by\arall shift in the
distribution to a lower M, and building up a peak of low Msubstances. At the
close of the hydrolysis experiment, the higher mwolar weight fraction
gradually disappeared and the PDI decreased ta 241 The described trends
were detected for all stabilized samples with dansity that depended on their
BDICDI concentrations.

It is known that bimodal distribution is connecteith hydrolysis of semi-
crystalline PLA, herein exhibiting a different dadation rate for crystalline and
amorphous regions within the samples [21, 76]. @&ltyh the crystallinity of all
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the tested samples was initially considerably loivincreased during the
hydrolysis experiment probably due to reorganizatid loose polymer chains
(see capture 3.1.3 and Tab. 3). This behavioursrggsficantly more intense in
BDICDI stabilized materials, most likely as a capsence of theprolonged
time available for recrystallization.

Thermal properties of the materials

The changes in thermal properties of the sele@etbkes were observed with
DSC in order to enable better interpretation ofdtabilization effect of BDICDI
and subsequent hydrolysis mechanisms (Table 5hghAtslecline in T, and T
was revealed for pure PLA and weakly stabilized Rii#h 0.5% w/w BDICDI
even after as little as three weeks of hydroly3ise reduction in melting
temperature indicated formation of a low-molecwaight fragment, caused by
chain scission of ester bonds entrapped in thenpaiynatrix. Consequently, the
plasticizing effect of newly formed oligomers witufficient mobility also
decreased the glass transition temperature, palgntiesulting in further
acceleration of the hydrolysis processes. The alsvaelay in reducing thermal
properties alongside increase in concentration nings the stabilizing effect of
BDICDI in PLA.

The significant increment in the crystalline phaseall initially highly
amorphous samples might also be caused by low-mialeweight products of
hydrolysis, which partially release the polymeriosaand thus enhance mobility
of the same [21]. Consequently, recrystallizatidntlee polymer chains to
produce a crystalline lattice is promoted. The affe more obvious for rapidly
hydrolyzing samples, with the degree of crystalimareaching 34% within 21
days.
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Table 5 - Thermal properties of selected matenaisr to and during the
hydrolysis process.

Initial 21 Days 42 days 98 days 140 days
Sample Tma Tgb ch Tma Tgb ch Tma Tgb ch Tma Tgb ch Tma Tgb ch
[°Cl | [C | % | [°C] | [°C] | [%] | [°C] | [°C] | [%] |[°C] |[°CI | [%] |[°C] | [°C] | [%]
PLA 152.3 | 59.5 | 2.8 |148.8| 49.9 | 32.0
PLA +
0.5% 152.3 59.6 | 0.9 [149.2| 49.1 | 34.0
BDICDI
PLA +
1% 152.3 | 60.0 | 2.7 |154.1| 56.8 | 34.0 | 144.3| 49.2 | 33.9
BDICDI
PLA +
1.5% 152.6 58.7 | 2.8 |152.5| 59.2 | 24.4 |153.3| 59.0 | 26.6 |154.7| 54.2 | 33.5
BDICDI
PLA +
2% 151.0 | 589 | 04 |151.2| 58.3 | 23.3 |151.0| 585 | 25.9 [150.4| 57.0 | 29.1 |156.6 | 53.0 | 29.5
BDICDI

aMelting temperature’glass transition temperature;crystallinity

Infrared spectroscopy

In order to support evidence for the stabilizindeef of BDICDI, which
occurs through scavenging free carboxylic groupsl avater molecules,
recordings were made of the FTIR-ATR spectra ofstn@ple with 2% BDICDI
prior to and during the hydrolysis experiment; thase presented as an example
(Figure 19). The reaction of aromatic BDICDI witlarboxylic acids leads
predominantly to N-acyl urea (Figure 20 A), witnegdy the secondary (C=0
stretch at about 1640 chand N-H bend at about 1550 €jrand tertiary amide
bands (C=0 stretch at about 1640'camd C-N bend at about 1320 €mnas
well as with water leading to urea derivatives (ffeg20 B) characterized by a
secondary amide band. The presence of these ne@ctoducts was visible from
infrared peaks at about 1560 and 1640 dthe red circle) as soon as after 42
days of hydrolysis (Figure 19). After 98 days, whioughly corresponded to
the duration of the stabilizing effect in PLA wi#§6 of BDICDI, and by which
time the majority of the anti-hydrolysis agent sldohave transformed into
reaction products, the appearance of newly formedk$ became obvious.
Finally, the amides peak represented by the N-Hlbmmtinued to grow and
become dominant, with a small peak (C=0 stretchdpappearing as its
shoulder (the blue circle). The tertiary amide p@aki320 crt also proved
distinctive and grew significantly (the yellow dey. Comparable peaks were
recorded for all stabilized samples, their intgnsiepending on the given
BDICDI concentrations.
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Showing a relatively intensive secondary amide pegkollows that the
majority of BDICDI product was formed in reactionthvwater, although the
product resulting from a reaction with the carbaxgroups represented by the
tertiary peak was also clearly present. Thus, boththe stabilization
mechanisms considered herein have be taken intuatso as to explain the
stabilization mechanism of BDICDI in PLA.

140 days

Absorbance
|
Q

A

" "‘ ]’" ’A _} T
— \ 98 days

42 days

21 days
0 days
/L
g I ' T ¥ /A ! I * I ¥ 1
1000 1500 2500 3000 3500 4000

Wavelength (cm™)

Figure 19 - FTIR-ATR spectra of PLA film stabilizedh 2% of BDICDI
during abiotic hydrolysis.
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Figure 20 - Reaction of aromatic carbodiimide witirboxylic group (A)
and water (B).
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Mechanical properties

Mechanical properties were tested in order to yeht effect of BDICDI at
higher concentrations on maintaining the long-t@enformance of PLA. The
samples were examined before and after exposurabitatic hydrolysis at
appropriate times. The time of sampling was lodycahosen on the basis of
evolution of molecular-weight analysis (Table 6hsignificantly stabilized
samples with concentrations of BDICDI of up to 1%wwere subjected to
testing after a short period of hydrolysis, despitealready considerable drop in
My By contrast, the times of sampling the materia&bifzed with higher
BDICDI concentrations approximately correspondethtoend of the individual
plateau phases in Figure 17, characterized byaslight reduction in M

Table 6 - Changes in the mechanical propertiesatenals after
exposure to abiotic hydrolysis at the time of samngpl

A Tensile A Elongation A Young

Time Mw° strength¢ at break® modulus®
(days) (g.mol) (%) (%) (%)
PLA 7 51027 -74.3 -71.5 -3.8
PLA + 0.5% BDICDI 10 51257 -76.8 -63.1 14.6
PLA + 1% BDICDI 21 55980 -89.8 -82.0 -1.2
PLA + 1.25% BDICDI 28 80993 3.1 13.3 7.5
PLA + 1.5% BDICDI 63 109478 -7.5 -11.6 -0.6
PLA + 1.75% BDICDI 77 106979 -10.5 -19.6 28.9
PLA + 2% BDICDI 98 100350 1.5 -19.2 -1.2

aTime of sampling of materiatweight-average molecular weight of material attthee of

sampling percentage change in tensile strength before aadrafdrolysis® percentage

change in elongation at break before and afterdiysis; “ percentage change in Young
modulus before and after hydrolysis.

The resultant tensile strengths, elongations atkbamd tensile modulus of the
samples prior to and after hydrolysis are depicteFigures 21 - 23. Before
hydrolysis the pure and BDICDI-stabilized PLA madts exhibited similar
tensile strengths of approximately 57 MPa, elomgaat break of about 5.5%,
and tensile modulus from 2 GPa to 2.5 GPa, therlalightly rising with
increasing concentration of BDICDI. After hydrolysa dramatic decline in
tensile strength and elongation at break was dstefcdr pure PLA and PLA
with low concentrations of BDICDI (PLA with 0, O&nd 1% w/w, after 7, 10
and 21 days of exposure, respectively) (Table @)alnost total drop in tensile
strength exceeding 70% and similar trends in elbogaat break indicated
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significant deterioration in the materials duringet particular observation
periods. For the record, the tensile modulus ofenms remained almost
unchanged.

On the contrary, preservation of mechanical properbecame evident for
PLA with higher concentrations of BDICDI. The pemntage differences in
tensile strength and elongation at break for theenas between the initial and
later stages of the stabilization period clearlgudoented substantial stability in
mechanical properties (Table 6).

The above finding is in accordance with the evolutof molecular weights
during hydrolysis as derived by GPC analysis. Hok Btabilized with up to 1%
w/w of BDICDI, inclusive-rapid-chain scission retd in loss of mechanical
properties even during short periods of hydrolysisereas at higher BDICDI
concentrations suppression of hydrolytic degradaled to preservation of

performance by the materials over time, clearly erelng on the relevant
BDICDI concentration.
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Figure 21 - Tensile strength of samples beforeaitel exposure to abiotic
hydrolysis at 7, 10, 21, 28, 63, 77 and 98 dayk vaspect to PLA containing O,
0.5, 1, 1.25, 1.5, 1.75 and 2% w/w of BDICDI, respely.
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Figure 22 - Elongation at break of samples befand after exposure to abiotic
hydrolysis at 7, 10, 21, 28, 63, 77 and 98 daysloA containing 0, 0.5, 1,
1.25, 1.5, 1.75 and 2% w/w of BDICDI, respectively.
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Figure 23 - Tensile modulus of samples before dtedt axposure to abiotic
hydrolysis at 7, 10, 21, 28, 63, 77 and 98 days$loA containing 0, 0.5, 1,
1.25, 1.5, 1.75 and 2% w/w of BDICDI, respectively.
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Biodegradation

The materials investigated were also subjectechtaeaobic biodegradation
test simulating decomposition under composting tmms$, which represents
the potential process for eventual disposal aetieeof their service life (Figure
24). The data describing PLA biodegradation weralwated by applying
Equation 4, which represents a model for the bicakition of organic carbon.
The parameters of the equation, along with theetation coefficient R, are
listed in Table 7. The model is generally in acemk with the plotted
experimental data, and the resultant coefficientsdetermination proved
significant at confidence levels less than 0.01.

The results obtained showed similar trends as legtda abiotic hydrolysis
experiments; these being either a non-existenegligible stabilization effect at
concentrations of 0.5 and 1% w/w BDICDI and strafggcts at 1.5% and 2%
w/w BDICDI, which increased in conjunction withettconcentration of the
anti-hydrolysis agent. The stabilization effect Idobe quantified by the length
of lag phase calculated from the kinetics model, which exprestee initial
phase of biodegradation prior to the onset of, @@duction. While the least
delay in the onset of carbon mineralization wasostmdentical for pure PLA
and PLA + 0.5% BDICDI (16 and 15.6 days respecyivdbr PLA with 1% of
BDICDI it increased to 24.5 days. For PLA stabilizeith 1.5 and 2% w/w
BDICDI, the onset of decomposition was delayedImoat 70 and 100 days,
respectively.

Previous works [80] have suggested that abioticrdiydis could represent
the rate-limiting step of PLA biodegradation un@emposting conditions. In
order for this assumption to be correct the lengthtag phase ¢ determined
from both experiments - abiotic hydrolysis and leigadation - should be
relatively comparable for individual samples. Hoegvafter comparing the
corresponding parameters, it became evident thde wwhre PLA with almost
identical lengths of lag phase complied with thigdthesis, the stabilized
samples - especially those with higher BDICDI conticagtions - exhibited earlier
onset of CQin comparison with the corresponding curve folo&bihydrolysis
(see Fig. 16).
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Figure 24 - Biodegradation experiment under compgstonditions for pure
PLA and BDICDI-stabilized PLA films; error bars ecespond to twice standard
deviation (n = 3).

This indicates a certain level of acceleration depolymerization processes
above the level set by abiotic hydrolysis duringuimation under biotic
composting conditions. In highly stabilized samphlbich are well protected
against abiotic hydrolysis, the cleavage of esterds by extracellular enzymes
of microorganisms might have become manifest caeatiy with abiotic
hydrolysis. This assumption is also supported &y diightly higher hydrolysis
rate constants for BDICDI-stabilized samples in pamson with pure PLA.
Another explanation could be the low stability loé tBDICDI additive in such a
biotic environment.
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Table 7 - Kinetic model parameters and coeffici@fitdetermination (B
for the biodegradation of pure PLA and BDICDI-sta®d PLA films

Sample Caq,0® Ch,P Kaqe knd ce R2
(%) (%) (day?) (day™) (days)
PLA 0 100 0.1866 0.0150 16.0 0.9999
PLA + 0.5% BDICDI 0 100 0.0330 0.0330 15.7 0.9961
PLA + 1% BDICDI 0 100 0.0358 0.0352 24.5 0.9953
PLA + 1.5% BDICDI 0 100 0.0320 0.0318 69.2 0.9922
PLA + 2% BDICDI 0 100 0.0589 0.0183 100 0.9977

2Percentage of initial intermediate solid carbbpercentages of initial hydrolysable solid
carbonrate constant for mineralizing water-soluble carbita carbon dioxidé’first-order
hydrolysis rate constantsjuration of lag phase during the initial phaseiotibgradation
before the onset of G@roduction; percentage of total cumulative €@roduction at time
t =90 days.
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Conclusion

Investigation was made on the stabilization eff@ftgarious concentrations
of the anti-hydrolysis agent (BDICDI) in PLA filmprepared by melt blending,
and these were compared with the initial pure pelyrduring an abiotic
hydrolysis experiment and aerobic composting.

Bis(2,6-diisopropylphenyl)carbodiimide (BDICDI) washown to be an
efficient stabilizer of PLA-suppressing chain smas of ester bonds during
abiotic hydrolysis, especially at concentrationewab 1.5% w/w. Beyond this
concentration limit the stabilization effect furted in conjunction with greater
concentrations of BDICDI.The period of stabilization can be characterized by
only a slight reduction in W not more than 20% from the original values at
around 69, 87, and 96 days, in PLA film stabilizgth 1.5, 1.75 and 2% w/w of
BDICDI at 58°C. After the dose of stabilizer is tipd, probably via reaction
with water molecules and carboxylic groups, theemat is hydrolyzed at a
comparable or even slightly higher rate than puté\.PAt low BDICDI
concentrations (of up to 1% w/w), the stabilizatiefiect was insignificant,
potentially caused bglepletion of BDICDI as early on as during melt gesing
at relatively high temperatures. Suppression oftlytic degradation within the
suggested period also triggered preservation ofnthle and mechanical
properties, thereby meeting requirements for prtedirtended for long-term
performance. In the composting environment, theilstation effect of BDICDI
was comparable, albeit with a slightly faster ortdfanineralization for samples
stabilized with higher concentrations of BDICDI. élheasons for such modest
acceleration in depolymerization processes miglat tduextracellular enzymes
produced by microorganisms or more rapid degradatiothe additive under
biotic conditions. It can be concluded that aaaramount of BDICDI above
the minimal concentration limit, dependent on theation and conditions of
thermal processing, shall be necessary for effelgtigtabilizing PLA against
hydrolysis during the lifetime of a product. By &ppg the appropriate amount
of BDICDI, the approximate duration of stabilizatieould be set to suit the
desired requirements of the final product. Thismgple demonstrations the
potential that exists to design a material withetiprogrammable properties.
The strong stabilization effect shown at relativieiw BDICDI concentrations,
and the subsequent rapid onset of hydrolysis &fHICDI depletion, strongly
support the hypothesis for autocatalytic mechaniselating to hydrolytic
degradation.
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6. Natural fibre reinforced polyester urethane copolyner

Over the past few decades, polymer composites haea used heavily in
various business sectors, such as civil engineethmgy construction industry,
transportation, aerospace, electronics and the ddaral area. [92, 93] Their
low weight, excellent mechanical behaviour andigbtb tailor properties to
meet wide-ranging performance requirements, alornitp e possibility to
considerably decrease costs, are the most bengficperties of this type of
polymeric material. [94]

Owing to the recycling problem concerning petroldo@sed polymers, great
effort has been made to replace them with biodedplad polymers, which
exhibit a so-called sustainable life cycle. As regapolymer composites
consisting at least of two different materials pa@ymer matrix (continuous
phase) and a reinforcing agent (dispersed phases) supposed that both phases
of the composites would turn out to be biodegraglabthin a reasonable time.
[94, 95] Polylactide (PLA) as the biodegradableladitic linear thermoplastic
polyester is recognized as being a favoured polymetrix. [96, 97] Its
properties of biocompability, biodegradability arréasonable mechanical
behaviour mark it out as a disposable and biodadpadplastic substituent,
having been so applied in tissue engineering, ddajjvery and food
packaging.[21, 98, 99, 100]

As a biodegradable reinforcing phase, natural $ilmree commonly used due
to their combination of good mechanical propertiesy weight and price.
However, their relatively high hydrophilicity makieem poorly compatible with
hydrophobic polymer matrices and pre-treatmenteisessary. [101, 102] The
most common methods known for hydrophobization lak fibres are alkal
etching [103], acetylation [104], silanization [10&nd peroxide treatment.14
Furthermore, maleic-anhydride-based compatibilizagents have also been
launched commercially as well as efficient adddgivier promoting adhesion
between flax fibres and a hydrophobic matrix.[106]

Due to the actual high cost of PLA, which partiasults from the complex
purification process during its synthesis, endeavas been made to investigate
other methods to synthesize biodegradable polynb&sed on renewable
resources. One of them is the so-called chaindmkof lactic-acid-based
prepolymers of low molecular weight with di-isocgd®s, resulting in high
molecular weight polyester-urethane (PEU). [107 Tlesultant copolyesters
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might prove suitable for use in practical applica resembling those for
standard commercial PLA. [108]

Although several papers have dealt with the prejpearaf PLA-based PEU
[109, 110], there is a lack of work looking at thetilization in blends and
composites. Therefore, this study explores the gregfpn and characterization
of novel biocomposites based on PEU and flax fibrBsie to limited
compatibility between flax fibres and polymeric nags, caused by complex
physical and chemical structures [95, 111], thekwmesent herein focuses on
modifying interfacial compatibility between thexléibres and PEU matrix.

Moreover, examination and discussion is given or thermal and
mechanical properties of biocomposites, resultingmf the flax fibre pre-
treatment applied or the modification of the PLAGEhain linked copolyester,
as well as selecting compatibilizing agents.
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Materials

Materials for PEU synthesis

L-lactic acid (LA), 80% water solution; PEG, (Mn380 — 420 g.mol, in text
labelled as PEG400) were products of Merck, Hohemsy Germany. Tin(ll)
2-ethylhexanoate (Sn(Og)) ~95%; hexamethylene diisocyanate (HMDI), 98%,
were purchased from Sigma Aldrich, Steinheim, Geyna Solvents:
chloroform, acetone, methanol and ethanol (allydiall-grade) came from IPL
Petr Lukes, Uhersky Brod, the Czech Republic. Gfitom (HPLC-grade) was
sourced from Chromspec, Brno, the Czech Republlch®micals were used as
obtained without further purification.

Materials for composite preparation

The flax fibres were provided by Havivank Bv (theetNerlands). The
properties guaranteed by the supplier were asvislldensity of 1.45 g.crhand
tensile strength of 600 MPa. On the basis of edectnicroscopy observation,
the lengths of the fibres were between 150 and|B20 and diameters varied
between 10 and 30 um. Acetic acid, Sodium hydrgxtkic acid (OA) and di-
tert-butyl peroxide (DTBP) were supplied by Sigmddrch, Steinheim,
Germany. The commercial additive 3-(aminopropyhéthoxy silane (ATMS)
was obtained from Sigma Aldrich (Germany).

Experimentally synthesized materials named as iadditand additive 2 were
prepared at the University of Pannonia, Veszprénwnddry, and their
composition and properties are summarized in T&blEhese compounds were
chosen on the basis of previously reported pulddinat since they and their
derivatives worked well as compatibilizing agen&vieen the hydrophilic and
hydrophobic phases.[111, 112, 113, 114]
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Table 8 - Characteristics of synthesized compatibi) additives

Experimental additive 1 Experimental additive 1
Type polyalkenyl-poly-maleic- Polyalkenyl-poly-maleic-
anhydride anhydride-ester
Olefin component styrene 16Cos
Alcohol component - dodecanol
Appearance white-yellow white-yellow
Acid number [mg KOH.g] | 125.2 14.8
Mw [g.mol?] 1620 3435
Mn [g.mol?] 1355 2420
a 1.20 1.42
ASTM colour 0.5 0.5

Sample preparation

Copolymer preparation

A diisocyanate chain-linked copolymer of PLA and@&EU) was prepared
as described in one of our previous works.20 NgHO mL of L-LA was
added into a 250 mL two-neck distillation flask gyped with a Teflon stirrer.
The distillation flask was then connected to a emsér and placed in an oil
bath. Firstly, dehydration of L-LA solution at 1&Dtook place, under a reduced
pressure of 20 kPa for 4 hours. Secondly, 0.5 warif©ct) and 7.5 wt. % PEG
were added and the reaction procedure continued6fdrours at 10 kPa.
Afterwards, the pressure was reduced to 3 kPa mathar 10 hours. The
resultant hot product with high viscosity was palumt onto aluminium foil
and cooled. The whole procedure was repeated tsuficient amount of
material had been collected. Finally, the desirathimers of batches were cut
and mixed using a cutting mill (Retsch SM 100) &vtigles of approximately 3
mm in diameter. The granular PLA-PEG prepolymer stased in a desiccator.

For PLA-PEG chain-linking, 30 g of PLA-PEG prepolgmnwas added into a
250 mL two-neck flask equipped with a mechanicatest The prepolymer was
slowly heated to a predetermined temperature (15QiQder N atmosphere.
Once the mixture had completely melted, HMDI waslextl and reaction
continued for 20 minutes. The PEU obtained was exba@lown, dissolved in
chloroform, precipitated into a water/methanol mret (1:1), filtered and dried
under vacuum at 30°C for 24 hours.
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Composite preparation

A two-roll mill (Laboratory two-roll mill, Lab Tech.RM-S-110/T3E) was
used for composite preparation. The copolymer, RisUWyell as flax fibres were
dried at
80°C for 3 hours before mixing. The processing terapres were 95°C (first
roll, n=8 rpm) and 125°C (second roll, n=19 rpmheTmixing time was 10
minutes. The fibres and additives were added matolten polymer during the
mixing procedure. The compositions of the compessiége summarized in
Table 9.

Table 9 - Composition of PEU/flax fibre composites

Component Unit Composite label and amount of component
A |B C D E |[F |G

Natural fibre 20 | 20 | 20 20 200 20 20

Copolymer 80| 79.5 80 80 79 79 79.7

ATMS 0.5

Acid treatmerit YES

Alkali treatment YES

Experimental additive |-[wt.%)] 1

1

Experimental additive - 1

2

Oleic acid + DTBP 8'?

8 - The flax was treated for 30 min. in 10% acetimlaand then dried in hot air (80°C) for 4
hours
b _The flax was treated for 30 min. in 10% NaOH #meh dried in hot air (80°C) for 4 hours
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Characterization

Molecular weight determination

Change in molecular weight following the blend @egtion was examined on
a GPC device equipped with a dual detection sydterinactive index and
viscometric detector). Analysis was conducted usiregAgilent HT-GPC 220
system. Samples, PEU and its composites (A, B,, @, &d G) were dissolved
in THF (=3 mg.mf) overnight and filtered (syringe filter, 48m). Separation
and detection took place on a series of PL gel-chbed columns (1x Mixed-B,
300 x 7.8 mm, 1@m particles + 1x Mixed-D, 300 x 7.8 mmu#n particles) at
30°C in THF. The flow rate equalled 1.0 ml.miand injection volume was 100
uL. The GPC system was calibrated with narrow pghgste standards ranging
from 580 to 1 000 000 g.mbl(Polymer Laboratories Ltd., UK). The weight
average molar mass Mw, number average molar massamdnmolar-mass
dispersity (MWD = Mw/Mn) were determined from thgieaks corresponding
to the polymer. All data processing was carriedusiig Cirrus software.

FTIR analysis

In order to identify the physico-chemical structuré composites, FTIR
spectroscopy analysis was carried out. The expatsneere conducted on a
TENSOR 27 type FTIR-ATR spectrometer equipped vaithattenuated total
reflectance (ATR) accessory (Ge crystal) at roompirature. The uniform
number of 32 scans with resolution of 3“tmas maintained in all cases.

Tensile testing

To determine the tensile and three-point flexurapprties (mainly stress and
extension) (CSN EN ISO 527-1-4:1999, CSN EN 1SO2541999), an M350-5
CT Materials Testing Machine was used. Tensilefandiral tests were carried
out at the testing speed of 50 mm.rhiand at 10 mm.mih crosshead speed.
Charpy impact strength measurements of the prodummdposites were
provided by a ZWICK 5113 to measurements accordinghe CSN EN ISO
179-2:2000 standard.

Scanning electron microscopy (SEM)

Scanning electron microscopy (TESCAN VEGA Il LMUhet Czech
Republic, equipped with a thermo-emission cathedes applied to characterize
the structural arrangement. The samples were @uairom impact-fracture-
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surface specimens. All specimens were coated withinalayer of Au/Pd. The
microscope was operated in high vacuum mode atcaelexation voltage of
5 kV.

Differential scanning calorimetry (DSC)

The thermal properties of the samples were measqyrelifferential scanning
calorimetry (DSC1 STAR, Mettler Toledo) under arogien atmosphere and
constant heat rate of 10°C/min, using a followieging programme: running a
heating cycle from -10°C to 150°C. Samples with eight of (1 10 mg were
placed in sealed aluminium pans.

Thermogravimetric analysis (TGA)

The thermal stability of the neat and treated PBPpotymer as well as the
prepared composites was determined by thermograwemanalysis (TGA
Q500, TA INSTRUMENTS) under a helium atmospheres(dmw of 30
ml.min). Samples with a weight of approximately 15 mg eveeated from
25°C to 500°C at a heat rate of 10°C.thiThe decomposition temperature of
samples was determined as an onset degradatioeitatuge on the TGA curve.

Results

Molecular weight is an important characteristic aldsng in one way the
effectiveness of polymer synthesis or processinge Tmolecular weight
properties of untreated and treated copolymerscaniposites are summarized
in Table 10. It can be seen that the applied meatithn to the both the polymer
matrix as well as the fibres altered the final roalar weights. The initial M of
PEU decreased from 85.5 to 57.6 kg.mafter processing the same with the
fibres in a two-roll mill, revealing the high setmgty of the sample to
hydrothermal degradation.[115] However, the valfievig was not changed,
highlighting the dominant degradation of long po&mthains. The drop in
molecular weight was determined also for compositiéls treated fibres (C and
D). Generally, the decrease in, nd M, was 35% and 50%, respectively. The
reason for composite degradation during thermatgssing can be explained by
the presence of thermally unstable ester bondeancopolymer structure, the
high shear forces during mixing and the presenaddient humidity. The fact
that degradation was more significant in compositehich contained a

65



compatibilizer or treated fibres suggests thabalhe applied modifications to
enhanced chain scission during processing.

Table 10 - Molecular weight properties of PEU copoér before and
after composite processing.

Mn Mw MWD

Sample Additive [Kg.mol}] [Kg.mol 7]

Neat No 18.4 85.5 4.7

copolymef

A NoP 18.9 57.6 3.1

B ATMS 12.0 39.6 3.3

C Acid 12.5 44.5 3.6
treatment

D Alkali - - -
treatmerft

E Experimental | 12.0 45.2 3.8
additive - 1

F Experimental | 9.9 44.1 4.5
additive - 2

G Oleic acid 4 11.9 42.6 3.6
DTBP

a — pure copolymer after synthesis
b — pure copolymer with non-modified flax fibregeamixing
c — material degraded extensively during procegsioigmeasured

The chemical composition of neat PEU and its comg®svas characterized
by infrared spectroscopy. Figure 25 shows the FFIRtr spectra of neat
copolymer and all the biocomposites investigatelde Bpectrum of the neat
PLA-PEG chain-linked copolymer contains signalsidgpfor PLA, PEG and
amide bonds, resulting from a reaction of end gsowgh di-isocyanate. The
spectrum has already been described in a previauk ly the authors [108].
Therefore, just the most important signals shovo¥ahg the presence of an
amide | bond arising from the reaction of NCO wuttreacted COOH groups:
region 3400 cm (absorbed water), 3300 nm (N-H) and 1520'qiN-H amide
II) bonds, and the broadening of —-C=0 to 1640'cm
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The spectrum of flax has been described previoasly is also given here:
3335 cmt (free OH), 2900 crh (C-H), 2850 crt (CHy), 1645 cmt (adsorbed
water) 1155 cm (C-C) ring breathing, 1105 ch{(C-O-C) glycosidic, 1050 cth
and 1025 cm (C-OH) [116].

Absorbance [AU]

Absorbance [AU]

1654

895

®

-

m

(]

@

A

neat PEU
flax

T T T T T T T T T T T
4000 3000 2000 1000 1600 1200 800

Wavenumber [cm-1] Wavenumber [cm-1]

Figure 25 — FTIR ATR spectra of prepared biocontpssand neat
components.

In the case of biocomposites, the signals of anain&300 crit from the
copolymer and OH groups from flax overlapped ancrekesed in intensity due
to such mixing. A new peak, appearing at 835'cmvas observed only in
composites (B — G) and suggests the presence ot ghiips created during
thermal degradation.

The mechanical properties of composites reflectlével of an interfacial
compatibility between the polymer matrix and fibréable 11 shows the values
for the mechanical properties of biocomposites withdified and unmodified
fibres/matrix. The nominal values of the individualetermined mechanical
properties of the treated composites were compaii#id original untreated
composite A, and the relative changes are showimgure 26.
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Table 11 - Summary of mechanical properties of @reg composites. Average
values for a minimum of six measurements are ptedeStandard deviation
was up to 10 % in all cases.

A B C E F G

Tensile strength at 11.3| 15.3| 13.3| 15.1| 149| 134
maximum, [MPa]
Elongation at break, [%0] 33| 22| 26| 28 22 21
E-modulus (tensile),[MPa]| 750 | 780| 880] 853 940 987
Charpy impact strength,| 2.5 | 3.8| 2.7 3.6 4.2 34
[kJ.mm ]

80 — 1- Tensile strength 3 - E-Modulus
2 - Elongation at break 4 - Charpy impact strength
1234

40 —

B

Tensile strength [%]; Elongation at break [%]; E-Modulus [%]

Relative change of:

Composite label

B C E F G

-40

Figure 26 — Relative changes in mechanical propertf treated composites in
relation to original untreated composite A. Averagdues of a minimum of six
measurements are presented. Standard deviatioupvés 10 % in all cases
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The biocomposite without any additives or fibreatmeent (A) exhibited the
lowest tensile strength (11.3 MPa) and E-modull&) (MPa). Table 11 and
Figure 26 show that all the modification applied fibres with the
compatibilizing agents contributed to the higheeifacial adhesion between the
treated fibres and PEU. The better stress transibetween the fibres and
polymer actually improved the tensile propertiesn{&dulus and tensile
strength at maximum) of the composites subsequeflthmposites B (acid
treatment) and G (Oleic acid + DTBP) showed mildharcement in tensile
properties when their tensile strength at maximuas \wmcreased by more than
approximately 17% in comparison with composite Aorkbver, E-modulus
values for composites C and G rose by about 17%32a#d respectively. More
interesting results were observed for samples wtmmercial and both
experimental additives (B, E, F), which exhibitée thighest values, ~15 MPa
of tensile strength at maximum. This is approxityatequal to 35%
improvement. The enhancement in tensile strength tfserved is significantly
higher than in a previously published work, wheoenmercial PLA/flax fibre
composites reported only ~10% with a comparableeotation of flax [102].
The enhancement of E-modulus was also observedofoposites B, E and F.
While sample B proved only to display a slight smse (780 MPa) in
comparison with untreated composite A (750 MPanmosites E and F showed
significantly higher values (853, 940 MPa). Ilhadses, the improved tensile
strength at maximum and E-modulus were accompabsedreduction of
elongation at break (between 15% — 32%), whichlt®sorough the presence of
inexpensive flax fibres with the matrix.

Charpy impact strength is directly related to egecgnsumed during the
sample cracking under experimental conditionss Itlear that introducing the
flax fibres would create obstructions for a cra@thp hence more energy is
needed [117]. This effect is even more pronoundédibre/matrix interaction
increases. As all the modified biocomposites exéiba higher value for impact
strength in comparison with original untreated cosife A, indication is given
that flax/PEU copolymer interaction was succesgfuthproved. The highest
Charpy impact strength value of 4.2 kJ/frwas determined for composite F,
demonstrating the great efficiency of compatibilgziadditive 2.

Furthermore, interfacial compatibility between fléikres and copolyester
was investigated by scanning electron microscomurg 27 shows the fracture
surface of composite without any modification (sé&m, top image). There are
gaps between the flax fibres and the PLA which @ceither occur through
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debonding during mechanical testing or as a redydbor approximation during
composite production. A great quantity of holesysaal by the residue of the
fibres, is visible on the surface of the fractuneaddition to which it can be seen
that the surfaces of fibres are clean. All thesgeolations can also be found in
the literature, suggesting poor adhesion betweeifliltnes and the matrix [102].
Composites C and F were selected for comparisopoges on compatibility
between the modified polyester or modified flaxé®. Both composites C and
F, compared with untreated composit A, show impdoventerfacial
compatibility (the occurrence of fibre pull-outs suare). However, composite F
exhibits better coating of fibres with polyester \asll as showing a more
compact structure.

The thermal properties of the copolyester and caig® reflect the values
for molecular weight properties. DSC thermograne stvown in Figure 4 and
nominal values for thermal properties are summedrinelable 12. The original
copolyester possesses a semi-crystalline chanadtea low crystalline portion
(specific heat of fusiorAHy, = 1.4 J/g), with a glass transition temperaturg (T
of 33°C and single melting peak at 129.7°C. Thentia properties of PEU
composites with untreated and treated flax fibrerewvariously modified
depending on the treatment utilized. In composit¢without treatment) cold
crystallization occurred at 89.8°C and the meltipgak exhibits multiple
crystalline phenomenon due to the occurrence ddtaliites of a new kind, but
the final value of ZAH,, is comparable with original unfilled PEU. Applying
treatment to flax fibres or adding a compatibilgiagent to the composites,
when compared with untreated composite A, causede@ease in glass
transition temperature of around 8.9°C -9.5°C, Whdorresponds with the drop
in molecular weight. However, this excludes comi@o5i, which could indicate
the high compatibilizing efficiency of additive &ilane, acid and alkali
treatment of flax fibres slightly changed the semystalline character of
composites. Silane treatment especially incredsed/alue forzAH,, by about
2.5 times (composite B), whereas acid treatmentosiineradicated the
crystalline structure of composite C, in additianwhich alkali treated fibres
fully degraded composite D. A totally different ludknce was effected by
compatibilizing additives 1 and 2, which changeel tharacter of composites E
and F, making them amorphous in nature. The seystalline character of
composite G was comparable to that of composite B.
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Figure 27 — Selected SEM micrographs of fractureddmposites under
various magnifications. Top — (A), middle — (C)ttbm — (F)
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Table 12 - Thermal properties of prepared compssite

Sample 1 heating cycle

Te |AH; | Tm AHy, | Z2AH | Ty

(°C) | (J/9)| (°C) (J/9)| (I/9) | (°C)
PEU - - 129.7 1.4 14| 321
Composite A 89.8/ 0.8 | 105.1/112.8/122,12.3 | 1.5 | 30.2
Composite B - - 95.9/111.1 53| 5.3] 20}7
Composite G - - 128.7 05| 05| 213
CompositeDnd | nd | nd nd | nd| nd
Composite E - - - - 0 21.7
Composite F - - - - 0 33,2
Composite G 82.7| 1.3 | 95.9/111.1 6.7 54| 211

nd — not determined

| Composite G
54
_@ | Composite F
c 4
-]
e .
® 3 Composite E
E 4
T 2T .
§ Composite C
1 4
3 l Composite B
S o
ke, A
o .
L 1 Composite A
z -1 T~ ]
ke |
et _2 _
3 ] PEU
T
3
T T T T T T T T T T U T
20 40 60 80 100 120 140

Figure 28 —

Temperature (°C)

DSC thermograms of PEU and PEU/flarefitomposites
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The presence of three melting peaks in composita\be attributed to the
presence of crystals possessing different lametécknesses or possibly
different crystalline forms. The decline in the tmeg region is indicated on less
perfect crystals than on neat copolymer. A sintlaange in crystallites and the
melting behaviour of polylactic acid/flax fibre cposites was observed in a
work by Battegazzore et al. [105] As Table 12 shoavter treatment had been
applied to flax fibores or composites, the crystalicharacter of the final
composite was significantly changed. Only CompoGitghows a single melting
peak comparable with neat copolymer. CompositeB And G exhibit a multi-
melting characteristic, and composites E and Faarerphous. The explanation
for the amorphous nature of samples E and F liesh@ presence of an
anhydride ring; this acts as an obstruction thhibits chain-folding. It is also
possible that the compatibilizer reacts with thpatgmer, which might lead to
the creation of structures unable to crystallizdarrexperimental conditions.

Thermal stability was measured by thermogravimetnalyses, and TGA
thermograms are depicted in Figure 29 while andlysdues are summarized in
Table 13. As can be seen, neat copolymer exhibitegle step decomposition at
250°C during heating with onset degradation tentpezaThe onset degradation
of unmodified composite A was around 10°C highemtlior neat copolymer,
which highlights the beneficial effect of flax fds on the thermal stability of a
biocomposite. This is in disagreement with mostepagpublished on PLA/flax
(or other cellulose fibres), where a small decremséhermal stability was
observed. [105, 118, 119] This discrepancy canxXptased by the dominant
effect of heat absorption by the flax fibres rattean their catalytic effect on
decomposition.

The mass loss commencing at around 130°C in alidslevas attributed to the
evaporation of absorbed moisture [120]. Due todligaificantly higher second
decomposition temperature of Composite G £T340°C) it can be concluded
that acid treatment increased the thermal stallitflax fibres, whereas other
modifications did not have a significant impact dhe decomposition
temperature of flax fibres in the composite. Thgngicantly increased residues
of composites at 500°C, in comparison with neatoboper, were attributed to
ash and mineral components from flax, since it waswn that about 10% of
such residues usually remained after burning fl86].
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Figure 29 — TGA curve of prepared biocomposites raeat
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Table 13 - Summary of thermogravimetric analyssuts — T; — onset
temperature 1, b— onset temperature 2 and weight percentage ofluesi at

500°C.
To1 | Remaining| To2 | Remaining | Residue
weight? weight? weight
[°C] | [%] [°C] | [%9] [%]
Neat 250 | 88.7 - - 1.29
copolymer
A 260 | 97.0 - - 3.1
B 268 | 78.9 326| 17.2 3.9
C 271 | 83.2 341 125 4.3
E 270 | 77.9 323| 17.6 4.5
F 266 | 78.9 326 17.1 4.0
G 270 | 72.3 324 21.7 6.0

2 — Remaining weight at onset temperature
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Conclusions

The aim of the work was to find an optimal compiéisation method for a
thermoplastically prepared biocomposite systemgdbaan natural flax fibres
and a novel polyester-urethane copolymer matriwo Types of experimentally
prepared additives, a commercial additive and okmad and di-tert-butyl
peroxide were used as compatibilizing agents. thitaa, the effect of alkali or
acid treatment on the fibres was investigated. rEiseltant biocomposites were
characterized by gel permeation chromatographyranefl spectroscopy,
differential scanning calorimetry, thermogravimet@nalysis, and scanning
electron microscopy. Mechanical properties weresmeined by tensile and
Impact resistance tests.

Results show that the molar mass of the polymerixnatas considerably
decreased due to thermal degradation of materiainglubiocomposite
preparation. It was also confirmed by infrared $mscopy. Electron
microscopy revealed better adhesion between thesfiand matrix after each
type of modification, which corresponds to the naeubal properties of such
biocomposite enhancement. Differential scanning orgaktry analysis
highlighted the amorphous or semi-crystalline rmatwf composites. The
presence of natural fibres led to overall thermabifity of biocomposites
improvement.

From the viewpoint of the studied polymer matrix a natural filler
compatibilization process, involving application ah experimental additive
based on maleic anhydride and a commercial addiiv@-(aminopropyl)
trimethoxy silane, was found to be the most eflectimethodology.
Nevertheless, almost all of the fibre treatmenthods researched significantly
improved the properties of biocomposites, in congoar with the system
utilizing untreated flax fibres. The only exceptiobserved was for the alkali
treatment of fibres, which led to strongly negativeeraction with the polyester-
urethane matrix.
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7. Effect of hybrid zinc stearate-silver system on
degradation behaviour of PLA

PLA is widely investigated as promising polymer fgpplications in food
packaging, medical applications and especiallyyigignic materials. However,
such applications require good mechanical as vgetlpecific properties, such as
antimicrobial activity and thus, the modification$ initially brittle PLA are
necessary.

The mechanical properties of PLA are of great agerThe improvement of
the mechanical properties can be achieved, eitgecHain orientation, by
blending with other biodegradable polymers or byroducing plasticizer
systems into it [121]. Common plasticizers are glgcerol, triacetin, and low
molecular weight citrates, partial fatty acid est¢t22]. A large number of
investigations have also been reported on blenBing with various polymers
such as plasticizers, for example, thermoplasticarcht [123],
poly(ethylene  oxide) [124, 125], poly(ethylenegljco [125], poly(e-
caprolactone) [126], cellulose acetate [127], ntpriove the flexibility of PLA.

Antimicrobial modifications of polymers are used poevent or inhibit a
growth of microorganisms on its surface. Nowadayspmmonly used method
for modification of polymers is the addition of antimicrobial agent/additive
directly into the polymer matrix. Currently, silvbased (Ag) additives have
received significant attention due to the low ta@yiof the active Ag ion to
human cells as well as for being a long lastingcidi® with high thermal
stability and low volatility [128, 129]. Microwav@V\W) synthesis is one of the
well-known effective methods of the preparation Af-NPs [130, 131].
Immobilization of Ag-NPs by MW synthesis on variooigganic substrates has
been studied by Bazant et al. [129]. The authoressfully immobilized
nanosilver, nanostructured ZnO and hybrid nanostrad Ag/ZnO on a wood
flour (WF) surface by MW synthesis. Subsequenthe tmodified WF was
compounded into a PVC matrix (5 wt. % loading) #mel antimicrobial activity
was tested while the most efficient system was llgbrid nanostructured
Ag/ZnO. Igbal et al. described the surface modiioraby MW synthesis of Ag-
Nps on surface of inorganic substances [128]. Ag-Wpre successfully bonded
on hydroxyapatite and caused antimicrobial actigityhe prepared system.

Pantani et al. [62] prepared PLA/ZnO based nanocsitgs with good
antimicrobial activity. However, they reported thadrameters of mechanical
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properties, such as elongation at yield and breahlould be improved by
addition of a plasticizer into the nanocomposit® fi

Therefore, the objective of this part of work was grepare PLA based
composites with additive, which fulfil both functis: fragility suppression and
exhibit the antimicrobial activity. Therefore, tifg nanoparticles have been
immobilized by MW synthesis on the surface of zstearate (ZnSt) (a well-
known plasticizer) and the resulting hybrid syst@nSt-Ag) was incorporated
in PLA polymer matrix in various concentrations.eTthanges in thermal and
mechanical properties as well as morphology of amsitps in dependence on
concentration of ZnSt-Ag were investigated. Moregowle influence of the
ZnSt-Ag system on PLA degradation behaviour wagiesl during the abiotic
hydrolysis, which represents a major depolymeasathechanism of PLA.
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Materials and methods

Materials

Polylactide was obtained from NatureWorks (Inged®60D). Its weight
average molar mass Mw was 158000 g:maind polydispersity 3.5 as
determined by GPC (Agilent HT-GPC 220). DensityPhfA was 1.24 kg.m.
Zinc stearate (ZnSt) was supplied by Sigma Aldr{t}SA). Silver nitrate
(AgNOs3), Hexamethylenetetramine (HMTA) and ethanol wenecpased from
PENTA, Czech Republic.

Preparation of hybrid ZnSt-Ag particles

Hybrid ZnSt-Ag particles were prepared under refluxhe microwave open
vessel system MWG1K-10 (RADAN, Czech Republic; W8, 2.45 GHz)
operating in continuous mode (zero idle time) wattternal cooler. First, 200
mL of AgNO; (0.85 g) solution in water and 450 mL of ZnSt (QPl.g)
dispersion in ethanol were transferred into 1000radction bottle.

The reaction mixture was heated in MW oven for A.néifter that, 100 mL
of HMTA (7.00 g) solution in water was added and MW heating continued
for 10 min under continuous stirring (250 rpm). Theaction product was
collected by suction microfiltration and left toydn a laboratory oven (50 °C)
up to the constant weight. The prepared ZnSt-Agesyontained 4.09 wt. %
of Ag (determined by energy dispersive x-ray flemence spectrometer, ARL
Quant’X EDXRF Analyzer, Thermo Scientific, Germany)

Preparation of PLA/ZnSt-Ag mixture

Before compounding, PLA pellets were dried at 45ut@er reduced pressure
for at least 24 hours. Prepared hybrid particleeevuecorporated into the PLA
matrix by co-rotating twin screw micro-compounderinMab I HAAKE
Rheomex CTWS5 (Thermo Scientific, Germany, 5 mL chanvolume). System
temperature was 160 °C, speed 100 rpm and time ixdngn 5 min,
concentration of the filler was 1; 3; 5 and 10 %st.

PLA films 500 um thick were compression molded. Tirederial was brought
to the processing temperature of 160 °C during ri, thien molded for 2 min.
and immediately cooled down under pressure aféisterring the material to a
second press kept at 20 °C.
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Characterization

Gel permeation chromatography

The weight average molecular weight (Mw) and itsarges during
degradation tests were analysed by gel permeatiwamatography (GPC).
Analysis was conducted using Agilent HT-GPC 220oomatographic system.
Samples were dissolved in THF (~1.5 mg/mL) overhigbeparation and
detection took place on 1xPL gel-mixed-B and 2x Pgel-mixed-D (300 x 7.8
mm) columns connected in series with an Rl andoviggtric response detectors,
respectively. Analyses were carried out at 40°ChveitTHF flow rate of 1.0
ml/min and a 100uL injection loop. The GPC system was calibratednhwit
narrow polystyrene standards ranging from 580 @0Q 000 g.mot (Polymer
Laboratories Ltd., United Kingdom). The weight age molar mass M
number average molar mass ,&hd molar-mass  dispersity
(MWD = M,/M,) of the tested samples were determined from tpemks
corresponding to the polymer fraction based on ens&l calibration curve
(polystyrene standard). All data processing wagierh out using Cirrus
software.

Thermal properties - Differential scanning calorintey

Thermal characteristics were obtained by diffeednsicanning calorimetry
(DSC) on the Mettler Toledo DSC1 STAR System. Akasurements were
carried out under a nitrogen atmosphere (58.mim?). The temperature ramp
was set from 0°C to 210°C (10 K.y followed by annealing at 210°C for 5
min and afterwards by cooling scan of 210-0°C (1®ikK?), then an isothermal
step at 0°C for 5 min, and finally the second mgptican at 0-210°C (10 K.min
1. Melting point temperature ) was obtained from the first heating cycle. The
glass-transition temperatureg{was determined from the second heating scan.

Mechanical properties

The tensile tests of composites were carried ocoraing toCSN EN ISO
527-1-4 standard by using tensile testing machiestoimetric M350-5CT at a
crosshead speed of 5 mm.minThe dimensions of dog-bone form specimens
cut from the compression molded plates were 600xx40.5 mm. Prior to the
testing samples were dried over-night at 45 °CleAst seven specimens from
each group were tested.
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Atomic absorption spectroscopy (AAS)

The exact concentration of the ZnSt-Ag particles RhA matrix was
determined by atomic absorption spectroscope AgilerbUO
240FS/240Z/UltrAA (Agilent Technologies) equippedthwa hollow cathode
lamp (Ag: | = 4 mA and wavelength = 328.1 nm, Zr= 5 mA and wavelength
= 213.9 nm) and with background correction by atelewm lamp. The mixture
of gasses, acetylene and air, was used in the fiaried and 13.5 L mih flow
rates, respectively. Concentration was calculatedraling to calibration which
was measured with standards with specified conagotis (Ag:1000 mg/L,
Agilent Technologies, Zn:1000 mg/L, Fluka Analytica

Scanning electron microscopy (SEM)

Structure of the prepared samples was observed capngg electron
microscopy (VEGA IILMU, TESCAN). Specimens were taxh with a thin
Au/Pd layer. The microscope was operated in vacmode at an acceleration
voltage of 10 kV.

Antimicrobial activity

Antimicrobial testing was performed on films coniag ZnO and CuO
nanoparticles according to international stand&@ P2196:2007. The activity
was tested against bacteria strains, Escherichla (Gyam-negative) and
Staphylococcus aureus (Gram-positive). Colony fagnunits (CFU) were
determined and the antimicrobial activity (R) wasfiged as differences
between logarithm values of growth of untreated taeated samples:

R=U- A (6)

where U; is the average of the common logarithm of the remmif viable
bacteria, in cells/ch recovered from the untreated test specimens 2dtdr, A,

the average of the common logarithm of the numldeviable bacteria, in
cells/cnt, recovered from the treated test specimens afteh 2ndR is the
antibacterial activity.
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The colony forming units reduction (CR) is expresdy the reduction of the
number of the formed colonies perdmpercentage:

CR=( —%)-100 (7)

B
where N is the number of viable colonies perZafter 24 h recovered from the

material without additive (blank) andsh the number of viable colonies per
cn? after 24 h recovered from samples with antimicabbgents.

Abiotic degradation

Abiotic hydrolysis was determined at 37 °C. The gke® (50 mg) were cut to
0.3 x 0.5 cm specimens and suspended in 10 midofisophosphate buffer (0.1
mol.L7%, pH 7.00) with a microbial growth inhibitor (NaN2 wt. %). The
medium (10 mL) was taken in regular intervals dmelsupernatant liquids were
analysed for dissolved organic carbon (TOC-L amalysShimadzu). The
samples were also analysed at appropriate inteloyazPC.
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Results

Initial properties, compaosition and processingdngtare essential parameters
for further investigations of the prepared compssitTherefore, the molecular
weight and other characteristics of the neat PLAl &LA with ZnSt-Ag
composites were investigated (Table 14) as weltha&s morphology of the
prepared ZnSt-Ag system and composites.

SEM micrographs of the ZnSt-Ag additive and PLA%@nSt-Ag composite
are shown in Figure 30. Immobilized Ag particleshasize below 100 nm are
visible in case of pure additive (Figure 30a) adl we in composite (Figure
30b). Size and shape of MW prepared Ag-NPs correspo results published
by Bazant et al.,, where Ag-NPs were immobilized aarwood flour [129].
Furthermore, SEM analysis revealed that immobilize&g-NPs had good
cohesion to ZnSt substrate even after thermoplpsbicessing.

Figure 30 - Scanning electron micrographs of preqghZnSt-Ag system (a) and
PLA 10 wt. % ZnSt-Ag (b).
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The silver concentration estimated by AAS is listed able 14. As expected,
the highest concentration, 0.22 wt. %, of silversNikas determined in the
sample with the highest filler loading (10 wt. % £iSt-Ag). The composites
with 1, 3 and 5 wt. % of the ZnSt-Ag contained 0.027 and 0.13 wt % of Ag
NPs, respectively.

As mentioned in previous chapters, PLA is sensititee increased
temperatures and during the processing subjectbetional degradation. The
GPC results confirm this phenomenon. The steakaised additives are known
for their thermal stabilization effects in PVC. VWaret al. proposed the
stabilization effect of CagtZnSt and their mixture CagZnSton PVC, which
was, moreover, improved with synergistic effectwestn CaStZnSt and
pentaerythritol and organic tin [132]. However, siabilization effect of the
prepared ZnSt-Ag system was observed during thentdedegradation and the
M,, decreased from 158 000 to 1000 000 after proagssith 1 wt. % of ZnSt-
Ag. This behaviour was also described by Rosa.gtvhlere the cobalt stearate
and magnesium stearate made the blends with pgyi@ime more susceptible
to thermal degradation [133]. Nevertheless, witle timcreasing ZnSt-Ag
concentration, the molecular weight started toaase slightly as well (Table
14). The PLA during the thermal degradation is satgd to random chain
scission generating oligomers [134]. Thus, the ItieguM,, increase occurred
probably due to subsequent recombination of themged oligomers [135].

Table 14 - Material properties of PLA/ZnSt-Ag cosifes.

Content M2 T Tmd AHmM®
Sample of Ag MWD
(Wt.%)* | [g.molY] [°C] [°C] [3.97
PLA - 158000 35 55.81
PLA + 1 wt.% ZnSt-Ag 0.02 103000 3.1 50.85
PLA + 3 Wt.% ZnSt-Ag 0.07 118000 | 3.11 | 51.29| 11640  0.75
PLA + 5 wt.% ZnSt-Ag 0.13 132000 | 3.02 | 51.85 116.83 2.1
PLA + 10 wt.% ZnSt-Ag 0.22 157000 | 3.62 52.6 | 11752  5.37

"analysed by AAS*Weight average molecular weightylolecular-weight
dispersity Glass transition temperatuféylelting temperatureEnthalpy of
melting
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Figure 31 - DSC thermograms of PLA and PLA/ZnStémposites

Thermal behaviour was analysed by DSC methodvéaled that the thermal
properties of neat PLA and composites reflectedviliees of molecular weight
properties. The neat PLA possessed the amorphoasaatbr with a glass
transition temperature lrof almost 56 °C. The ZnSt-Ag reduced thgof the
composites to ~50 °C. Nevertheless, the temperaianidendency to grow with
the increased Zn3tg concentration, which was in agreement with GSuits.
Furthermore, it was evident from DSC curves (Fig@®, that from the
concentration of 3 wt. %, the material possesseélatemperature J= 117 °C.
The values of } and enthalpy were attributed to thermal propertieZnSt
(tabulated value of JJis 120-130 °C [136]), which were negligible at tbhever
concentrations

In order to verify the plasticization effect of 2znSn PLA matrix, the
mechanical properties were tested. As shown inrEi@Ra, the addition of
ZnSt-Ag into PLA leads to significant decrease @in50 %) of the rigidity
(Young's modulus). Opposite effect was describedRbga et al., where the
addition of stearates into PP caused a growingteffieYoung’s modulus [133].
Tensile strength values (43-48 MPa) of the prepaosdposites exhibited only
slight decrease in comparison with neat PLA (52 MPggure 32b). This could
be associated to low interphase interaction betwBé and ZnSt-Ag,
reduction of molecular weight and to formation ofnvl molecular products
[137]. However, interesting values revealed reswitselongation at break
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(Figure 32c). With loading less than 10 wt. % ZASt-the elongation (13 %)
was lower even than the elongation of neat PLA %23 which suggested the
reduction of Mw due to degradation, and also, tiveas no plasticizer effect,
when the concentration of ZnSt-Ag was 1, 3 or 5T¥e determined elongation
of neat PLA was generally higher than the valuesg@mted by e.g. Yu et al.
[138] and Pantani et al. [62]. It could be due toogphous structure of neat
PLA. However, significant improvement of elongatiomas noted when the
loading of ZnSt-Ag was 10 wt. %. Compared to sdvpublications [62] and
[138], where the values do not exceed 10 %, indage, the elongation reached
almost 40 %, which could be ascribed to the plestieffect of ZnSt-Ag.
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Figure 32 — Mechanical properties of PLA and PLABFAg composites:a)
Young’s modulus [MPa], b) Tensile strength [MPg]Etongation at break
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Table 15 - Antimicrobial activity of prepared consgies determined
according to ISO 22196.

Staphylococcus aureus Escherichia coli
CCM 4516 CCM 4517
Sample
N CR N CR
(cfulcm?) (%) | R=Ui- A | (cfu/cm?) (%) | R=Ui- A

PLA 2,4.10 U =54 1,2.10 U=6,1

PLA + 1 wt.% ZnSt-Ag 1,5.16 38 0,21 9,2.10 23 0,13

PLA + 3 wt.% ZnSt-Ag 1,6.10 33 0,17 3,6.10 70 0,53

PLA + 5 wt.% ZnSt-Ag 6,5.10 73 0,56 6,0.10 50 0,32
PLA + 10 wt.% ZnSt-Ag| 1,1.10 100 4,32 <1 100 >6,1

The antimicrobial activity of PLA based composiieng againstE. coli
(Gram-negative) and. aureus(Gram-positive) bacterial strains are listed in
Table 15. Number of colony forming units per crof sample (N) was
determined and the antibacterial activity (R) aheé percentage of colony
forming units reduction (CR) were estimated. As extpd, the distinctive
antimicrobial activity exhibited films with the Hgst Ag loading (0.22 wt. %).
The activity was stronger agairistcoli thanS. aueus. It is in agreement with
the results published by Shankar et al., who repbe significant antimicrobial
activity of PBAT based composites with almost tlane concentration (0.25
wt. %) of Ag NPs, where the activity was also higlagainst Gram-negative
bacteria [139]. According to CR results, it islstignificant that the reduction of
growth of microbial cells was observed in the cafsthe rest of samples with 1,
3 and 5 wt. % of ZnSt-Ag, where the reduction dboy forming units per ci
was from approximately 25 to 70 %.

It is a well-known fact that the Gram-negative laiet strains are more
sensitive to Ag NPs action than the Gram-positivaiiss. Several mechanisms
of Ag NPs have been reported; however, a clear am@sim has not been
established yet. As the most widely accepted mesitmnvas proposed the
interaction of the Agwith negatively charged phosphorous of sulfur-aomhg
biomacromolecular compounds (proteins and nuclaimis® which cause
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structural changes and deformation of metabolicgsses leading to cell death
[140].

The sensitivity of PLA to abiotic hydrolysis is dered as one of the
limiting factors for its long service applicationBhe effect of the ZnSt-Ag on
the rate of hydrolysis was investigated by sevé&zahniques including total
carbon analysis (TOC) and GPC. The hydrolysis amalywas supported by
AAS measurements, where the release of the Zn&tyaggm into the phosphate
buffer was investigated.

The data describing dissolved organic carbon actatrono as a result of the
samples hydrolysis are plotted in Figure 33. Thsults revealed almost
negligible effect of the additive on the onset lvé degradation, which was for
all the samples 14 days. After that period, a shacpease in the degradation
rate of the neat PLA was observed. However, thenexof hydrolysis was
supressed with a respect of the concentration &t-Ay. While the neat PLA
was hydrolysed after 21 days in 10 %, the comp®$iyerolysis reached 4, 2.5,
2.3 and 1.5 % according to the increasing conceotraf ZnSt-Ag in PLA. The
sudden rise of degradation kinetics could be attedb to the release of low
molecular substances, which were formed due todhysis in polymer bulk. It
could be possible that the substances graduallyulaied in the polymer bulk
and after saturation, they diffused into the sumtbog environment. The
suppression of PLA hydrolysis by Zn based additivas described by Benali et
al. [17]. They noted that the neat PLA exhibitedtdreability to water uptake
than the system with 3 wt. % of surface treated Zi@us, it could be
considered, that the reduction of the hydrolysisemix might be caused by
barrier effect of ZnSt, which probably decelerateel diffusion of water into the
matrix and consequently the diffusion of low mollcisubstance from the PLA
matrix.

As mentioned, the reductionMvas observed during the processing initiating
by thermal degradation. A further decrease qQf &long degradation time was
observed during the hydrolysis. The curves (Fig8d) exhibited similar
phenomenon as in the case of TOC analysis. Thermajo decrease was
observed within 14 and 21 days in the neat PLA.
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Figure 33 - Abiotic hydrolysis of PLA samples itN).phosphate buffer
(pH = 7) at 37 °C. Error bars correspond to twideetstandard deviation.
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Figure 34 - Molecular weight evolution of neat PaAd PLA-based composites
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Figure 35 — Cumulative concentration of evolved(&gand Zn (b) in
phosphate buffer determined during the hydrolyBBLAA/ZnSt-Ag composites.

It could be expected that the additive was reledsed the PLA matrix into
the liquid medium (phosphate buffer) due to hyds@yinduced erosion. To
verify this hypothesis, analysis of the phosphatdfen, where the samples
hydrolysis took place, was performed by atomic gitsmn spectroscopy. The
concentration evolution curves for both elemenésdepicted in Figure 35 (a —
Ag; b — Zn). The concentratigmt. %) of the elements was recalculated with the
respect of initiate weight of the Ag and Zn elensemt the samples (did not
included the whole weight of the sample). Duringd&8/s of hydrolysis, only
slight release of Ag and Zn was observed. A modsstin concentration of Ag
was observed after 14 days, when the hydrolysigtotekes place. It is in
agreement with TOC results. This could be ascrifoed small amount of Ag
particles, which was “washed out” from the PLA matiSubsequently, up to
63 day, the silver release did not proceed and fisvate concentration did not
exceed 0.2 wt. %. The slight ZnSt (Figure 35b) whserved after 21 days
except the sample with the highest loading, whendbncentration of Zn was
already apparent after 7 days. The concentratis shghtly increasing during
the whole period of hydrolysis. However, after 63ysl the cumulative
concentration of Zn was less than 0.8 wt. %. Inhboases, the release of
ZnSt-Ag was negligible.
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Conclusions

The hybrid system of ZnSt and Ag nanoparticles werepared by MW
synthesis and incorporated by thermoplastic pracgssto PLA matrix. The
influence of the ZnSt-Ag system on PLA propertiad degradation mechanism
were studied and compared with the initial neaymelr.

The ZnSt-Ag concentration was 1, 3, 5 and 10 wtThBe exact amount of Ag
nanoparticles in composites was determined by at@isorption spectroscopy
where the Ag concentration of highest filling syst€l0 wt. % ZnSt-Ag) was
0.22 wt. %. As was expected, thermal degradatiorPloA occurred during
processing with no stabilization effect of ZnSt-Alg.was characterized by
reduction of M,. However, initiation of recombination process wdsserved
during processing when the filler content was al®wet. % and the M started
to increase. The analysis of thermal propertieeakad slight decrease of T
from 56 °C (neat PLA) to approximately 50 °C andhe case of samples with
3, 5 and 10 wt. % of ZnSt-Ag, the value of melt pemature 117 °C was
observed, which was ascribed to filler contributioAntimicrobial activity was
evident, when even the lower concentration of tim&tZAg was added. The
bacterial colonies were reduced to approximatelys3®However, the significant
activity exhibited the system with 10 wt. % of tfider. Furthermore, the
significant improvement of mechanical propertiespexially in elongation at
break, was achieved with addition of 10 wt. % ofSEAg. The initial
elongation of neat PLA was approximately 23 %, aftdr incorporation of the
filler, the value increased to almost 40 % of elman. The ZnSt-Ag played
significant role in suppression of abiotic hydradysf PLA. The hydrolysis of
neat PLA was 10 % after 21 days. After additionlpf3, 5 and 10 wt. % of
ZnSt-Ag the hydrolysis rate decreased to 4, 2%aRd 1.5 %, respectively. The
role in the reduction could play the barrier effeétZnSt-Ag, which limited
water diffusion into PLA matrix and the subsequeifiiusion of water-soluble
oligomers and monomers into the surrounding enwnemt.

It can be concluded that the additive with specifimctions, such as
antimicrobial activity and plasticizer effect, wasepared. Moreover, after
incorporation into PLA matrix, the inhibition effeof abiotic hydrolysis was
observed. This kind of modification could be th&uson for the request of PLA
based materials for prolonged lifetime applications
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8. Dielectric relaxation spectroscopy of hydrolysed PA

Polymers, which are subjected to chain scissiorinduthe degradation,
possess changes in properties and structure. Aogotd these changes, the
degradation rate can be estimated. Dielectric atie spectroscopy (DRS) is
well-known for being a very useful tool to studyetimternal structure changes
and thus, it can be used as one of the estimagionntques for degradation
determination.

DRS is based on the interaction of an externaltietefteld with the electric
dipole moment and charges of the medium. It is thatk which is sensitive to
movements of the elements of the polymer chain¢clwpbssess dipole moments
with certain relaxation mechanisms [141]. Polynekibit two main relaxation
processesp relaxation is characterized for local motions ddimchains and
side chains movements; processes, which are related with Brown motion
(glass transition) [142].

Polylactide possesses the dipole moment paralleth® chain and in
amorphous form, it exhibits three relaxation maximga (normal mode
relaxation),as (segmental motions associated witf) dndp (local motions) in
order of decreasing temperature [141, 143]. Thelechec relaxation
measurement is a widespread method to investigakecomar mobility and thus
the polymers structure and properties. Ren etnakstigated the changes in
thermal and dielectric behaviour of PLA blends cosgal of semi-crystlline and
amorphous structure [143]. Further investigatiopsDiRS were conducted by
Pluta et al. In this study, the influence of montithanite filler on dielectric
properties was observed [141]. The degradationld BB closely connected
with changes in polymers structure. Thus, the DR8 be considered an
effective tool to study the degradation processes. example, Badia et al.
analysed by DRS the thermo-mechanical degradatamere changes in
microstructure and segmental dynamics were invastg[54].

In this chapter, the characterisation of changesliglectric properties of
amorphous PLA initiated by abiotic hydrolysis wasastigated and correlated
with GPC analysis.
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Material

Polylactide was obtained from NatureWorks (Ingeo06@D). Its weight
average molar mass Mw was 158000 g.maind polydispersity 3.5 as
determined by GPC (Agilent HT-GPC 220). DensityPdfA was 1.24 kg.m.

Methods

Sample preparation

Before compression moulding into plate with 1 mnckhess, the PLA
pellets were dried at 45 °C under reduced predsurat least 24 hours. During
the compression moulding, the material was broughtthe processing
temperature of 160 °C during 2 min., then molded3fonin and immediately
cooled down under pressure after transferring thternal to a second press kept
at 20 °C. Rounded samples with diameter of 9 mmewabsequently cut from
the plate.

Abiotic degradation — Hydrolysis

Abiotic hydrolysis was determined at 37 °C. The gk® (50 mg) were cut to
0.3 x 0.5 cm specimens and suspended in 10 midafisophosphate buffer (0.1
mol.L, pH 7.00) with a microbial growth inhibitor (NaN2 wt. %). The
medium (10 mL) was taken in regular intervals dmegupernatant liquids were
analysed for dissolved organic carbon (TOC-L aralyShimadzu).

Dielectric relaxation spectroscopy

Samples before and after hydrolysis were dried owvght at 30 °C under
reduced pressure and analysed by dielectric measuats using a Broadband
Dielectric Impedance Analyzer Concept 40 (NovoaantGermany) in the
frequency range from ¥0to 10 Hz and at temperatures from 0 to 100 °C. The
amplitude of the applied AC voltage was 1V. To rekee the dielectric
properties of the material, the complex impedanas wetermined using a
standard sample cell BDS 1200 employing RC modehefsample. Based on
these values and the knowledge of the sample dioms)sthe complex
permittivity was determined

Several variables were investigated in the studyi@ectric properties during
the PLA degradation. The complex permeability,the reale” and imaginary
¢’ parts of dielectric permittivity were studiea,carding to the equation:
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e =¢ —ig’ (8)

The thermal activation of the dielectric processas characterized in Arrhenius
plots using the maximum frequency of the relaxatianeach temperature.

Results

Figure 36 shows frequency dependencies of the maagiparte” of the
dielectric permittivity for samples of amorphousAland PLA after 7 days
hydrolysis (PLAH). Concerning the evolution of cesv of the PLA, the
maximum was clearly observed above 50 °C, actaddiyve T (~55 °C), which
moved to higher frequencies with the increasingpemature. It was ascribed to
the as relaxation [54, 141]. Below 50 °C no relaxatiaaks occured. Pluta et
al. described the decreasedyimaximum above 80 °C due to crystallization of
PLA [141]. The results described here did not eixhitns type of behaviour.
Subsequently, at low frequencies, direct condugtieffects appear (sfmice -

1), which led to increase #1". Regarding to the evolution of PLAH curves, the
maximum of the relaxation motions moved to higheqfiency.

For better illustration of the changes during hygbis, thee” spectra of all
samples at 80 °C were compared (Figure 37). It exadent that, with the
increasing PLA degradation time, the relaxationktquwace at the higher
frequencies. Even after 2 days of hydrolysis, whten PLA degradation was
0.25 %, the slight shift was observed. The chargmdd be ascribe to the
increasing mobility of polymer segments due to dyettvailability of shorter
chains, which were created due to chain scissitis @iependence was also
observed by Badia et al. during the thermal-med#riegradation of PLA
[54].
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Figure 38 shows the Arrhenius plots (temperatur@eddence of the
relaxation time) for thess relaxation. Generally, the linear Arrhenius bebavi
exhibitsp relaxations [Santangelo] and it can be fit by Amus model [144]:

T = Tgexp (%) (9)

wherert is the relaxation time (s), that istf?, tois a time reference scale and
E. is the apparent activation energy.

However, the thermal activation of segmental raiaxatimes did not exhibit
Arrhenius behaviour (Equation 9). The plots wetted to the Vogel-Fulcher-
Tammann (VFT) equation as observed commonlyfoelaxations [141]:

=) (10)

T = Toexp (T_To

where B and Jare parametersyfienerally appears 40-60 K below the T

Based on Arrhenius plots, the “fragility“ of polynmsecan be classified. It
means, if the curves deviate strongly from Arrherbehaviour and can be fit by
VFT, the material is fragile. On the other handh# curves have almost linear
character, they can be classified as “strong“ nmedtgd44] Therefore, it could
be claimed that the results in Figure 38 revedtediricreasing fragility of PLA
during the hydrolysis, which is connected with teerease of MW due to PLA
abiotic degradation after 2, 5 and 7 days, whicls W5, 0.27 and 8 %,
respectively.
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Figure 38 — Arrhenius plots ofrelaxationsof PLA and hydrolysed PLA for 2, 5
and 7 days.

Conclusions

The dielectric relaxation spectroscopy was usadvestigate the PLA abiotic
hydrolysis. The hydrolysis of samples was measafest 2, 5 and 7 days and
took place in 0.25, 0.27 and 8 %, respectively.

The dielectric measurements in a wide frequency temiperature range
revealed one relaxation time, which is connected with segmental movements
above the { It was observed that due to degradation, thexaétan peaks were
shifted to higher frequencies. It could be ascritmethe increasing mobility of
polymer segments due to better availability of &korchains, which were
created due to chain scission. For better observaif the changes caused by
degradation, the Arrhenius plots were investigaledias evident that with the
increasing degradation the PLA fragility increased.
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SUMMARY OF WORK

This thesis presents in the theoretical part amuse of the current state of
art on biodegradable polymers, degradability tgstemd modification of
biopolymers properties. Besides the general claatibn of biodegradable
polymers, various degradation mechanisms and melbgyl of biotic and
abiotic rate evaluation were described. Further,pbssibilities in modifications
of the polymer degradability via specific additiveew fillers were stated.

It has been shown that the pure biodegradable mob/noften possess
insufficient material properties needed for theplecations. Thus, tailoring of
the degradation mechanisms through modificatiorik specific compounds or
the addition of the specific fillers were suggesésdthe methods to improving
the properties. On the basis of this, the experiaigrart of work was divided
into the four topics.

The first part was devoted to investigation of @tabilization effects of
various concentrations of the anti-hydrolysis ag@DICDI) in PLA films
during an abiotic hydrolysis experiment and aeralmmposting. The strong
stabilization effect shown at relatively low BDICRioncentrations, and the
subsequent rapid onset of hydrolysis after BDICBpldtion, strongly support
the hypothesis for autocatalytic mechanisms regatmhydrolytic degradation.
By applying the appropriate amount of BDICDI, thgpeoximate duration of
stabilization could be set to suit the desired megqoents of the final product.
The results of this study have been publishedsaientific journal.

Secondly, the optimal compatibilization method far thermoplastically
prepared biocomposite system, based on natural filaees and a novel
polyester-urethane copolymer matrix was investdjatdwo types of
experimentally prepared additives, a commercialtagdand oleic acid and di-
tert-butyl peroxide were used as compatibilizingrag. In addition, the effect of
alkali or acid treatment on the fibres was invedgg. An experimental additive
based on maleic anhydride and a commercial addiivé-(aminopropyl)
trimethoxy silane, was found to be the most effectnethodology to a natural
filler compatibilization process. Furthermore, abhall of the fibre treatment
methods researched significantly improved the ptegee of biocomposites, in
comparison with the system utilizing untreated ffdores. The results of this
study have been published in a scientific journal.

The third part was focused on the investigatiothef influence of the ZnSt-
Ag hybrid filler on PLA properties and degradatimechanism. The addition of

97



ZnSt-Ag exhibited the antimicrobial activity andagticizer effect in PLA
matrix. Moreover, the inhibition effect of abiotiydrolysis was observed. The
results of this study will be used for manuscrigggaration.

In the last part, the dielectric relaxation spestopy was used to investigate
the PLA abiotic hydrolysis. The relaxation peaksyich were ascribed tas
were shifted to higher frequencies due to hydrslygiccording to Arrhenius
plots, the increasing fragility with the increasirapge of the degradation was
observed. The results of this study will be usedvanuscript preparation.

The outputs of this work could represent a prongigknowledge for further
research in the field of biodegradable polyestiéesirhe tailoring and studies of
structural changes during the degradation processes
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CONTRIBUTIONS TO SCIENCE AND PRACTICE

This doctoral thesis bring novel approaches to fwadion of the
environmentally degradadable polymers lifetime.idtcurrent topic due to
intensive both research, practical and commeriiatest.

The main contribution to science can be found sting and description of
newly designed systems consisting of polylactideedamatrix and

» specific anti-hydrolysis additive Bis(2,6-
diisopropylphenyl)carbodiimid

* chemically modified flax fibres with modified infecial
compatibility between the fibres and polymers

* hybrid filler based on zinc stearate and silverapeamticles prepared

by microwave synthesis.

Futhermore, novel technique for polylactide degtiadaprocedure using, the
dielectric relaxation spectroscopy was tested. dugputs of this work have
been presented in the international scientificnais and conferences.
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