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ABSTRACT

The study of this thesis was focused on materiaget on polyethylene
(PE), which remains as the largest polymer usethenfield of packaging.
This polymer is not biodegradable and its wasteasgnts a serious problem
to the environment. A proposal of eco-compatibletl@Bed materials will be
presented. This is bound to the enhancement ofptilgethylene oxo-
biodegradability through the blending with biodetgble polymers of
biosynthetic origin, [poly(hydroxybutyrate) (PHB) starch] and commercial
prodegradant additives.

This work was structured in three chapters. In fir& chapter, the
compatibilization between PE and PHB was studieat. this purpose, a
screening statistical design experiment (DEX) wesfqumed, in order to
assist in the selection of the better compatibilered materials proportions.
The variables selected were three copolymers, tongaboth PE and polar
segments, and their amount in the blend, which egastrained at the limits
of 10 wt-% and 40 wt-% depending on the companbili These
compatibilizers were poly(ethylere-vinyl acetate) (EVA), poly(ethylere
coglycidyl methacrylate) (EGMA) and poly(ethylege-methyl acrylate
(EMAC). The films were characterized by means @frmal analysis (TGA
and DSC), scanning electron microscopy (SEM), veidgle x-ray scattering
(WAXS), Photoacoustic Fourier Transform Infrarede&poscopy (PAS-
FTIR), dynamic mechanical thermal analysis (DMTA)datensile tests
(Instron). EGMA was chosen as the compatibilizeforonulate a new series
of materials. This compatibilizer promoted the &ethidhesion between PE
and PHB than the others two tested copolymers Ti@ best formulation
was found for PE matrix with 10 wt-% of EGMA (68E2I0G).

In the second chapter, PE-PHB-EGMA blends were tbaited in
presence or not of prodegradant additives (Totélggradable Plastics
Additives - TDPA®) DCP562 (T6) and DCP571 (T7). Thermulation
strategy followed a central composite design (C@bgre the independent
variables were the amount of the biodegradable npetyPHB and of the
prodegradant additives T6 and T7. Films were chieraed by means of
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SEM, TGA, DSC, FTIR and Instron. This family of reaals was submitted
to a thermal aging experiment at three temperat(#bs 55 and 65 °C).
Gravimetry, FTIR, SEC, TGA, DSC and Instron wereried out to
characterize the thermal aged samples. The prodi@oisawere effective in
promoting PE oxidation. Thermal aged PE-PHB-EGMAPFD blends
samples showed significant changes on weight gadrcarbonyl index (CQ
measured in FTIR spectra. By means of; @@re evaluated the activation
energy (Ea) of thermal degradation applying theh@Amius equation. Blends
containing PHB presented lower values of activagoergy (54 kJ/mol for
2B3T6) compared to the equivalent blend without REBB kJ/mol for 3T6).
Samples from thermal aging were biodegraded in Aqthatic media and soill
burial. The biodegradation of the blends in bothbemt showed low
mineralization. For example, the maximum minerdicga of 2B3T6t
(85.5PE-9.5EGMA-2PHB-3T6) sample waa. 4 % after 140 days in soil
burial, probably as a consequence of the largenerfecrosslinking occurred
during the thermal aging, which in this case insegbup to 76 %.

The last chapter of this thesis comprises two seok experiment
concerning PE-Starch composites. In the first ahe,compatibilization of
compression moulded PE-Starch materials was stuthethe second part,
selected composites of compatibilized PE-Starcteweepared by melt blow
extrusion. Two different types of starches and twampatibilizers were
defined as variables: thermoplastic corn-starchS(jTé&hd natural corn starch
(CS) as fillers and EVA and EGMA as compatibilizefe results obtained
showed that: i) PE-TPS films resulted in very distiphase separation even
when higher amounts of EVA and EGMA were usedinijhe PE-CS films
the compatibilizer EGMA at 20 wt-% provided a godidpersion of starch
granules. In addition, blends containing CS produc#ms more
homogeneous than that with TPS. The best compagébilformulation was
used to prepare by melt blow extrusion PE-CS bassdposites and PE-
Biopar blends containing or not T6 and T7 prodegnasi whose films were
mechanically tested. The mechanical properties Bff&mily of materials
containing CS and Biopar presented similar valeesrbung modulus (100-
200 MPa). However, films with Biopar presented leiglvalues of tensile
strain €a. 200 %) than films with CS&. 100%).
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1. INTRODUCTION

It is projected a growth of about fifty percentthre global population
over the next fifty years. This will put a signdist pressure on the
environment issue. In accordance with studies abgean Environmental
Agency (EEAF! the population of the developing countries wilhiewe
levels of material wealth similar to today's levelsandustrialised countries.
Naturally, world consumption of resources would rease by a factor
ranging from two to five and a huge growing volume municipal and
industrial wastes will have to be handled.

Waste consists of a mix of very different materidlach material has
its own characteristics, environmental impact, cbeyand re-use options. The
inevitable waste resulting from plastic goods amdkaging are found all
over the world. Plastics are relatively cheap, digand versatile materials.
However, when is transformed in waste it const#ztesizeable percentage of
the litter. Besides, many of the plastics are alea-biodegradable or are
difficult to re-use and/or recycle, which may regget risks to human health
and to the environment.

Figure 1.1 gives a panoramic view of the most fegtjly polymers
used in the packaging market. Polyolefin familpigreat importance in this
market with more than 60% of the total plastic viaeigin this context,
packaging represents one of the most importantcsopn the waste
management. For example, it represents roughhtlwng-of municipal waste
in the industrialized countries as United StatesNaturally, this
representation depends of several factors as fompbe country, culture and
so on. Any way, polyolefin is a material family thastifies any activity in
innovatior®.

In 2007, the global consumer packaging market vetisnated to be
around US $410 billion with a growth projectionaifout 5% per annum that
can arrive over US $470 billion in 2010. The marpresentative markets are
North of America and Europe that absorb 29% and/33f this market,
respectively. Food and beverage packaging are vileeldrgest segments,
accounting for more than two-thirds of the thtal
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In relation to the production of de most commonyptfin, it can be
said that at the present both polyethylene (PE) polgpropylene (PP)
dominate the demand for global thermoplastics, Wingpresent over 60% of
all commodity resins consumed on an annual bagis fheans that they
represent a large portion of the global thermomadiusiness and
consequently waste. Figure 1.2 shows the relatiprisétween demand and
capacity with a projection up to 2009 that antit&a production of about 90

million of tons for PE &,

Others 4% :
\\19’ PIIVIA
BV C 3% g
Themmnosets 2% 1% PUR.

Figure 1.1. Plastic shares in the packaging market.
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Figure 1.2. Relationship between demand and capacity of PE.
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PE is the plastic most well known to the consumasd & used in
greater volume worldwide than any other plastictuFer annual demand
growth for PE plastics in Western Europe is preidio be about 6% (Fig.
1.2), with the major application continuing to backaging. This versatile
polymer is used in a variety of areas from packggmagriculture, building
to electronics as illustrated in Figure 1.3. Paakags the major application
for PE. The second most important one is wholesale.

Paclaping
Food & EXE
Beverage 7,
/ 2 Wholesale
17%

Industry 6%
Elgﬂlrﬁg s /;.. g Others
Engineering R

2%

Agiculture 12 Paclaging
Health &
Beauty Aids

Figure 1.3. Demand as a function of consumption purpose of PE.

The continuous growth of polymer materials for fopdckaging
applications in conjunction with their recalcitrentoward degradation and
their visibility in the environment when discardbedve stimulated further
research in the field of food packaging. It hasrbestimated that 2% of all
plastics eventually reach the environment, thugridmuting considerably to a
currently acute ecological problé&fn

1.1. Waste disposal issues and legislative background

The greatest environmental pressure for the pacfgaghain comes
from legislation. According to the European Envirmmtal Agencl,
packaging waste is the major and growing wasteastrdts amounts have

3
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increased in most European countries despite theedgobjective of waste
prevention. The projections show that packagingtevasounts will arrive at
77 million tonnes in 2008.

A well-known example at European level is the EQeblive on
Packaging and Packaging Wastes. This directivaulat that packaging
shall mean all products made of any materials gfraature to be used for the
containment, protection, handling, delivery andspregation of goods, from
raw materials to processed goods, from the prodtmethe user or the
consumer.Non-returnableitems used for the same purposes shall also be
considered to constitute packagiffy
packaging material covered by the definition of t®asn Directive
75/442/EEC, excluding production residues” an@aste means any
substance or object which the holder disposes o cequired to dispose of
pursuant to the provisions of national law in f§fde

Packaging Directive revision (2004/12/EC) was psh@id in February
2004. It sets new recovery and recycling targetsagsercentage of all
packaging waste (Tab. 1.1) that need to be accehedliup to 31 December
2008. Besides, this revision modified packaging defimtipresented in the
Directive 94/62/EC by inclusion of new criteria.rFexample, “items shall be
considered to be packaging if they fulfil the abmeationed definition
without prejudice to other functions which the pagikg might also perform,
unless the item is an integral part of a product iafis necessary to contain,

Packaging wasteshall mean any

support or preserve that product throughout igitiie and all elements are
intended to be used, consumed or disposed of tegeth

These normativeaims to harmonise the management of packaging
waste in the EU and tackle the impact that packpgmd packaging waste
have on the environment. Although the primary oibjecis to increase the
recovery and recycling of packaging waste in a sbast way in all Member
States of the EU (so as to avoid barriers to trapledrity is also given to
reducing the amount of packaging used and the refys&ckaging.

However, recycling has often ecological, economi¢athnical, or
hygienic limits. Ecological limits arise when theveeonmental disturbances
resulting from recycling are higher than withoutyeling. This is the
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function of local conditions and infrastructure.oBomic limits appear when
recovery is more expensive than the disposal dkgupes and are a theme of
much debate. The re-processing operation itsef agdased energy; almost
one third of the energy used in the manufacturd’iBfis invested in the
processing operatid.

There is a wide moral opposition against econonmeasons winning
over ecology. Besides, it is very difficult to egps in money terms the
environmental disturbances arising from landfilicls as visual disturbance
and the loss of amenity. Nevertheless, when repsing energy is added to
the energy expended in transportation and cleatliegwaste and in the
additives used to provide a good product, the gpcdd benefits of recycling
is frequently lost.

Table 1.1. Recovery and Recycling Targets to be attained up31o

December 2008.

Targets wt-%
Recover or incinerate with energy recovery > 60
Recycle in general 55-80
Glass recycled > 60
Paper and board recycled > 60
Metals recycled > 50
Plastics recycled >225
Wood recycled >15

The more obvious obstacles are the technical liofitecycling. They
are the subjects of concern at plastics recyclbegause of the ageing of
material at recycling. Unlike glass and metals, cuhcan be recycled to
products with properties essentially similar to pinenary materials, recycled
plastics do never have the same quality as thenvirgaterial. Mechanical
recycling of individual polymers results in the aghation of similar but
generally downgraded products. Each time polymergeprocessed there is
a loss in physical and mechanical properties dytoxidatiof).

5
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There are also the hygienic limits, once plastresadten soiled by food
and other biological substances, making physiajaleng of these materials
impractical"®. Moreover, health hazard reasons to avoid usiesethecycled
materials for packaging food. Besides, materialsyaing of household
waste plastic is particularly difficult when theyeacontaminated with
biological residues or, as is usually the case,nMiey are a mixture of
different kinds of plastics.

Another solution for litter is the burning, but ghis no longer and
ecologically acceptable way of disposing of consumastes. Incineration
with energy recovery is an ecologically acceptak#sy of utilising carbon-
based polymer wastes due to their high calorifiaeaThe calorific value of
PE is similar to that of fuel oil (Table 1.2) arttetthermal energy produced
by incineration of PE is of the same order as tls#d in its manufacture.
However, there is a widespread distrust of inciti@naby the public due to
the possibility of toxic emissions from some polymeAn alternative to
direct incineration is to convert polymer wastes pyrolysis or by
hydrogenation to low molecular weight hydrocarbdos use either as
portable fuels or as polymer feed stocks. This idighly specialised
operation, which is not appropriate for municipalste dispos&t'.

Table 1.2. Calorific values of plastics compared with convendl

fueld™Y,
Fuel Calorific value Fuel Calorific value
(MJ/kg) (MJ/kg)
Methane 53 Polyethylene 43
Gasoline 46 Mixed plastics 30-40
Fuel oil 43 Municipal solid waste 10
Coal 30

The U.S. Environmental Protection Agency and Comitgurof
European Norms recommend composting as one of thst promising
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methods of waste managenf&ht Since biodegradable polymers are suitable
for composting, there is an increasing interestpolymers that can be
biologically recycled to biomass and this type olymers may be based
either on renewable resources or on petrochemi€hlis.biological recycling
should be considered as an alternative to the naitional recycling
procedures and this has stimulated researches catbenworld to modify
existing polymers or to synthesise new polymers tha be returned to the
biological cycle after usg: %,

Taking into account all these routes for waste ctdn, it seems
inevitable then that environmental biodegradabléymers will have an
increasing role in the management of waste aret iittthe future.

1.2. Use of polyethylene in packaging
1.2.1. Theimportance of polyethylenein packaging

Polyethylene, the first commodity plastic used ackaging, came into
general use in the 1950s. Polyethylene (PE) isrélyfaof polymers including
for example the following: low-density polyethylerfeDPE), linear low-
density polyethylene (LLDPE) and high-density ptiyéene (HDPE). These
PE differ principally in their density, which isla¢ed with their degree of
crystallinity. Consequently, this property will lnénce their melting point

ranges. Some typical properties values rangesHgsrdPe illustrated in Table
1.3,

Table 1.3. Typical PEs propertie®.

Type of PE Density Crystallinity m MW
(g/enr?) (%) (°C) (KDa)
LDPE 0.915-0.940 45-55 105-115 10-50
LLDPE 0.915-0.926 30-45 112-124 50-200
HDPE 0.940-0.970 70-90 120-130 up to 250

4 T, is melting temperature; MW is average moleculaighe
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The dominance of PEs on packaging products is ipallg due to its
low cost. Some other advantages with their disaidps are described in
Table 1.4. The range of packaging forms for whiéhi® used extends from
simple plastic film bags to combinations with otpéstics or materials, such
as paperboard and aluminium, to provide sealabbd&guang ensuring that
the quality of the packaged foodstuff is effectyvelaintained.

Table 1.4. Advantages and disadvantages of polyethylenes.

Advantages Disadvantages

Susceptible to environmental stress

Very low cost _
cracking

Low strength, stiffness and
maximum service temperature

Excellent chemical resistance

High gas permeability, particularly

Very good processability carbon dioxide

<

High impact strength at lo
temperature

Poor UV resistance

Excellent electrical insulatin

properties g1‘"9h|y flammable

High-frequency welding and joining

Very low water absorption , .
impossible

FDA compliant

Although PE plastics were first produced over 50arge ago,
manufacturing and processing developments contitmeimprove its
properties, performance, and packaging applicdtftn©ne well-known
example is concerned with the oxidation stabilityP&. Olefin polymers are
prone to oxidative degradation, particularly at &hevated temperatures used
in their processing. The reaction of PE oxidatiesults in the formation of
long-chain branches and cross-linking. Therefone, tormulations of all
commercial PE plastics contain antioxiddrits®. Besides, other additives
must be incorporated in order to maintain and pleuhe desired physical

8



Introduction

properties and to ensure the efficient processimreandling of the finished
product§”.

Additives such as colorants, whitening agents, slguditives, and
antistatic agents are often conveniently incorpmtanto the basic polymer
before processing into the final product (flmsnt@ners, etc.) by means of
master batches. Master batches are concentratbe aidditive(s) dispersed
in the same or similar polymer types.

Both HDPE and LDPE plastics are used to produceda wariety of
caps and covers for bottles and containers. Theaas#ms for container
labels is also growing. To make PE films, the pattir properties of slip
(friction) and blocking (film layers sticking todedr) must be enhanced for
effective and efficient handling during manufactared processing into the
finished packaging. Enhancement of these propertieachieved by the
addition of slip agents and suitable fine partitailéllers to the polymer.
Typical slip agents are the fatty acid amides oidamand erucamide, which
“bloom” (exudates) to the film surface after marutifeie. Titanium dioxide
and calcium carbonate are typically used to prodwbée plastics. The
inclusion of calcium carbonate in the polymer ataproves the properties of
hardness, stiffness, and printability as well asngability to oxygen and to
water vapour. Shrinkage and elongation are redtited

To improve adhesive properties of PE its structwas modified
forming a class of polymer called ionomer. This rfawily of material is a
polyolefinic copolymer containing a small amount iohic comonomer,
which contain sulphonic or carboxylic acid grougitnalized with a metal
cation. Aggregation of these metal salt groups ¢eduheterogeneity with a
length scale of a few nanometers. The best-knowd @mmercially most
important) ionomer are derived from ethylene-metylac acid copolymers,
by neutralizing some or all of the methacrylic agidts with a metal cation
(e.g, Na or Zrf"). Materials in this category are marketed by DuRowler
the trade-mark Surlyh This polymer can be used in packaging sealssfilm
cosmetic goods and personal care sports, recredbam sheet and
encapsulant¥’.
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In multi-layers films PE is combined with a variedf polymer types,
such as polyethylene terephthalate (PET), polygemmy (PP),
poly(vinylidene chloride) (PVdC), and ethylene-Vingicohol copolymer
(EVOH). The polymer used in each layer is seletctegrovide a required
properties and performance characteristics. Whead goxygen barrier
property is essential, an aluminium foil layer mearporated. Such flexible
packaging is used for coffee, where the structise acts as gas barrier in
reverse, ensuring that the coffee aromas are egtain special multi-layer
packaging materials, PE is combined with paperb@ard aluminium by
extrusion coating. A typical example is the congaifor packaging long-life
fruit juices and milk (Tetra Pakj.. The PE allows the container to be easily
heat-sealed and also provides water barrier. Therpaard provides rigidity,
and the aluminium acts as oxygen barrier, whicluesssthat the safety and
quality of the packaged product are maintained nduits shelf life. For
foodstuffs with a short shelf life, it is not usdbde aluminium layer.
Paperboard coated on both surfaces with PE is sixtdy used for boxed
containers for milk products, take-away high-maistand fatty foods, and
for disposable beverage cups. Polyethylene-coapdrpoard is widely used
as external cartons for many foods, over a widetature range (frozen to
ambient). Such cartons are easily heat sealed au fpackaging line
processes by spot contact heating.

Polyethylene-coated aluminium foil is extensivelged as lidding
material for pots and other containers. The PEirgdhat melts under heat
and bonds the aluminium to the substructure previtle sealability of these
foils?.

Many of the PE films and containers used to packageprinted to
provide product identification, information on ussd decoration. Because
PE has low surface energy, surface treatments acessary to enable
printing inks to achieve adequate adhesion. Comisaharge, flame, and
ozone treatments are commonly used to increasesuhface energy by
imparting a degree of oxidation to the PE surface.
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1.2.2. Disposal of polyethylene

In the 1970s, all the technical advantages, whi@denhydrocarbon
polymers so useful in the past (as biologicallyrinand resistant to
peroxidation) become disadvantages. This was a ecqomesice of the
discarded polymer-based products at the end of tiseiful life, particularly
when they appeared as litter in the environmentth&sconcentration of the
PE used in packaging sectors such as in the maatifeg of shopping bags,
bottles and containers is very large, the amoumtratblems relating the final
disposal in landfills increases. Hence, the dedranlaand disposal options,
or possibly the biodegradation of the used PE smmtea very important
subject from the point of view of both economic @am¥ironmental aspects.

As aforementioned, in an attempt to reduce thebdsenvironmental
pollution caused by post-consumer plastic materiddes members of EU
States brought together to find a solution to pdapbllution. One of the
objectives is the reduction of the waste throughrtétovery and recycling of
these materials. However, recycling presents at grember of limitations.
The most important is related to the technologizablems, once this type of
material often are disposed with organic produetshsas food, making
recycling hard and sometimes impossible. Moreother,costs of collecting,
cleaning and sorting all these post-consumer pkastie high and the market
for mechanically recycled plastics is limited, patfor this reason. Proper
incineration of waste plastics would enable theovecy of most of the
energy stored in them (polyolefins are excelleneldy but modern
incinerators are expensive.

Considering the aspects above, one possible soltdiahe problem of
the PE disposal can be the partial or total repherd of PE for the named
“Environmentally Degradable Plastics” (EDP). EDPh dae considered to
include a wide group of natural and synthetic payicy materials or blends
of both, that undergo chemical change under tHaante of environmental
factor$!. The chemical changes must be followed by compieirobial
assimilation of degradation products resultingarbon dioxide and watéf'.
The process of EDP degradation comprises two phakéssategration and
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mineralization. During the firs phase, disintegratiis associated with the
deterioration in physical properties, such as daeation, embrittlement and
fragmentation. In the second phase is assumedtbainplete conversion of
plastic fragments, after being broken down to lowleaular weights should
occurs™,

1.3. Environmentally degradable plastics (EDP)
1.3.1. General considerations

The worldwide consumption of biodegradable polynteas increased
from 14 million kg in 1996 to 68 million kg in 200Mainly markets for
biodegradable polymers include packaging mateaalshopping bags and
food containers, hygiene products, consumer gosdiast-food tableware
and toys, containers and agricultural materiaisiakh films*?.

Several definitions are useful in understanding cbmplexity of the
topic of biodegradable polymers. These begin with toncept of plastic
waste following with that of natural polymers, dadable, biodegradable,
hydrolytically degradable, and oxidatively degrdéahaterials.

Natural polymers are by definition those biosynitbed by various
routes in the biosphere. Proteins, polysaccharides)eic acids, lipids,
natural rubber, and lignin, among others, are altégradable polymers.
Moreover, the rate of the biodegradation may vaopmf hours to years
depending on the nature of the functional group degtee of complexity of
the macromolecul@’.

Degradation is a process where the deterioratiornthen polymer
properties takes place due to different factors light, heat, sheaetd®®. As
a consequence, the resulting smaller fragmentsoti@antribute effectively
to the mechanical properties and the material besobmittle. Besides, the
life of the material becomes limitéd. The degradation of polymers may
proceed by one or more mechanisms, including bi@dizgion, chemical
degradation, photo and thermal oxidatietg, depending on the polymer
environment and desired applicatfdh
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Environmentally biodegradable polymers are designetdegrade upon
disposal by the action of living organishds Biodegradation is defined as
the conversion of a material to gH,0O and traces of inorganic chemicals
under aerobic conditions or to GHCO, and inorganic chemicals under
anaerobic conditions by the action of MicroorgarssniMO). So,
biodegradation in aerobic (Eq. 1.1) and anaerob. (1.2) environments
may be described by the following chemical equatitaking into account a
hydrocarbon polymé&?:

Polymer + MO + Q@ -~ CO;, + H,O + biomass + residue (Eq. 1.1)
Polymer + MO- CH,; + CQ, + H,O + biomass + residue (Eq. 1.2)

Biomass represents an important part of the orgaarbon cycle,
which has been assimilated by microorganisms.

It should be pointed out that though fragmentabit the polymer and
loss of elongation (95 % is defined as the embritdnt point) should
constitute inherent characteristics of degradablgnpers, several additional
features are required if the polymers are to betable from the ecological
point of view: (i) a predetermined service timed{istion time) during which
no properties change whatever; (ii) the end of atida period should be
followed by an accelerated fragmentation stage) @i final, total and
innocuous assimilation of the fragmentary prodibgtshe ecosysteliy.

At the present time, there are three main clas$ekicnlegradable
polymers. In the first one, it is found the synibgiolymers. These polymers
contain groups susceptible to hydrolysis attack rhicrobes such as
polyesters, polyanhydrides, polyamides, polycarbesa polyurethanes,
polyureas and polyacet&s*°. The second class of materials is composed of
bacterial polymers as poly(3-hydroxybutyrate) (PHENd poly(3-
hydroxybutyrateso-valerate) (PHBVSY. Finally, it is considered the
polymeric blends and bio-based composites as tingé sleries of materials
that are readily consumed by microorganisms. Asoatagxample is the
blends of PE with star€l} 3% 33
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In this introduction, special attention will be givto the third class of
EDP. In particular, it will be reviewed the liteva¢ related to materials based
on oxo-biodegradable polyolefins, their preparatibs blends with natural
polymers, the thermo and/or biodegradation mechaisthe main
applications, advantages and inconvenient of Hnslly of materials.

1.3.2. Oxo-degradable polyolefins

There are two mainly applications for oxo-degradabblymers. The
first is where biodegradability is part of the ftioa of the product as for
example in the biomedical or agriculture fieldsd @ne second application is
when degradability is desired at the end of the afsthe product, as for
packaging. An essential feature for both applicetios a variable and
controllable induction time to the beginning of @ddation, which is the
rate-controlling step in the overall biodegradatiwaces$®> **. Carbon-chain
polymers vary remarkably in their ability to resiperoxidation. The
following sequence shows some common commerciaidogadbon polymers
in order of decreasing oxidative stability: Polyyinchloride (PVC) >
Polyethylene (PE) > Polypropylene (EP)

What is needed, is a way of controlling the timeimy which the
polyolefin retains its normal, useful propertiesvaal as a way of having it
undergo subsequent oxo-biodegradation at a mudiehidpan normal rate
that is commensurate with the application and withe disposal
environmerit®. The key to this control requirement is a soundeustanding
of the peroxidation mechanisms and kinéifés In the environmental
degradation of oxo-degradable polymers, the totgradation will be a
synergistic effect of several agéits The main degradant agents are UV-
radiation, heat and oxidizing agents leaving taitilé® material with a higher
susceptibility to biodegradatibf *®. The final end products of the total
mineralization will be carbon dioxide and waterfd@e that stage is reached,
many low molecular weight degradation products Wwél evolved, which in
turn can increase or decrease the degrad&tion
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It is accepted that polyolefins are bioif&t which means that they are
highly resistant to assimilation by microorganissash as fungi and bacteria.
This is expected, since the surfaces of materiats aticles made from
polyolefins are hydrophobic, which inhibit the grbmof microflora on them.
Besides, there are common mechanisms of biodegpaddtat involve bio-
assimilation from the “ends” of substrate moleesil Since commercial
polyolefins have relatively high molar mass valubgre are very few ends
of molecules accessible on or near the surfacesatérials made from these
resins. Different approaches to render synthetistps degradable have been
considered. It is generally found that photo aretrtial-oxidation increases
the biodegradation of polym&3. Photo and thermal-oxidation increase the
amount of low molecular weight material by breakbmgnds, increasing the
surface area, through embrittiement and increassiachydrophilicity by the
introduction of carbonyl groups and all these dffecpromote
biodegradatiofi®. Although the family of polyolefins is considertibe not
eco-friendly, it has been observed that its oxatatiproducts are
biodegradabf> “%. Such products have molar mass values that are
significantly reduced, and they incorporate potatygen-containing groups
such as acid, alcohol and ketone. This is the bfmsisthe term oxo-
biodegradable polyolefins. This concept is usedistinguish polymers that
biodegrade by a hydrolysis mechanism from thoseateinert to hydrolysis
but undergo oxidation. Oxo-biodegradation then t&ha two-stage process
involving, in sequence, oxidative degradation, Wwhis normally abiotic in
the first instance, followed by the biodegradatioh the oxidation
product§®.

Oxo-degradable polymers can be produced by thdiaddif sensitizer
additives that will promote the formation of fresdicals in the presence of
heat. Hence, peroxides will be generated and axittatton will be
consequently enhandéd. Oxo-degradable polymers can also be prepared by
changing the polymer structure by introducing chophrore&. In this class
of materials, the carbonyl groups can be introdut@mdexample, through the
copolymerization of PE with a small amount of momonsuch as carbon
monoxide producing a degradable copolymer. Jehet*? has formulated a
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copolymer of vinyl ketones and styrene or ethyleimere the ketone groups
are part of the main polymer chain. These matenaése shown to
biodegrade and the degradation was monitored ussmrometry.

Albertsson and Karlsson present different means naddifying
otherwise relatively inert polymers (in particul®E) in order to obtain
environmentally degradable polyméts They concluded that the
incorporation of transition metal complexes faatis the photo-oxidation of
inert LDPE, and that was also possible to induaty gghoto-oxidation by
polymerization of ethylene with carbon monoxidebgrthe addition of other
ketonic groups to PE. LDPE samples containing (1jon i
dimethyldithiocarbamate, (2) iron dimethyldithiobamate and (3) 0.8%
carbon black and iron dimethyldithiocarbamate andickel
dibutyldithiocarbamate were aging in a weatherometeere the temperature
increased during ageing, achieving a mean valuealmiut 50°C. The
dithiocarbamates are effective processing stabdlized heat stabilizers for
polyolefins. Their photo-antioxidant activity demisnon the metal ion, where
iron and manganese complexes are the least stdlilese metal complexes
show a well-characterized induction period, whicicreases with their
concentration in the polymer. The sulphur ligar@hicomplexes combine a
high level of antioxidant activity during procesgjrstorage and in the early
stages of exposure to light. After this initiatianyvery fast photo-oxidation
occur$®,

Polyolefins with enhanced degradability have beewnailable
commercially for more than three decades and haea lsuccessful used in
agricultural products for most of this time. Theande obtained through the
mixture of inert polymers with others from renewaldsources as starch.

Starch is the lowest priced and most abundant wuilkel commodity, it
is the major form in which carbohydrates are stdrgglants in the form of
granules (mainly from potatoes, corn, and rice).oq other features, it is
inexpensive and annually renewable. Starch graalesfrom plant to plant
but are in general composed of a linear polymenlase (in most cases up
about 20 wt-% of the granule), and a branched petymmylopectil®. It is
produced in most countries and is available at éost in all countries. In
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Europe, it is industrially produced with a volumé @amost 7 million
tones/year. Nearly 50 % of the starch producedré&ady used for non-food
applications and about 30 % of the starch prodocti® industrially
precipitated from aqueous solutions because ovdty good film-forming
propertie§?. Animals, plants and microorganisms are ableitzetstarch as
a source of energy. Microorganisms produce varistasch hydrolyzing
enzymes such as amylase and their wide distributassures the
biodegradation of starch in nattire

The first attempts to increase degradation of hgaifoon chain
polymers as PE, regards to the incorporation ofurahatpolymers, in
particular starch and transition metal pro-oxidaMgroorganisms initially
attack this biopolymer leaving a brittle materiathwa greater surface/volume
ratio. Hence, the sunlight, heat, oxygeig promote auto-oxidation of the
chemically unstable pro-oxidant, generating fregicas, which attack the
molecular structure of the PE. With time, the malac weight will have
decreased so much that biodegradation of the PEtalan place These
materials are useful in applications such as motghilms?” 3% However,
this type of blends usually leads a phase separatiod reduction in
mechanical properties due to the lack of compadtbidetween hydrophilic
biopolymer and generally hydrophobic thermopl&Stic

The idea of using starch inside synthetic polymatrix was proposed
by Griffin/*®!. His study was based on introducing starch imésiral form
into the synthetic matrix at amounts lower than %0while keeping the
granular structure intact. In this case, starclori/ a filler susceptible to
enzymatic degradation but unable to affect the meiclal properties of the
final material (20-30 MPa tensile strength and 800-% elongation at break
point for a 90:10 PE:starch blend). The originahaapt has been improved
also by the addition of unsaturated polymer, antfaistabilizer and together
with the formulation containing starch, a transitimetal salt. The starch and
other additives are mixed in a master batch (MB)ictv can be included in
polymers in different concentrations. However, dierof LDPE with high
amounts of starch exhibits poor mechanical propgxiving to their inherent
differences in polarity that results in immiscitblend$’. The main areas of
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research concentrate on determining compatibilitycaupling agents and
repeatable processing paramédifrsDifferent ways has been proposed to
incorporate functionalized PE in LDPE-starch bléHd#d. In these studies,
either dry granular starch or starch plasticizethwyater and glycerol have
been used. Nevertheless, poor water resistancenigj@ limitation in their
use. An alternative approach is to bring about scomapatibility in starch
and synthetic polymer by blending starch with padysncontaining polar
functional groups that can interact with starch noying the adhesion and
hence the mechanical properties of these biodepladéends.

Another method of producing compatible thermoptasliends isvia
reactive blending, which relies on tlm situ formation of copolymers or
interacting polymers. This differs from other coripiization routes where
the addition of a separate compatibilizer is regpliin reactive blending, the
blend components themselves are either chosen difietbso that reaction
occurs during melt blending, which improves the patibility and
interfacial adhesion of the two immiscible polymeffie small amount of
graft or block copolymers formed during the blemdiprocess, due to
reaction between the two components, is generabugh to stabilize the
morphology and improve the properties of the blends

Sailaja et al*® studied blends consisting of LDPE and esterified
starches, starch acetate (Stac) and starch pleh@&@tdh). Starch esters were
melted with LDPE using LDPEe-glycidyl methacrylate copolymer as
compatibilizer. The results indicate that, in gehel.DPE-Stph blends
perform better than LDPE-Stac blends. Esterifiedrcst has better
mechanical properties than unmodified starch wheorporated in LDPE.
The tensile strength and modulus are close toadhptire LDPE for LDPE-
Stph blends while the impact strength values ar&o88f that of pure LDPE
for 20-40 % Stph loading. The elongation at breakies were in the range
of 60-70 % of that of pure LDPE for LDPE-Stph blend

Jeziorskaet al® reported results of starch-based blends (5 - 3Boyvt-
with LDPE and poly(ethylenee-acrylic acid) (EAA). During the reactive
blending of LDPE/EAA blend with starch, the carbbxygroups in EAA can
react with the hydroxyls of the starch to form rogkn bonds. Results
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showed that the tensile strength of the blends ireedgractically unchanged
when the starch content increased from 5 to 30 wB#sides, all blends
containing starch supported the microbes growthchviwas faster for the
blends with oxidized potato starch than correspogmdiamples with corn
starch. Moreover, the bigger amount of starch endhmples the higher the
rate of microbes growth.

Of all the modifying approaches to render starcld &E more
compatible, the more efficient is when the comphigr is introduced into
the blendSY. When the starch compatibilized synthetic polynseplaced in
a biologically active environment, the microbeswslmmnsiderable amount of
surface growth. The surface growth may not resuthe degradation of the
body of the polymer if the starch is confined te surface. For complete
degradation of the starch to be notice, the stmttion should exceed the
percolation threshold, so that a number of sigaiftqpathways for microbial
invasion/enzymatic diffusion are generatéd

At 1974, a commercial product was released, whiod Coloroll
Company offered as shopping bags in Europe. Grifeis since then made
improvements in the technology and the auto-oxidahtch earlier was food
oil, was then replaced by other polymer blends.thiese formulations, the
auto-oxidation has a more clearly defined induct@miod after which the
molecular weight decreases as does also the physiength, and the
biological breakdown is then said to bédth In the 1990s, Griffin discloses
a degradable polymer composition wherein an ardend and pro-oxidant
are combined whereby as the antioxidant is staidsketdepleted with time.
After total depletion of the antioxidant a residuaincentration of pro-
oxidant remains and is stated to provide a shap ilo the physical strength
of the degradable polymer composition. The appboat discloses use of a
stable polymer such as low-density polyethyleneedr low density
polyethylene, high density polyethylene, polypr@md, or polystyrene,
together with a less stable unsaturated elastoyper tompound made from
the polymerization of 1:4 dienes, or the copolymation of such 1:4 dienes
with ethenoid comonomers, such as styrene-butaceéastomer or natural
rubber. The invention embodies less stable subssamapable of auto-

19



PhD Thesis — Silvia Maria Martelli

oxidation because such substances are more réwitidyed by the oxidation
process by virtue of their unsaturation. Once thw-@xidation process is
initiated, the process is said to involve more stasit saturated substances
such as polyolefirfg" !

In another study, Albertssoet all®*! assessed LDPE containing
different amounts of corn-starch without furthediigles and corn-starch in
a pro-oxidant formulation (MB) (10 %, 15 % and 205 weight) after
irradiation for periods of up to 500 h. The carboaynd hydroperoxide
indexes of samples containing 20 % MB after 50@ddiation were about 3
times the values obtained in pure LDPE and in L3REeh blends. Besides,
during the irradiation, the tensile strength deseelsto almost the same extent
for all three materials. In this study, a matesasceptible to photolysis was
obtained by the addition of corn-starch and a nnabtch containing
LLDPE, styrene-butadiene copolymer (SBS) and maesmnstearate.
Incorporating only starch into LDPE did not sigo#éntly change the
susceptibility of the material to photolysis. LDIRMB was degraded by an
initial photo-oxidation (auto-oxidation) and a sefgent attack by
microorganisms (biodegradation).

Suominen in his patents describe that a biologicdédgradable film
was prepared consisting of a synthetic polymerabdlogically degradable
polymer. The biologically degradable polymer wawidkd into small
particles in an aqueous suspension by means ofreggzthat split and release
small molecules from the surface of the biopolyparticles. After achieving
desired particle size, an emulsion was formed wiletable oil and the
particles coated with enzyme protein become coatgd vegetable oil,
which at the same time interrupts the degradatfadhe biopolymer particles
by the enzyme. The coated particles with the oitengeparated from the
suspension to remove small molecules after whielptrticles were re-dried
and then pulverized. The final film was prepared ifilm extruder in which
the biopolymer was mixed with the synthetic polynaerd possibly other
additives that are generally used in forming polyfilmns!®®: 7.

Another attempt to improve PE biodegradability cobk through its
blending with poly(hydroxybutyrate) (PHB). PHB isreember of a family of
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natural biodegradable polyestets the poly(hydroxyalkanoates) (PHA). It is
produced directly from renewable resources by feting a sugar feedstock
(glucose is currently being us€d) with several naturally occurring
microorganisms as carbon and energy reserves andbeaccumulated to
high levels in bacteria, approximately 95% of thedy weight, which can
grow in a wide variety of natural environments. PHBNn be rapidly
hydrolyzed to the monomer by extra cellular dep@yase enzymes secreted
by a wide variety of bacteria and fungi that cailiag¢t this compound after it
is liberated by the death and lyses of bacterighith it is storeff® ¢!

Since its discovery in the 1920s, by Maurice Lemédfy’, PHB has
been extensive studiéd. PHB is produced commercially by Monsanto and
finds applications in different packaging materiagdsich as thin films and
paper coatings. Besides, it is degradable in skeerdaronments, including
marine water, soil, sewage sludge and coniJo&#®! PHB has a high
melting point, around 180°C and forms highly crilsta solids which
crystallize slowl¥°®® and form large spherulitic structures that impeoor
mechanical properties in moulded plastics and filaithough, addition of
nucleating agents and suitable post-treatment aftgusion or casting can
lead to much improved properti® A consequence of this high melting
point is that PHB is also susceptible to thermajrddation during melt
processing® " by ester pyrolysis of the aliphatic secondary resté the
repeating units. The pure homopolymer PHB, producddrge quantities, is
a brittle material (elongation at bredk= 10%, impact strength 3 kJ/im
with a large elastic modulus (E =1.7 GPa) and lirgbture stresso( = 35
MPa}*?. Studies of how melt processing influences PHBetghown that the
molecular weight is significantly affected by higkmperatures and shear
forceé6l, 69, 71, 72']

The brittleness of PHB is attributed to: (1) thewwdary crystallization
of the amorphous phase during storage time at reonperature leading to
rapid decrease of elongation at break. As a redwéecondary crystallization
in the amorphous region, density, crystallinityess and modulus increase
while the material becomes brittle and hard withcmiower elongation at
break; (2) the glass transition temperaturg) (being close to room
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temperature; (3) the low nucleation density, whigsults in the development
of large spherulites exhibiting inter spherulitiack$®®.

Oxo-degradable PE-PHB blends could be a good salut improve
PE degradability resulting in a new material foe us the production of eco-
compatible packaging. However, PE and PHB are wotpatible due to
significant differences in their polarity, so astie case of starch, to reach a
product with good processability and mechanicapprbes a compatibilizer
needs to be used. The literature for this typelefdbis very modest, mainly
regarding blends of PE-PHB without prodegradht§’ remaining a field
still to be explored.

1.3.3. Degradation after the useful life-time

Since degradation is not desirable during theitifetof a material, the
induction period is a crucial property in that fiseres that the material has a
certain shelf life. The lifetime of a polymer ispmdent not only on the
intrinsic characteristics of the material but atso the surroundings (heat,
light, pollutantsetc)”.

Even before its use, soon after polymerization,ygqefins are
subjected to several processing steps involvingusxins. These processing
cycles, which employ temperature and shear causmichl reactions inside
the polymeric matrix. Degradation can be initiated oxygen, shear, heat,
catalyst residues or any combination of these fdéto Besides, a variety of
environmental factors may affect the polymer: oxygemperature, sunlight,
water, stress, living organisms and pollutants. Thenbination of these
factors can be cumulative, synergistic or antaginis.

Oxidation can be defined as the reaction of a pelymith oxygen at
temperatures where thermal degradation is negligibhis distinguishes it
from pyrolysis, the thermal decomposition of thdypter in the absence of
oxygen, and from combustion, the reaction betwegmen and the volatile
products of thermal decomposition of the polyier Model compound
studies suggest that most polymers should not sxidiignificantly at
temperatures of normal use. In fact, oxidation isnajor technological
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problem and few polymers can be used without ssaibn. The reason is
the presence of impurities and structural defecigolymers, especially after
processing. Oxidation is typically a very slow mgat between a solid,
possibly semi-crystalline, polymer and a gas. Oweadegradation differs
from thermal degradation in several important wdist is slow — reactions
over weeks or years; (ii) the production of vokdimay be almost negligible;
(iii) diffusion of oxygen into the polymer is reqad; (iv) polymer is usually
solid, and restricted mobility gives complex kimsti (v) it is possible to
stabilize polymers against oxidation, using ade#iv

It was showed that the release of small moleculesh fthe polymer
chains during thermal aging change the morpholagynd the degradation.
It is generally known that the amorphous part gfodymer is more easily
degradable, in particular this is the case for blydable polymers. This
gives a gradual increase in the crystallinity @& temaining polymer because
of the rearrangement of the chdifis

The thermal oxidation of polyolefins includes iatton, propagation,
chain branching and termination steps. Under oxylgitient conditions not
all alkyl radicals (R) can be transformed to Rob%] (Scheme 1.1).

R -~ R—ER
—C=CH; _C—CH
= |
E
oF .
RO
Disproportionation

RH + —CO=CH
R-

Fragmentation

e R+ —O—cHm

Scheme 1.1 Thermal oxidation of polyolefins starting front R

As shown in the Scheme 1.1, the carbon radi¢atdacts with oxygen
to form the ROO radical. The recombination of two radicals B a
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termination reaction leading to an increase in tiwecular weight of the
polymer. Another termination reaction is the digmxtionation of two R
radicals. The addition of a°*Rradical to a—C=C- bond is energetically
favoured by the formation of a-bond at the expense of rebond. This
reaction leads to chain branching or cross-linking is related to an increase
in the molecular weight of the polymer. The inveo$e¢he addition reaction
to a—C=C- bond would be the fragmentation of tht idical.

In the thermal oxidation of polymers, the first gey radical formed is
the peroxy radical ROD After that, occurs the Hradical abstraction from
the polymer backbone, which lead to the formatibhyalroperoxide ROOH
and the carbon radical’RThe life-time of the hydroperoxide ROOH must be
considered to be very short under processing dongitand it will
decompose immediately to form the alkoxy radical®*Radd the hydroxyl
radical* OH. Both species will react by abstraction of anddical from the
polymer backbone. The carbon radicdl RRacts with oxygen to form the
ROC radical. With unactivated olefins, ROQadicals react mainly by
abstraction of a Hradical at the allylic position. The reaction oparoxy
radical ROO with the carbon radical Rcauses the formation of ROOR.
This species will split into two alkoxy radicals RGat the processing
temperatures. The reaction of two peroxy radical3OR is a termination
reaction, leading to non-radical products in theeoaf primary and secondary
specie&®.

Hydroperoxide is unstable to both heat and UV lighhd its
destruction will lead to the formation of severgbds of oxygen-containing
products. One of the few differences between pdadian initiated by heat
and by light is that ketone products are stableeat but not to UV light. In
either case, one is dealing with a branching cheagtion sequence in which
the reaction of the hydroperoxide group is the -dmiermining step in
peroxidation leading to molar mass reducfn

Because of its extremely high reactivity, the alkoadical RO reacts
by the abstraction of an*Hradical from the polymer backbone or By
scission. Thef-splitting of alkoxy radicals into molecules witharbonyl
groups (ketones and aldehydes, which are subsdyguexitised to form
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carboxylic acids) and carbon radical$ IRads to a decrease in the molecular
weight of the polymer (Scheme 1.2). The reactiohsR®® with other
radicals as Rand RO are insignificarif®.

In the case of oxo-degradable polymers, it is comrtm use light
and/or heat to initiate free radical chain readion polymerization and
oxidation processes. There are two examples ofpiosess: (i) molecules
whose excited states behave as radical initiatipgcies (carbonyl
compounds) and (ii) molecules which dissociaterém fradicals (peroxides
and transition metal ion salts). Using these preegsit is possible to control
the oxidative breakdown of polymers.

B . ROR

RO

EH
- ROOR E{RO- + -OR}—I- ZECOH + 2R

Ea
o
1351 Il
[F—scission B B

EH

EOH + E*

Scheme 1.2Thermal oxidation of polyolefins starting with RO

Abiotic peroxidation of the polyolefins gives rige some vicinal
hydroperoxides and this process is particularlyoteed in the polya-
olefins, such as polypropylene due to the susaéptibf the tertiary carbon
atom to hydrogen abstraction via a hydrogen-bondetmediate. A major
proportion of the peroxidic products are hydrogemded vicinal
hydroperoxides that break down to small biodegredatolecule$® such as
carboxylic acids, alcohols and ketones as well aaggdr chain oxygen-
modified breakdown products, which oxo-biodegraaearsiowly*>.

The decomposition of the vicinal hydroperoxideslso facilitated by
internal hydrogen bonding and the low molar massdpets of this self-
induced degradation are small biodegradable madscsilich as acetic and
formic acids. In the case of the polyolefins, ramdchain scission is initially
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the dominant process. However, some low molar moasktion products are
formed via vicinal hydroperoxides even in PE. Theo®yl radicals formed
by decomposition of the hydroperoxides contain weatbon-carbon bonds
in thea positions to the hydroperoxide groups, which leathe formation of
low molecular weight aldehydes and alcohols thpiditgt oxidise further to
carboxylic acid$®.

Hydroperoxides are important intermediate produictshe oxidation
scheme and their decomposition rate greatly afftbetoverall oxidation rate
of the polymer matrix. Two examples of reactionsnuédtal catalysts with
hydroperoxided? are showed in Equations 1.3 and 1.4.

ROOH + M&* -, RO* + Mé™V* + OH (Eq. 1.3)
ROOH + Mé&"™V* _, ROC + Me™ + H' (Eq. 1.4)

Although biodegradable plastics are required tantigrate rapidly
followed by biodegradation at the end of their lifgg it is equally important
that their mechanical properties remain essentiatighanged during use.
The rate of peroxidation of hydrocarbons, includpadyolefins, depends on
two primary parameters. The first is the rate @f fitee radical chain reaction
of the polymer with oxygen, which is in turn govednby the rate of reaction
of peroxyl radicals with polymers. The second is firesence of initiators
that lead to the formation of radicals, of whiclke thnost important are the
hydroperoxides (ROOH) that are the products otctian reaction (Eq. 1.5).

RH + ROJ _ R* + ROOH (Eq. 1.5)

The gel content or insoluble fraction (Scheme 1s3)formed in
polyethylene by cross-linking and it is one of gw®ducts of PE thermal
aging. The thermo-oxidative and thermo-mechanigadaiion can influence
polymer molecular weight in two different ways eithincreasing by cross-
linking or decreasing by chain scission and boththefse events lead to
changes in polymer propertiégSross-linking via an oxidation reaction is due
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to the recombination of alkyl radical$ Rith each other, with ROor ROC
radicals like is shown in Scheme 1638 7

The natural polymers are biodegraded by a rangecatfibolic
metabolisms catalyzed by series of enzymes. Thaboism produces both
energy and building blocks for the biosynthesis nefiwv materials. The
ultimate degradation products of biopolymers ambaa dioxide, water, and
to some extent ammonia. But, it is very importanrémember that only a
very few amount of the biopolymers ends up as cautioxide and water.
Series of other called natural metabolites accutewdad are used again and

again in naturé”.

H H H H

I I I | P iy
—C—C—C—(¢— =2,  ROOH —=— 2RO~
| | . .
H H I—II I-II Peroxide Free radical
I_II H H H I‘|I H H
| | | | - |
2RO= + —?—C—C—C— — —<|3—C—c—<3— + R—OH
| | | | | |
H H H H H H H H
— CHy— CHy; — CH—CH;—— —CHy—CHy;— CH—CH; —
+ — =

= —CH;—CHy;— CH—CH; —
—CH;—CH; —CH—CH; —

Cross-linked chains

Scheme 1.3General mechanism of polyethylene cross-linking

Biodegradation of oxidable polymers is generallyonsr than
biodegradation of hydrolysable ones. Even polyethy] which is rather inert
to direct biodegradation, has been shown to biatkgafter initial photo-
oxidation. Many inert polymers are, however, moteceptible also to
biodegradation if modifications are done. Low malac weight compounds
present in polymers render the polymer more suddtepb biodegradation
because they become inherently more accessibladamical reactions. An
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oxidized polymer is more brittle and hydrophili@atha non-oxidize polymer,
which also usually gives a material with increabiiegradabilit{?*.

As aforementioned, a very used way to increaséithsegradability of
LDPE is the introduction of a natural polymer iretmert matrix. For this
purpose, the most commonly used natural polymestasch. However, the
use of starch alone in polyethylene, requires ratdrge amounts in order to
really create an increase in the biodegradatiaffatCertainly, the filler that
is biodegradable always gives a matrix that is measily accessible to
abiotic degradation.

Albertsson and co-worké?d studying the degradation of LDPE films
containing biodegradable starch filler and a praart formulations in
agueous media inoculated with bacteria or fungi alestrated the greater
susceptibility to degradation of the LDPE matrixtbé samples containing
the pro-oxidant and starch than of samples comtginonly starch or of pure
LDPE samples. In its investigations, authors fouhdt the mechanisms
responsible for initiating degradation of the LDPBatrix were
hydroperoxyde-catalyzed auto-oxidation of the pxadant in synergistic
combination with biodegradation of the starch ptet.

The biodegradation mechanism of polyethylene shotted initial
oxidation is followed by the removal of two-carbémgments from the
chain. This mechanism is confirmed by analysisasbonyl group formation
in the PE surface, which decreases with time itid&nvironmenté®. Thus,
microorganisms assimilate the degradation prodot®E at the same time
as the polymer chains gradually biodegfddie
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Currently, it can be said that the energy-environtalecrisis represents
the challenge of an era. Demographic growth creaesmous pressure on
environmental resource bases and ecosystem dués ttunsustainable”
character. One of the problems contributing to thithat of waste disposal.
Their amount naturally is rising constantly, notyodue to the increasing of
the world population but additionally due to itsafieres: urbanization
increasing; rising standards of living and consatju#anging patterns of
social behaviour and habits (higher consumptiomd ahanges in waste
composition patterns (more consumer product paokpgiThese social
changes and the waste generation are independetiteoftatus of the
countries: industrialized or in developing. Besijdéise mode of waste
disposal still predominantly remains through laitich§, a conventional and
unhygienic method. Alternative modes like compastamd other scientific
approaches are scarcely used. Consequently, lahd/iater are polluted and
degraded besides the fact of being a health haPaltgolefins are the largest
family of polymer used in packaging applicationsvéing up to 61 % of total
material used in packaging market. Among polyokefirpolyethylene
presents a constant increasing demand. Althougls tholymer is
characterized by an excellent cost-benefit ratiogpresents a big problem
for the environment. An attempt to overcome thisawback, different
approaches has been used to improve the PE deditgd&@ne of them is
based on the addition of biodegradable polymersiodd from renewable
resources.

The aim of this work is to improve polyethylene ebiodegradability
through the blending of PE with prodegradants ainddgradable polymers
of biosynthetic origin (PHB and starch). To achi¢vis, two aspects need to
be faced up to resolve both the incompatibility?& with the biodegradable,
polar, polymers and to find the ideal proportiorcomponents. Accordingly,
a screening study about PE-PHB compatibilizatiors warried out. Good
miscibility between the components of a blend &gy important parameter
affecting directly its performance as for examp#emechanical and thermal
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properties. At the present, little information regjag to the compatibility

between PE and PHB was found. Some studies rep@rtampatibility of

PHB and EVA containing high VA fraction. Other aoth studied the

compatibility of PE and starch using EGMA. PE antBPare polymers with

distinct polarities, so a third component, normadly copolymer, which

contain in its chain both polar and non-polar coomar units are needed in
order to promote their compatibilization. It is poged that the amount of
PHB, type and amount of compatibilizer are variahbileat will influence

morphological and bulk properties of PE-PHB blends. promote the

compatibility between PE and PHB, it was employbde¢ copolymers
containing PE segment and the other segment wams f&ocomonomer
compatible with PHB. The formulation of PE-PHB bddsends followed a
systematic screening statistical design experin{BiX). Compatibilizers

were chosen from available commercial polymers fangcconomic reasons
their proportion limits in the formulations wereadd at a maximum of 15 wt-
%. To verify the effect of the copolymers as coriipheers, films were

prepared by compression moulding and characterigerklation to their

morphology, thermal and mechanical properties.

The second topic of the thesis corresponds to tingy sof the oxo-
biodegradation of the PE-PHB based blends. Indlitee there is little about
PE-PHB but nothing including a prodegradant. Thenfdation strategy will
follow a factorial design at two levels%}2with a central point where the
independent variables are the amounts of the bradable polymer PHB
and of prodegradant additives T6 and T7. PE-PHRdamsaterials will be
processed to obtain thin films. These films will ddearacterized in terms of
morphology and thermal and mechanical properties. €valuate their
characteristics of oxo-biodegradability, their that degradation in a static
oven at 45 °C, 55 °C and 65 °C will be performed pariodically analysed
by means of FTIR to determine both carbonyl anddyeroxide index. Data
from this analysis will be used for determinatioh axtivation energy of
thermo-oxidation. Samples aged at 55 °C will beratt@rized by thermal
and mechanical analysis. In addition, the amountrofslinking formed
during thermo-oxidation will be evaluated by mean$ extraction.
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Biodegradation experiments in aquatic media and barial will be
performed on pristine and thermal aged sample§ &€5

PE starch blends and composites are not a newcsub@mmercial
products containing PE and starch have being dlailaince the 1970s
mainly in the form of shopping bags. However, itlwie studied PE-Starch
based materials containing prodegradants in the thapter. To mix PE
and starch with a good homogeneity of the dispepdesbe it is required a
good compatibilizer. So, this chapter will focaline the first part the
compatibilization of PE-Starch and in the second tormulate this type of
material with the addition of prodegradant. Two &&polymers, EVA and
EGMA are selected compatibilizers for PE-Starch aMe-thermoplastic
(TPS) materials. A screening experiment consistihg factorial design2
combined or not with a mixture design will be useddefine formulations.
The space of mixture design was constrained at t3% vior starches and at
20 wt-% for compatibilizers. PE-based materialdl Wwe prepared in an
internal mixer and the films by compression moujdithe second study of
PE-Starch-Prodegradant materials will follow theneadesign experiment of
the previous study. However their components wéllrbixed in a extruder
and the films obtained by blow moulding. These mal® will be submitted
to thermal aging.
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2. EXPERIMENTAL

The experimental chapter provides the chemicalspatyginers used in
the formulation of the three families of materiblssed on polyethylene (PE)
and details of their physico-chemical and oxo-bgrddation
characterization. The commercial products were usedreceived if not
otherwise stated. Material formulations methodoldgjowed a statistical
design experiment (DEX). DEX approach is addredsethe formulation
optimization with a higher number of variables andninimal number of
experiments. This is possible by means of factogalmixture experiment,
for example. In this type of DEX the effects of eml variables are
investigated simultaneously over some pre-assigaege that is covered by
the levels of variables. To perform the analysisvafiance (ANOVA) the
experiment treatments need to be replicated. Horvévibe number of trials
is considered large, it can be used only a singdication as in the case of
central composite design where only the centraltitnent will be replicated.
Details of DEX performed in the present thesis Wil described in the
sections corresponding each family of material.

2.1. Reagents and Solvents

Potassium hydroxide pellets, technical grade (K(H310-58-3];
hydrochloric acid volumetric standard, 0.1N in wasnalytical grade (HCL)
[7647-01-0]; barium chloride, technical grade (Ba10326-27-9]; acetone
HPLC grade (CH3COCH3) [67-64-1]; and chloroform HPgrade (CHG)
[67-66-3] were purchased from Carlo Erba Chemical, Qtaly. Xylenes
isomers plus ethyl benzene, 98.5%, ACS reagesti{CHs),) [1330-20-7],
phenolphthalein, ACS reagent 81404 [77-09-8], were supplied by
Sigma-Aldrich Chemical Co., Germany.
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2.1.1. Materialsused in biodegradation experiments

Soil burial experiments employed “humus” from Paral Quercia trees
in Marina di Pisa woods (Italy) and perlite (a heatpanded naturally
occurring siliceous rock with d = 80-120 g-¢mnd granulometry = 1-3 mm)
in order to provide aeration and moisture retentionng tests.

Aquatic biodegradation experiment was performeagisin inoculum
originally taken from the “Morto” river, which renees domestic sewage
water from the north quarter of Pisa (ltaly). TaBlé shows the mean values
of some physico-chemical characteristics and migaisms of the river
water sampled before reaching the sea (inside $aadre park).

Table 2.1. Characteristics of river “Morto” at 26 Septembep2a®'e”!

Property Units Range Values
pH — 7.3-7.9
DO % saturation 0-280
COD (mg/L) 20 -120
NA (mg/L) 1.0-75
Chloride (mg/L) 3332
Sulphate (mg/L) 120 - 600
PT (mg/L) 05-2.0
MBAS (mg/L) <0.05
TNI (mg/L) <0.5-0.10
Total coliforms /100 mL 10— 10
Fecal coliforms /100 mL fo 10

4 D.O.: Dissolved Oxygen; COD: Chemical Oxygen
Demand; NA: Ammonia nitrogen; PT: Total phosphate;
MBAS: Methylene Blue Active Substances; TNI: Total
nitrogen input.

The following high purity chemicals were used ine tlaquatic
biodegradation study: magnesium nitrate hexahydnstig(NOs),.6H,O
[13446-18-9], purchased from Aldrich Chemical G&grmany. Hexadecane
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(C16H34) [544-76-3],potassium dihydrogenphosphate (@) [7778-77-0],
docosane (&H4) [629-97-0], potassium hydrogenphosphate;HRO,)
[7758-11-4], calcium chloride dihydrate (Ca@H,0O) [10035-04-8], sodium
hydrogenphosphate (MdPQy) [7558-79-4], ammonium chloride (NBI)
[12125-02-9], magnesium sulphate heptahydrate (Mg&®0O) [10034-99-
8] and iron (lll) chloride hexahydrate (Fe®H,O) [10025-77-1] were
supplied by Carlo Erba Chemical Co., Italy.

2.2. Additives

Totally Degradable Plastics Additivd$DPA®) DCP562 (T6), melt
flow index (MFI) [at 125 °C/2.16 kg] = 23 - 28 g-biin* and DCP571 (T7),
MFI [at 125 °C/2.16 kg] = 25 - 30 g-10 rifis a proprietary masterbatch
containing prodegradants, mainly of cobalt and raaege stearate,
stabilizers and fillers in PE resin matrix) werendy supplied by EPI
Environmental Technologies Inc. (“EPI”), Canada.

2.3. Polymers

Riblene® FF33 a linear low density polyethylene IRE that will be
simplified to PE) [9002-88-4] pellet with a MFI [400 °C/2.16 kg] = 7.93
g-10 min* and density (d) = 0.92 g-¢hmat 23 °C was kindly supplied by
Polimeri Europa, Italy. Biocyle poly(hydroxybutyeat(PHB) [26063-00-3]
pellet with average molecular weight (Mw) = 4RBa and polydispersity
(Mw/Mn) = 2.51 was kindly supplied by PHB Industri&.A., Brazil.
ELVAX® 3185 a poly(ethyleneo-vinyl acetate) (EVA) [24937-78-8] with
33 wt% vinyl acetate, MFI [at 190 °C/2.16 kg] = 4310 min*; d = 0.96
g-cm®, and melting point () 61 °C was supplied by DuPont. Lotader AX
8840 a poly(ethylenee-glycidyl methacrylate) (EGMA) [26061-90-5] with
8 wt-% of glycidyl methacrylate and d = 0.94 g-tat 23 °C was supplied
by Arkema, ltaly. Poly(ethylenee-methyl acrylate (EMAC) [25103-74-6]
with 20 wt% of methyl acrylate, d of 0.942 g:érand MFI [at 190 °C/2.16
kg] = 6 g-10 mift was kindly supplied by Eastman, EUA. Corn stai€s)
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from Cerestar-Cargill Company was supplied by Nowatn Italy.
Termoplastic corn starch (TPS) and Biopar® FG MIOA@BTPS) (a bio-
plastic resin consisting mainly of thermoplastiarsh (TPS), biodegradable
synthetic co-polyesters and additives), MFI [at 2@02.16 kg] = 14.5, d =
1.26-1.28 g-cm, were kindly supplied by Biop Biopolymer Techndles
Germany. In Scheme 2.1 are represented the chestioature of polymers
PE, PHB, and EVA, EGMA and EMAC.
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Scheme 2.1Structure of polymers PE (a), PHB (b), EVA (c), E&Nd)
and EMAC (e).

2.4. Formulation and Processing

Three families of materials based on PE were foatedl and processed
with different strategies and will be detailed lve following sub-sections.
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2.4.1. PE-PHB Blends

PE-PHB blends consist of two polymers of differgalarity and,
consequently, they are not compatible. To study seéheblends
compatibilization, three copolymers containing P&mments and a polar
polymer segment were selected. These compatilslaer EVA, EGMA and
EMAC. The variables to be evaluated are the amotieach component of
polymer blend matrix and type and amount of contyaer. Considering
that the levels of each component of mixture aggeddent of the levels of
the other ones, a DEX called “mixture experimentisnemployed to obtain
the formulations. The condition of this type of exment is that the sum of
the proportions by weight of all components is ¥Wi&%. The design space
for formulations of the PE-PHB-compatibilizer blend a triangle as shown
in the Figure 2.1. This space was constrained Her ariable amount of
compatibilizers EVA and EGMA at 10 wt-% and for EN¢Aat 40 wt-%.
Blends compositions and samples identification sate presented in Tables
2.2 — 2.4. All formulations were prepared randoany replicated.

PE
0-,100

20
\\Xxo EMAC100¢/

100 PHB

Al
1
d
T4 =% d
40 60

(b)
Figure 2.1. Space of the components in the mixture for (a) PIBHEVA
(or EGMA) and (b) PE-PHB-EMAC blends.

All formulation components were initially mixed phgally (Tab. 2.2-
2.4) and then dried at 60 °C for 48 h in a labasativen with air circulation
before melt processing, since the presence of htynigromotes the
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hydrolysis of polyesters like PHB. Following, drifdrmulations were
melting processed in a torque rheometer W 50 EHTh woller blade
connected to a Plastograph Can-Bus Brabender. Wligonditions for all
PE-PHB based blends were temperature at 180 °Cyeladity at 60 rpm by
7 minutes.

Table 2.2. Composition and sample identification codes of HBHEVA

blends.

Trial Codé PE PHB EVA
(Wt-%) (Wt-%) (Wt-%)

a PE 100.0 — —

b PHB — 100.0 —
c 90E10V 90.0 — 10
d 90B10V — 90.0 10
e T75E25B 75.0 25.0 —
f 25E75B 25.0 75.0 —
g 68E22B10V 67.5 225 10
h 22E68B10V 225 67.5 10
i 71E24B5V 71.2 23.8 5
i 24E71B5V 23.8 71.2 5

YE = PE; B = PHB; V = EVA.

About 8 g of blend were compression moulded inkerdatory mould
press Collin (model P 200E) with a water-coolingteyn to obtain films of
around 300-500 um. Moulding conditions were heatipgto 180°C and
leaving isothermically for 5 min at 9 MPa (90 bar)a teflonated mould.
Subsequently, it was cooled to ambient temperatweabout 8 min
maintaining the same pressure of isotherm step.
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Table 2.3. Composition and sample identification codes of PBP

EGMA blends.

Trial Codé& PE PHB EGMA
(wWt-%) (wt-%) (wWt-%)

a PE 100.0 — —

b PHB — 100.0 —
c 90E10G 90.0 — 10
d 90B10G — 90.0 10
e 75E25B 75.0 25.0 —
f 25E75B 25.0 75.0 —
g 68E22B10G 67.5 22,5 10
h 22E68B10G 225 67.5 10
i 71E24B5G 71.2 23.8 5
j 24E71B5G 23.8 71.2 5

3 E = PE; B = PHB; G = EGMA.

Table 2.4. Composition and sample identification codes of PMBP

EMAC blends.

Trial Codé& PE PHB EMAC
(wWt-%) (wt-%) (wWt-%)

a PE 100 — —

b PHB — 100 —
c 60E40EM 60 — 40

d 60B40EM — 60 40
e 75E25B 75 25 —

f 25E75B 25 75 —
g 64E21B15EM 63.8 21.2 15
h 21E64B15EM 21.2 63.8 15
i 68E22B10EM 67.5 22.5 10
j 22E68B10EM 22.5 67.5 10
| 71E24B5EM 71.2 23.8 5
m 24E71B5EM 23.8 71.2 5

Y E = PE; B = PHB; EM = EMAC
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2.4.2. PE-PHB-EGMA blendsformulated with prodegradant

The best compatibilization found for PE-PHB blemdss with EGMA
and was selected to formulate a new series of raleinitially, it was
prepared the blend containing 90 wt-% of PE anavit® of EGMA as the
basic matrix for all the other formulations whichasv called PEL.
Formulation strategy followed a central composisign (CCD) where the
independent variables were amounts of the biodattadolymer PHB and
of prodegradant additives T6 and T7. This DEX ifaetorial at two levels
(2°) with a central level as described in the TabE Sample identification
codes with the corresponding experimental triadssdmown in the Table 2.6.
The sequence of blend preparation was random tiol @aystematic error and
only the central point was replicated three times.

All formulation components were previously driedsét °C for 24 h in
a vacuum oven. Blends were obtained in a twin-satameter of 25 mm,;
length 18 x D) co-rotating extruder from Collin GhhlTeach Line, a bench
type compounder ZK 25 T with water-bath WB 850 T quelletizer CSG
171 T. Pellets were fed in the extruder at speedl bfrpm with temperature
zones fixed at 180°C, 180°C, 180°C and 150°C anelsspeed of 15 rpm.
PE-PHB based blends preparation followed two stagstly, it was blended
PE matrix and EGMA compatibilizer to obtain pellets PEL material at
composition mentioned above. The second stage madlending of the
formulations presented in the Table 2.6. The rastlpellets blends were
stored under vacuum and in a freezer to prevergilplesoxo-degradation of
them due to the presence of prodegradant.

Table 2.5. Central composite design for PE-PHB blends fornedlawith

prodegradant.
Component Low (-) Central (0) High (+)
PHB (wt-%) 0 1.0 2.0
T6 (Wt-%) 0 15 3.0
T7 (wt-%) 0 15 3.0
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To obtain thin films (about 50-8@n), pellets of the blends were blow
extruded in a SHOUMAN machine (model SH-F16) witlb Lratio of 25/1
and head diameter of 40 mm. Screw zones tempesatueee adjusted to
170°C, 160°C and 155°C and speed of extrusion WWagp@. The obtained
films were stored under vacuum and in a freezer po characterization.

Table 2.6. Composition and sample identification codes of PBmased

blends?

PHB T6 T7 PEL
Trial Code level wt-% level wt-% level wt-% wt-%
1 PEL — 0 — 0 — 0 100
a 2B + 2 — 0 — 0 98
b 3T6 — 0 + 3 — 0 97
c 2B3T6 + 2 + 3 — 0 95
ab 3T7 — 0 — 0 + 3 97
ac 2B3T7 + 2 — 0 + 3 95
bc 3T63T7 — 0 + 3 + 3 94
abc 2B3T63T7 + 2 3 + 3 92
0 BT6T? 0 1 0 15 0 15 96

? PEL: 90 wt-% PE/10 wt-% EGMA; (-), (0) and (+) melaw, central and high
level variables, respectively; (1) is the low lewe#leach factor; a, b and c, are the

main effects; ab, ac and bc, are two factors iotena; and abc, are three factors
interaction® Replicated three times.

2.4.3. PE-TPS and PE-CS composites compatibilization

A screening experiment consisting of a factorfati@sign combined or
not with a mixture design was performed to formell®E based blends
containing starches (Fig. 2.2). The dependent blasain the factorial design
were type of starch and of compatibilizer as désdtiin Table 2.7. The
starches selected were thermoplastic (TPS) and-staroh (CS) and the
compatibilizers were EVA and EGMA. The space of tmig design was
constrained at 30 wt-% for starches and at 20 wis¥ocompatibilizers.
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Composition and sample identification codes of Oterare presented in
Tables 2.8-2.9.

PE-starch blending were carried out in two stepa farque rheometer
W 50 EHT (with roller blade) connected to a Plasaplp Can-Bus Brabender
at 150 °C and 50 rpm by 6 minutes. Before each meltessing, blend
components were mixed physically. The first steys wlae preparation of
masterbatchs containing a compatibilizer and aclstafhese masterbatchs
correspond to the four combinations of the factoviaiables (Tab. 2.7):
EVA-TPS, EGMA-TPS (MVT and MGT, respectively) andVACS,
EGMA-CS (MVCS and MGCS, respectively). It was suggub that a better
starch dispersion could be obtained in the incoiblgaPE matrix if initially
were blended with the more compatible compatihiliZdne subsequent step
was the blending of the masterbatch with PE to inbtile compositions
presented in Tables 2.8-2.9.

(a) (b)
Figure 2.2. Factorial 2 with mixture experiment at each level (a) and ®pac
of the mixture experiment (b).

Table 2.7. Factorial 2 design®

Component Low (-) High (+)
Starch TPS CS
Compatibilizer EVA EGMA

4 TPS and CS are thermoplastic and corn starchssecgvely;
EVA and EGMA are poly(ethylenes-vinyl acetate) and
poly(ethyleneco-glycidyl methacrylate), respectively.
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Table 2.8. Composition and sample identification codes of FESblends.

Trial Codé PE TPS EGMA Code PE TPS EVA
wt-% wt-% wt-% wt-% wt-% wt-%

MGT — 60 40| MVT — 60 40

a PE 100 — — — — — —

b TE3T 70 30 — — — — —

c 8E2G 80 — 20| 8E2V 80 — 20

d S5E2G3T 50 30 20 5BE2V3T 50 30 20

e 75E1G15T 75 15 10 75E1V15T 75 15 10

f 85E15T 85 15 — — — — —

g 6E1G3T 60 30 10 6E1V3T 60 30 10

h 65E2G15T 65 15 20 65E2V15T 65 15 20

[ 9E1G 90 — 10| 9E1V 90 — 10

YE =PE; T=TPS; G = EGMA; V = EVA.

Table 2.9. Composition and sample identification codes of FEBENdS.

Trial Codé PE CS EGMA Code PE CS EVA
wt-% wt-% wt-% wt-% wt-% wt-%
MGCS — 60 40| MVCS — 60 40
b  7E3C 70 30 — — I —
d 5E2G3C 50 30 20 5E2V3C 50 30 20
e  75E1G15C 75 15 10 75E1V15C 75 15 10
f 85E15C 85 15 — — S —
g 6E1G3C 60 30 10 6E1V3C 60 30 10
h  65E2G15C 65 15 20 65E2V15C 65 15 20

YE=PE; C=CS; G =EGMA; V = EVA.

Blend films were obtained in a laboratory compr@sgoress - model
Collin P 200E - with water-cooling system. Compressmoulding were
performed by heating to 150 °C for 7 min followiagooling for 7 min both
under a pressure of 90 bar (9% H&). Using teflonated moulds, it was weight
ca. 8 g of polymer blend to obtain films of about 4600 pum.

43



PhD Thesis — Silvia Maria Martelli

2.4.4. PE-CSand PE-BTPS composites with prodegradant

Polyethylene-corn starch (PE-CS) and polyethyleivp& (PE-BTPS)
blends containing prodegradant T6 (Tab. 2.10) wétained in a twin-screw
(diameter of 25 mm; length 18 x D) co-rotating eger from Collin GmbH
Teach Line, a bench type compounder ZK 25 T withewbath WB 850 T
and pelletizer CSG 171 T. Pellets feed in the elruwas at 5.0 rpm.
Extrusion was performed at temperature zones of@5050°C, 150°C and
130°C and screw speed of 15 rpm. To avoid systeneators, trials of the
experimental design (equivalent to the previougice.4.3) were carried
out randomly.

Table 2.10. Composition and sample identification codes of BEstarch
and PE-Biopar extruded blends.

Trial Codé PET6 CS EGMA Code PET6 Biopar EGMA
wt-% wt-% wt-% wt-% wt-% wt-%
EMGCS — 60 40/ MGB — 60 40
a ET6 100 — — — — — —
b 7TET6-3C 70 30 —| T7ET6-3B 70 30 —
c 8ET6-2G 80 — 200 — — — —
d 5ET6-2G-3C 50 30 20 B5ET6-2G-3B 50 30 20
e 75ET6-1G-15C 75 15 10 75ET6-1G-15B 75 15 10
f 85ET6-15C 85 15 —| B85ET6-15B 85 15 —
g 6ET6-1G-3C 60 30 10 6ET6-1G-3B 60 30 10
h 65ET6-2G-15C 65 15 20 65ET6-2G-15B 65 15 20
[ 9ET6-1G 90 — 100 — — — —

A ET6 = 95 wt-% PE/5 wt-% T6 = ET6; E = PE; C = @5z EGMA; B = Biopar.

Mixtures were prepared following three extrusioepst As in the
previous Section (2.4.3), it was prepared a maatenbof corn-starch with
EGMA (EMGCS) and Biopar with EGMA (MGB). The secosigp was the
blending of the PE matrix with the additive prodegant T6 at the proportion
of 9.5:0.5 (ET6). Finally, in the third extrusiotep, materials of the first and
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second step were blended with addition of compatési to adjust the

desired compositions (Tab. 2.10). The extruded ddewere stored under
vacuum in a freezer to prevent possible oxo-degi@daue to the presence
of prodegradant on them.

Films of about 200-40Qum were obtained by blow extrusion in a
SHOUMAN machine (model SH-F16) with L/D ratio of /25and head
diameter of 40 mm. Samples were processed withvsspeed at 30 rpm and
temperature zones at 150 °C, 150 °C and 140 °@skivere storage at the
same conditions of pellets up to characterization.

2.5. Thermal aging and Biodegradation procedures

2.5.1. Thermal aging

Thermal aging was performed in two different coldis depending on
the type of parameter selected to evaluate tha@segf thermo-oxidation:

)] Carbonyl index (COi), hydroperoxide index (ROOi)daactivation
energy (Ea) evaluation were carried out by FouFransform Infrared
Spectroscopy (FTIR). Samples were fixed on cardbsapports (Fig.
2.3 a) and placed inside a static air-oven up © d&ys. In this way,
degradation of each sample as a function of timddcbe analysed
always at the same position. Degradation was sluati¢hree different
temperatures: 45 °C, 55 °C and 65 °C. These teryseswere chosen
because represent the common temperatures foundedmposting
process;

i) In the thermal-degradation performed at 55 °C updé@s in a static
air-oven, the specimens of each sampke 40 um of thickness) were
placed on polystyrene Petri dishes (Fig. 2.3 bl ploperties changes
were evaluated at specific times corresponding iddla (defined by
CO) and end of degradation. The assessments werermstof
mechanical and thermal properties as well as m@eoueight (MW)
as determined by high pressure liquid chromatogrdpi?LC) and gel
content by solvent extraction;
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Sample Name

—

a) b)

Figure 2.3. Supports used on aging test: a) for FTIR analysig, b) Petri
dish, @ = 10 cm.

To analyse the low molecular weight polymers preduduring the
thermal aging, samples were submitted to an extraetith boiling acetone
under reflux for 3 hours using a Soxhlet extractdre obtained extracts were
dried to constant weight that was recorded with edectronic balance.
Molecular weight was evaluated by means of HPLGyaisa

2.5.1.1 Activation energy

The reaction rates can raise many folds by incnga&mperature. This
is a consequence of the increase in movement ofaramolecules and more
frequent collisions between them with the tempeeaturhe minimum
amount of kinetic energy that these molecules meikd to have in order to
react and transform reagents in products is called/ation energyEa).
Higher values ofEa denote that larger amounts of energy are needed to
initiate a reaction. This means that the reactidh be more susceptible to
the influence of temperature. The influence of terafure on theka is
described by Arrhenius equation (Eqg. 2.1). At higteanperatures, a larger
number of molecules will have the minimuga to react. Taking the natural
logarithm of both sides (Eq. 2.2), and determirkrexperimentally at several
temperatured;a can be calculated from the slope of a plot d€ irs. 1/T. An
accurate determination of the activation energyireg at least three runs
completed at different reaction temperatures. Témperature intervals
should be at least 5 &
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k(T)=A-e®¥RT (Eq. 2.1)

Ink=InA-EaRT (Eq. 2.2)

Where,k is the rate constant and is specific for eachti@achanging
with the temperature; A is the frequency factoit ieaa number representing
the chance that collisions would occur with the pero orientation for
reaction; R is the gas constant, which value i48.3/mol-K and T is the
absolute temperature in Kelvin.

2.5.1.2 Gel Content

Gel content was evaluated as the percentage diibleomaterial after
extraction (Eq. 2.3) in a Soxhlet extractor for &Burs in a mixture of
xylenes isomers and ethyl benzene solvents using Whatmdiolose
extraction thimble&? After extraction, the material was dried in a vaTu
oven until constant weight. For each sample, faplicates were used for
statistical evaluation.

Weight sample after extraction

Gel content (%) = — -
Initial weight sample

* 100 (Eq. 2.3)

2.6. Biodegradation

Biodegradation at screening level of PE-PHB basedenals, was
carried out in both aquatic media (AM) and soiliblu(SB). Samples used in
these experiments are described in Table 2.11 atdeT2.12 records the
characterizations performed on them.

Both aquatic and soil burial aerobic biodegradatests are based on
the headspace GQest (Sturm Cg). Briefly, the CQ is evolved inside a
sealed biometer from biodegradation of sampleschvis trapped by an
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absorber (that in the present study was a soluifioKOH at 0.06N), and
quantities by titrimetry?*!

Table 2.11. Samples in the aquatic medium (AM) and soil bu(i@Bi)
biodegradation tests if.

Sample AM SBi
PS TAS KE PS TAS KE

PEL X X — — — —
2B X X — — — —
3T6 X X X X X —
2B-3T6 X X X X X —
3T7 X X X X X —
2B-3T7 — — X X X —

4 PS: Pristine Sample; TAS: Thermo Aged Sample; KEetone
Extract; see Table 2.6.

Table 2.12. Characterization of samples submitted to biodediaulzests®

Sample CQevolved FTIR TGA DSC SEM EDS
PEL AM/SBI — AM/SBi AM/SBi AM/SBI —
2B AM/SBI — AM/SBi  AM/SBi AM/SBI —
3T6 AM/SBI SBi AM/SBi  AM/SBi AM/SBi AM
2B-3T6 AM/SBI SBi AM/SBi  AM/SBi AM/SBi AM
317 AM/SBI SBi  AM/SBi AM/SBi AM/SBi —

2B-3T7 AM/SBI SBi  AM/SBi AM/SBi AM/SBi —

IAM: Aquatic Medium; SB: Soil Burial; FTIR: Fourieffransform Infrared
Spectroscopy; TGA: Thermogravimetric Analysis; DSDifferential Scanning
Calorimetry; SEM: Scanning Electron Microscopy; EEEmental microanalysis.

At specific times, biometers were opened and atgjwé 10 mL of
KOH, containing soluble inorganic carbon, were $farred to a Becker. To
this solution, a volume of 1 mL of Ba{it 2.6 wt-% was added to precipitate
and form insoluble inorganic carbon. In this way)i was back titrated by
using HCL 0.1N up to phenolphthalein end point. Saguently, biometer
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was recharged with a new KOH solution and immedtjiatised. This cycle
of procedure was repeated periodically up to tllearexperiment.
The above procedure is based on the following i@ast

CO, + 2 KOH - K,CO;s (soluble) + HO (Eq. 2.4)
K.CO; + BaCh — BaCQ (insoluble) + 2 KCI (Eq. 2.5)

To determine complete or ultimate aerobic biodegjddy
(mineralization to Cg), it is necessary to now the initial amount of anig
carbon in the sample. In the case of plastic nmatethe amount of total
organic carbon (TO§ can be obtained by CHN elemental analysis (Carlo
Erba Elemental analyzer MOD 1106). In the presamysthis analysis was
performed in the Department of Pharmaceutical ®eign University of
Pisa. It is possible to estimate the theoretical amair€O, (ThCO) of the
test plastic sample, knowing the amount of TOCllastrated by Equations
2.6-2.7.

Cs=TOGs* Ws (Eq. 2.6)

Where G is the amount of carbon in the sample, EQke relative
amount of total organic carbon in the sample aetibnand W the total
amount of sample.

As to evolve 44 g of C&it is needed 12 g of carbon (C), Equation 2.7
calculates the amount of ThGO

ThCQO, = Cs* 44/12 =TOG * Ws* 3.67 (Eq. 2.7)
The extension of biodegradation defined as mirneatitn percent (

is calculated subtracting the accumulated,C®ntent evolved into the
biometers of sample ((Gf) from that of blank ((C@sg). The difference

" The author thanks Prof. Marco Macchia and Dr. @aeOrlando.
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found is divided by the ThCQas specified in the standards ASTM D5209
and D5338 (Eq. 2.8§* 8!

% Dt = 100*((CO23 - (CO2)%)/IThCO;, (Eq.2.8)
2.6.1. Aerobic aquatic biodegradation

Aerobic aquatic biodegradation followed a usual cpoure of
BIOLAB-DCCI-UNIPL.! &1 |t combines characteristics of some standards
as recorded in Table 2.1%: 8 The absence of agitation, the cyclic light
(from day to night) and the way of trapping the dsggace C@evolved from
biodegradation are the principal differences betwStandard tests and that
of BIOLAB.

The inoculum used was originally taken from a rit€iume Morto”
that receives domestic sewage water from the ropréinter of Pisa (Italy§”
However, in the present study the inoculum (IRU)swabtained from a
medium used in a previously experiment of biodegtiad with the same
family of materiald®® The procedure of biodegradation of samples in gjua
media was carried out in three steps as resumeéume 2.4.

Static water bath
at 25 °C by 120 days

Bacteria growth MSM =100 mL ¢ DLW
teria growth KOH 0.06N
b fle IMSM22=5mL | 20ml | T=t(days) KOHsol.
IMSM 22 IMSM 16 =5 mL titration
Sample =20 mg
MSM =300 mL 7 days
C22=60mg v
IRU=20mL MSM=100mL | ROH 0.06N DEW
IMSM 22 = 5 1l 20 ml 1= t(days) KOH sol.
IMSM 16 = —
IMSM 16=5mL G
MSM =300 mL | 7 g0 22~ 20mg
Cl6=60mg
IRU=20mL ‘1(
MSM=100mL | KOH 0.06N o
IMSM 22 = 5 mL 20 mL T= l(days?‘- KOH sol.
IMSM 16— 5 mL r———
Blank

Figure 2.4. Flow-sheet of aquatic biodegradation.
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Table 2.13. Characteristics of standard methods for aerobiddgoadation
in aquatic medium and that used in the presenystud

Features ASTM ASTM OECD ISO BIOLAB
D5209 E1720 301-B 14593
Size vessels (mL) 4000 160 2000-5000 160 300
System closed sealed closed sealed sealed
Aeration yes no yes no no
Agitation yes yes yes yes no
Headspace/liquid 1:1.7 3.5 3:5 1:2 2:1
Light n.s. dark dark/diffuse dark/diffuse  day-night
Inoculum source activated sludge sewage DS DS gEwa
Inoculum pre-adapted no no optionally  optionally sye
Inoculum amount 1 wt-% variable <30 mg/L 4 mg/L 10 % (viv)
Nitrogen source (NH430, NH,CI NH,CI NH4CI NH,CI
Positive control n.s. SS n.s. optionally no
Reference material n.s. SA, GL SA, SBo, AN AN, SBo docosane

3 Closed is a system with a continuous entrance of-i@®@ air; n.s. = not specified; DS means a
inoculum that may be derived from a variety of sesr activated sludge, sewage effluents, surface
water, soils or from their mixtures; SS: sodiumass¢e: SA: sodium acetate; GL: glucose; SBo:
sodium benzoate; AN: aniline

The first step corresponds to the preparation@futum. So, an aliquot
of 20 ml of IRU was pre-exposed to the mineral satdium (MSM) (Tab.
2.14) containing an organic matter. The aim was itorease the
microorganism population. Hence, it was added ino tweparately
Erlenmeyers of 500 ml containing MSM one of the tvexadecane (C16) or
docosane (C22) as unique carbon source. The med{itSM16 and
IMSM22) were incubated for 7 days in an orbital kedra(IKA Labortecnik
KS250 basic) (Fig. 2.4).
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In the second step, Biometers were prepared inichipl (Fig. 2.4 and
2.5) totalizing 32 flasks taking account of onenlilaone reference and
fourteen samples. The flask volumeg[\0f each system was 300 ml which
was added 100 ml of MSM & (VEVs = 2:1Biometers were closed with
silicon rubber stopper in which was hanged a cdfiottom polypropylene
tube (BD Falcof™ — 50 mL,¢ = 30 mm and adjusted length = 10 cm). In this
tube was added 20 mL of KOHa 0.06 N to trap evolved GO
Biodegradation followed in a static water bath at°€ and day-night light
for 125 days.

The last step was the determination of, @@ titrimetry. About 10-11
cycles of titration-recharging were performed cep@nding the times of
mineralization measurement.

Samples from Biometers at the end of experimenevebaracterized
by means of SEM, Microanalysis, TGA and DSC.

Silicone rubber
stopper

Perforated conical
bottom tube

KOH

Plastic

Mineral medium A" sample

and inoculum T ——

Figure 2.5. Biometer used on aquatic biodegradation.
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Table 2.14. Composition of the mineral salt medium (MSM) usedthe
aguatic aerobic biodegradation experiments.

Compound Concentration Preparation of 1 L of medium
(gL (mL)

A. Phosphate buffer Solution A 10

KH.POy 8.50 Solution B 1

Ko.HPO4 21.75 Solution C 1

NaHPO,.7H,O 33.40 Solution D 1

NH4CI 2.00

B. Calcium chloride

CaCb.2H,0 36.40

C. Magnesium sulfate

MgSOy. 7H,O 22.50

D. Ferric chloride

FeCk.6H,O 0.25

2.6.2. Soil Burial

Loam used in the soil burial test was taken fromuBiand Quercia
woods in the south quarter of Pisa at October A@@@l nitrogen 1.34g/kg
and S.O. 2.95% evaluation were performed on theaBe@nt of Agronomy
& Agroecosystem Management, University of Pisarhe procedure of
aerobic biodegradation of samples in soil buriakwarried out in three
steps.

The first step consisted on the preparation of aiially, stones, plant
remains.etc from loam were removed manually and left in statien at 50
°C by ca 48 h. Dried loam was sieved through a 2 mm megir o use.
Following, the moisture content of the soil wasuat@d at 50 wt-%. After
that, it was mixed with perlite in the proportionis2:1 soil:perlite (WSP).

In the second step, the biometers (Fig. 2.6) wespgred for the
aerobic soil burial biodegradation in duplicateatizing 20 flasks taking into

“The author thanks Dr. Simone Magni.
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account one blank, one reference and eight sampiemeters of 750 mL
were filled with three layers of materials. Thesfione was 15 g of perlite
(PER), the following was 50 g of WSP where it wécpd a piece of sample
(ca. 250 mg) in the middle, and finally 15 g of PEReTlayers in the blank
consisted only of PER/WSP/PER at the same amoutheofsample test.
Finally, the preparation reference material wasilamto that of sample test
but in its place was used a cellulose paper. Onepaped the three layers, a
beaker containing 40 mL of KOHt4 0.06 N) was positioned on the surface
layer of perlite, to trap evolved GGrom biodegradation and the biometer
was closed hermetically. Biodegradation followed the dark at room
temperature for 180 days.

The last step corresponds to the evaluation ofameunt of CQ
evolved from biodegradation. So, at periodicalvegs of time the biometer
was opened and the beaker with KOH was removedaliguot of 10 mL
was withdrawal from it and back titrated with HCILON. Subsequently,
KOH solution in the beaker was replaced by newinsigle of the biometer.

KOH solution

Sample

Figure 2.6. Biometer used in soil burial experiments.

Another study performed from soil burial biodegriaaa had the
objective the evaluation of both morphological atitermal properties
changes as a function of time. Two similar biometerthat shown in Figure
2.6 were used in this study but their volume wds $he area of their base
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allowed placing four films disk with 10 cm of diatee In one biometer was
placed the four samples of the family PS (see Tallg). In the other one, it
was placed the four samples of the family TAS. Hssembly of these
biometers differed in other two aspects. One rdfeithe number of medium
layers. This means that only the base of perlitevi@d by the soil layers
were used. Besides, the beaker with the, @@sorber was not necessary.
Sampling for characterization was fulfiled at eatho months up to
complete six months. Pieces of buried film sampiese removed from
biometer and were washed with distillated watee €kcess of surface water
was removed with tissue paper and placed insidécaers containing
saturated solutions ahagnesium nitratéor at least 48 h before testing.
SEM, TGA, and DSC characterized the conditionedpdasn

2.7. Characterization
2.7.1. MdtFlow Index (MFI)

Melt flow index (CEAST type 6941.000 — die diametard length
2.095 mm and 8.0 mm respectively) (MFI) values weléained from the
average of five measurements at temperature ofCL90th a weight of 2.16
Kg. ASTM D1238-04c Procedure A is a manual cutagferation based on
time used for materials having flow rates that gaherally between 0.15 and
50 g/10 mirf>H

2.7.2. Thermogravimetric Analysis (TGA)

TGA experiments were performed in the thermogratimeanalyzer
Series Q500 of the TA Instruments. Generally, sanspte was between 10-
20 mg. Two different range of temperatures werensed at 10°C-mih
under nitrogen atmosphere at 60 mL-iflow rate. These range of
temperatures were from 30 °C to 810 °C and froiG@b 600 °C depending
of the presence or not of the prodegradant indahmadlations, respectively.
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2.7.3. Differential Scanning Calorimetry (DSC)

Two DSC instruments from Mettler-Toledo were usdd® 4000
System consisting of the DSC-30 module and TA72pBWare software
was employed for the evaluation of the thermodycaparameters of PE-
PHB-compatibilizer formulations. Samples of 10-1§ were weighed in 40
pL aluminium pan and an empty pan was used as refereDSC
temperature calibration was performed using indileag and zinc standards
and energy calibration by using indium standard.a8deements were
performed under nitrogen flow rate of 80 mL-thimccording to the
following protocol:

1. First heating scan from -50 °C to 205 °C at 10 ‘6" nand 2 min of
isotherm at the end;

2. First cooling scan from 205 °C to -50 °C at 100ri»™* and 4 min of
isotherm at the end;

3. Second heating scan from -50 °C to 205 °C at 1énfC": and 2 min
of isotherm at the end;

4. Second cooling scan from 205 °C to -50 °C at -10vfi@* and 4 min
of isotherm at the end;

5. Third heating scan from -50 °C to 230°C at 10 °@-i

In the evaluations of the formulations families @oning prodegradant
additive, it was employed a DSC84200 °C) module with FRS5 sensor and
operated by means of STARoftware. Measurements were performed under
nitrogen flow rate of 160 mL-mihaccording to the following protocol:

1. First heating scan from -50°C to 150°C at 10°C-rémd 2 min of
isotherm at the end;

2. First cooling scan from 150°C to -50°C at -10°C-mand 4 min of
isotherm at the end;

3. Second heating scan from -50°C to 150°C at 10°C*min
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2.7.4. Scanning Electron Microscopy (SEM)

The cross-section morphologies of films were reedrdsing a JEOL
(JSM-5600LV) scanning electron microscope (SEM) the required
magnification and with accelerating voltage of 14KVhe film samples
frozen in liquid nitrogen were fractured and spnettewith gold before SEM
observatior:

2.7.5. Microanalysis (EDS)

Microanalysis of the samples containing prodegradas investigated
via. SEM (JSM-5600LV) equipped with Energy DispeesivX-ray
Microanalysis Spectroscopy (EDS) an OXFORD InstmineSamples
analyzed were original film and from aqueous medhniodegradation.

2.7.6. Wide Angle X-ray Scattering (WAXYS)

Wide-angle X-ray diffraction patterns were perfotmat room
temperature with a Kristalloflex 810 diffractome(&EMENS) using a Cu
Ka (\=1.5406 A) as X-ray source. Scans were run in itje angle region 2°
< 20 < 36° at scan rate of 0.016°/min and a dwell toh#s.

2.7.7. Size Exclusion Chromatography (SEC)

Molecular weight (MW) and molecular weight distrilmn (ID) of
acetone extracts were measured in a Jasco PU-h&8gent HPLC pump
connected to Jasco RI-2031 plus intelligent reivacindex and Jasco UV-
1575 intelligent ultraviolet detectors and equippeith two PLgel 3um

7 SEM, EDS and WAXS were performed in the Department Chemical
Engineering, Industrial Chemistry and MaterialseBce, University of Pisa and the
Author thanks Dr. Piero Narducci.
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mixed-E columns (Polymer laboratories UK). Chlorofovas used as eluent
at 1.0 mL-mift flow rate. Monodisperse polystyrene standards weesl for
calibration. Samples solutions were prepared iorafibrm for HPLC at 0.2
wt-%. Before use, samples were filtered in with ETier pore size 0.2 um.

2.7.8. Transmission Fourier Transform Infrared Spectroscopy
(FTIR)

FTIR measurements were carried out in a Jasco Fmtel 410
spectrophotometer. FTIR absorbance spectra ween tak an average of 16
scans with 2 ci of resolution in the region of 5000 to 400tm

Carbonyl index was calculated as the rate betwkerabsorbance of
peak at 1715 cih corresponding to carbonyl ketone group, and the
absorbance of Ci$cissoring peak at 1463 &miThe relationship used for the
calculation of hydroperoxide index was between peak at 3380 crh
corresponding to OH group and the Cidissoring peak at 1463 Crfi> 39 %2

2.7.9. Dynamic Mechanical Thermal Analysis (DMTA)

The viscoelastic behaviour of the films in nitrogatmosphere was
analyzed with DMTA V instrument (Rheometric Sciéinji Experiments
were carried out on a single cantilever arrangenrebending mode in the
temperature range from —130 °C to 140 °C at a hgatte of 4 °C-min
Samples were scanned with an imposed frequency ldZz Jand strain of
0.15% corresponding to linear viscoelasticity ranggpical dimensions of
the samples are 20 mm x 5 mm x 0.4 mm.

2.7.10.Gravimetric Analysis

Weight gain of samples from thermal aging study wesorded at
specific times in a common laboratory balance fotlr decimal scales.
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2.7.11.Photoacoustic Fourier Transform Infrared Spectroscopy
(PAS-FTIR)

Photoacoustic infrared spectra were recorded uaifgyuker IFS 66
Spectrometer equipped with an MTEC (Model 200) paocbustic cell under
helium purge gas. The spectroscopic runs wereamtit-IR region of 4000
to 400 with 8 crit of resolution and 128 scans. Scan velocity wasdfix 2.2
kHz. Carbon black spectrum was collected as reteren

2.7.12.Mechanical Tests

The tensile tests were performed on PE based floesrding to two
standard test methods using a universal testindnimadnstron (model 5564)
with a load cell of 2 KN and pneumatic grips. Spesns were preconditioned
inside desiccators containing saturated solutidnsmagnesium nitratecé.
53% RH) by 48h at 25°C (ASTM E104-&3). At least 12 specimens for
each sample formulation were tested and the avena@ge has been reported.
A digital micrometer was used to monitor film thiess.

Films from compression moulding followed ASTM D1708a!*"
Samples were cut into microtensile test specimemsltf 4.64 mm).
Measurements were performed with a crosshead sgted Imm-min* and
initial gauge length of 22.2 mm.

Films from blow moulding followed ASTM D882-§2. Specimens of
70 mm length and 10 mm width were cut out from &lrinitial gauge length
was 50 mm and crosshead speed was 10 ma}:min

“ PAS-FTIR was performed in the Department of Chainiand Industrial
Chemistry, University of Genova and the Author #sRrof. Paolo Piaggio.
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3. RESULTS

The results chapter was divided in three main tpgach one
corresponding to the following studies:

4. Compatibilization of Polyethylene-Poly(3-hydroxyprdte) Based
Blends;

5. Effect of Prodegradant Additive in the Polyethyldhay(3-
hydroxybutyrate)-Poly(ethylenes-glycidyl methacrylate) Blends;

6. Polyethylene-Starch Materials: Compatibilizationd aRrodegradant
Effect.

3.1. Compatibilization  of  Poly(ethylene)-Poly(3-hydroxyhutyrate)
Based Blends

The greatest environmental pressure for the pacgaghain comes
from legislation. According to the European Envir@ntal Agency
packaging waste is the major and growing wastastte Polyethylene (PE)
represents a family of polyolefins widely used aod packaging. Although
PE was first produced over 50 years ago, manufacgtueind processing
developments continue to improve its propertiesiopmance, and packaging
application§¥. Some of advantages that justify its application this
segment of market are: the low cost, the exceltbeimical resistance, and
the very good processability. However, it is a toodegradable polymer,
which characterizes an issue concerned to the wisat@agement. One of the
possible solutions, other than recycling and reuseto formulate new
materials by blending PE with biodegradable polytfiler

Poly(3-hydroxybutyrate) (PHB) is a bacterial alipbgolyester, which
Is biodegradable and ecological. PHB has mechaproglerties comparable
to that of polypropylene (PP). However, due tditgh cost and brittleness, it
is less attractive to the packaging mafked

The combination of PE characteristics with thatPéiB by blending
them can result in a new material for use in paitigagco-compatible. The
literature for this type of blend is very modestaning a field still to be
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explored. PE and PHB are immiscible due to thelanity characteristics. To
promote adhesion between the interphase of them,necessary at least a
copolymer as a third component, which contain sncihain both polar and
non-polar comonomers. lordanski al. proposed environmentally friendly
membranes for separation processes based on PHE-Lidhds. They
found that water permeability depends of blend cositpn in the range of
2:98-32:683. However, they did not consider that the pathveayned in the
interfaces of the two immiscible components coubaitabute to diffusion
process. Rosat al performed a more detailed study on PHB-LDPE
blend$’¥. The independent variables were composition ardptiesence or
absence of oxidate polyethylene wax in the formtet Although the two
components has been shown to be immiscible by SEMomicrographs,
elongation at break of PHB matrix increased with alaldition of LDPE from
0.6 % to 19 % for PHB and 50PHB:50LDPE, respecyivédn the other
hand, Young’s modulus of LDPE matrix increased fdinMPa to 142 MPa
with addition of 50 wt-% of PHB.

The present study about compatibilization of PE-Pbd#sed blends
followed a systematic screening statistical desgperiment (DEX). The
independent variables were the proportion betweke three blend
components and the type of compatibilizer. Thesepatibilizers were EVA,
EGMA and EMAC.

3.1.1. Morphology

SEM micrographs of cryogenic fractures of PE-PHBdahablends (see
Tables 2.2 — 2.4 for nomenclature) as a functiortype and amount of
compatibilizer are shown in Figure 3.1-3.4.

All binary blends, independently if it is PE (755 Fig. 3.1 a) and
b)) or PHB (25E75B — Fig. 3.1 c¢) and d) as matishowed typical
morphological features of immiscible systems. Ih dae observed that
dispersed phase is not homogeneous and its intdrithesion with matrix
is poor. The same observation was found by Rosd’? and Kimet al®".
As both components are mechanically diverse théases of cryogenic
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fractures will show distinct behaviour. Binary biewith PE matrix (Fig. 3.1
a) and b)) presents ductile fracture while thahwHB matrix (Fig. 3.1 c)
and d)) is brittle. The aspect of the dispersedsphtllows the same
behaviour of that of matrix. This means, that tbgdace of PHB dispersed
phase is smooth while that of PE dispersed phasmighest. In both blends
the amount of dispersed phase is the same. Howlweer magnification
micrographs (Fig 3.1 a) and c)) suggest that tleadlcontaining dispersed
phase PHB seems to be at lower amount or to hdetter miscibility. This
can be probably due to the fragility of PHB, whidm be broken and part of
its particle can remain immersed in PE matrix withto pull out (Fig. 3.1

b)).

Figure 3.1. SEM micrographs of PE-PHB binary blends. a) 75E25B—
500X; b) 75E25B-2000X; c) 25E75B-500X; d) 25E75B-
2000X.
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The compatibilizer EVA contain 33 wt-% of vinyl dage (VA)
comonomer. Figure 3.2 a) shows that the binaryctdrPE with 10 wt-% of
EVA has only one phase characterizing their corbpdyi. On the other
hand, the dispersed phase EVA in binary blend witB as matrix, at the
same amount (Fig. 3.2 b)), is heterogeneous inaizewith poor adhesion.
The choice of the EVA as compatibilizer of PE-PHBrals was based on the
fact that VA comonomer is miscible with the PEfB As the amount of
compatibilizer used was 10 wt-%, it can be suppo$ed only a small
fraction of PHB, proportional toa. 3 wt-% of VA, could be compatibilized.
In fact, Yoonet al verified this dependence of the PHB-EVA compéitibi
with amount of VA®. They found thermal properties and crystallization
behaviour that PHB is immiscible with EVA contaigiiiO wt-% of VA but
miscible when the VA is present at 85 wt-%.

The proportions between PE-PHB in the ternary destdown in
Figure 3.2 c) and d) are equivalent to that of hyiranes presented above
(Fig. 3.1). The morphology of PE-PHB-EVA with PEaatrix (Fig. 3.2 ¢))
is very similar to that of equivalent binary blefilg. 3.1 a)) indicating that
10 wt-% of EVA (33 wt-% VA) compatibilizer was netifficient to promote
a satisfactory adhesion between PE and PHB comgmnAnmuch more
dramatic effect was observed for the equivalemamr blend with PHB as
matrix (Fig. 3.2 d)). The PE dispersed phase sderhs present in the blend
in a different proportion of its counterpart bindend (Fig. 3.1 ¢)). This is
probably due to PE and EVA compatibility resultimgan apparent higher
proportion in the blend. Besides, the presence\6k Eeems to promote the
coalescence of PE phase, probably due to the change melt viscosity.
So, it can be supposed that when PE is continudwsey EVA can
compatibilize it to some extension with PHB, depegdon its proportions
with VA comonomer amount.

The compatibilizer polyethylenes-glycidyl methacrylate (EGMA)
contain 8 wt-% of glycidyl methacrylate (GMA) conmmer. EGMA has an
epoxy pendant group that can react with carboxyirchend groups of
PHB. This reaction comes in the presence of temperatSo, the
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hypothesis was that EGMA could compatibilize PE-PHB reactive
blending.

Figure 3.2. SEM micrographs of PE-PHB blends compatibilizedhwiD
wt-% of EVA at 500X. a) 90E-10V; b) 90B-10V; c)
68E22B10V; d) 22E68B10V.

Figure 3.3 shows cryogenic fractures of PE-PHB thabéends
compatibilized with EGMA. The compositions of thesiends (binary and
ternary) are the same to those of PE-PHB blendgpathilized with EVA
(Fig. 3.2). Binary blend of PE with 10 wt-% of EGMgresents only one
phase (Fig. 3.3 a)) indicating that both componargsmiscible. On the other
hand, it can be observed two phases in the fracfurHB-EGMA blends, at
the same composition (Fig. 3.3 b)). The expectedpatibility between PHB
and PGMA, based on the results of letal™®, was not achieved probably
due to the proportion between epoxy groups of EGM®A carboxyl end
group of PHB. Nevertheless, confronting the morpg@s of PHB-EVA
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(Fig. 3.2 b)) and PHB-EGMA (Fig. 3.3 b)) blends#@n assume that a small
fraction of the EGMA dispersed phase reacted Wi Phatrix.

Figure 3.3. SEM micrographs of PE-PHB blends compatibilizechwid
wt-% of EGMA at 500X. a) 90E10G; b) 90B10G; c)
68E22B10G; d) 22E68B10G.

The fracture of both ternary PE-PHB based blendb i® wt-% of
EGMA showed two phase. The dispersed phase was moonegeneous for
PE matrix based blend (Fig. 3.3 c)) than for PHER @Rig. 3.3 d)). On the
other hand, it can be concluded that the EGMA ptenaobetter dispersion
and interfacial interactions between both PE andB Rirtan EVA (Fig. 3.2
with Fig. 3.3). Besides, as the polar chain segmeftcompatibilizers are
present in minor amount than that of the non-polaes, the better results
were found for blends with PE matrix.

Poly(ethyleneco-methyl acrylate) (EMAC) contain 20 wt-% of methyl
acrylate (MA) comonomer and was the third matenseéd to compatibilize
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PE-PHB blends. The selection of this compatibilizes based on the results
found by Anet al®®. They prepared blends of PHB-PMA by solution-
casting method to study their miscibility by thetraad optical analysis. The
behaviour of cold crystallization temperature,JTas a function of blend
composition led them to the assumption that bothpmments form miscible
blends in the whole range. Besides, the small anglay (SAXS)
demonstrated that the amorphous MA is incorporatethin PHB
spherulites.

Figure 3.4 shows both PE and PHB binary blends wihwt-% of
EMAC. The blend 60B40EM (Fig. 3.4 a) and b)) pant that the adhesion
between components is poor with irregular dimersiand forms of the
dispersed phase. So, PHB and EMAC are not compadtithis composition.
Another factor that could cause this morphology Mdue the difference in
melts viscosity combined with compression mouldpegformed to obtain
the films. On the other hand, PE and EMAC are cdiblgaas suggests the
surface fracture showed in Figure 3.4 c). At higmagnification (Fig. 3.4 c))
it is observed the good adhesion between the tvasgsh As yet considered
in the PHB-EMAC binary blend, the PE-EMAC blend g@sts dispersed
phase with irregularities in the form and size tbothese family of blends
compatibilized by EMAC the level of shear developadide the internal
mixer was not sufficient to provide a good dispansi

In the PE-PHB-EMAC ternary blends shown in Figure 3he amount
of compatibilizer used was 15 wt-% correspondingao3 wt-% of MA that
might compatibilize PHB. This effect can be obsdrwden the blend matrix
is PE. In fact, the size and homogeneity of digmtrshase in the blend
64E21B15EM (Fig. 3.5 a)) is better than that ofteyswith PHB as matrix
(Fig. 3.5 b)). Probably a small fraction of PHB veasnpatibilized with PE in
the 64E21B15EM.
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28422 SEI

d)
Figure 3.4. SEM micrographs of PE and PHB binary blends witham0
% of EMAC. a) 60B40EM — 500X; b) 60B40EM — 2000X%; c
60E40EM — 2000X; d) 60E40EM — 8500X.
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Figure 3.5. SEM micrographs of PE-PHB blends compatibilizedhwiib
wt-% EMAC at 500X. a) 64E21B15EM; b) 21E64B15EM.
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3.1.2. Thermal properties

Thermal characterization of polymer blends is a+mebwn method to
determine the miscibility of polymer bledté.. Thermal properties of PE-
PHB films were assessed by thermogravimetry (TGHJerential scanning
calorimetry (DSC) and dynamic mechanical thermalyser (DMTA).

3.1.2.1 Thermogravimetry (TGA)

TGA provides important data parameters relatinthésmal stability of
polymer$'® that is very useful in polymer processing and faation. One
of them is the decomposition temperaturg),(Which is defined as the onset
temperature at the beginning of the weight losgsh&npresent study,qTvas
defined as the temperature at 1 wt-% of weighti&$sAnother parameter is
the peak degradation temperaturg,)(Twhich is related to the reaction
mechanism. Theldata are obtained from the first derivate of T®Y GA)
trace and corresponds to the temperature at theémuax degradation rate.
The experiments of this study were conducted undsygen atmosphere in
the range temperature of 25-600°C and the pyrohgsisiue was measured at
600 °C. The replica was carried out only in threengles to evaluate the
experimental error, due to the long time of the T&#alysis. The selected
samples representing materials containing one, dane three components
were PE, 25E75B, and 24E71B5V, which errors at 95f%onfidence of
Student’st-test were 0.3 %, 20 %, and 5 %, respectively. Tinere
significant error was found for the incompatibledny blend PE-PHB with
PHB as matrix. As was observed in Figure 3.1 &,RE dispersed phase is
not homogeneous in size and presented poor adhesitre PHB matrix.
These characteristics of 25E75B combined with timallssize of samples
used in the TGA analysis can explain the significaeasured error.

Thermogravimetric data of PE-PHB blends compagbdi with EVA,
EGMA and EMAC are presented in Tables 3.1-3.3, eetypely. The T of
PE, PHB, and of the compatibilizers EVA, EGMA antA&C are 391 °C,
265 °C, 306 °C, 392 °C and 372 °C, respectivelye PHB Ty value is in
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agreement with that reported by Leteal**®, which found T value equal to
267 °C defined at 5 wt-% of weight loss. Moreovdang and Karitf®
found for LDPE a § value of 432 °C through the bi-tangent methodthim
present study, the same value of PEwas obtained by using the same
approach of Huang and Kang. However, at this teaiper the weight loss

of PE wasca. 8 wt-% that is so much to be considered an onset
decomposition temperature. As was observed in tbk wf Fernandegt
al.*% the use of bi-tangent method is only appropridtemthe degradation
rates (slope) are equivalent. This means, whemteithod is applied for the
same family of materials with similar decompositrmechanism of reaction.

Table 3.1. TGA data of PE-PHB blends compatibilized with E¥A.

Trial  Sampl® Tq (°C) To1 (°C) To2(°C)  Reoo (%)
EVA 306 352 494 0.5
a PE 391 — 472 0.4
b PHB 265 298 — 0.8
c 90E10V 346 356 478 0.6
d 90B10V 245 290 352/467 0.4
e 75E25B 271 292 472 0.4
f 25E75B 253 295 474 0.5
g 68E22B10V 273 291 474 0.5
h 22E68B10V 265 296 473 0.6
i 71E24B5V 273 294 472 0.4
i 24E71B5V 261 294 472 0.5

AT,4is the decomposition temperature defined at 1 vatf4eight loss; Tis the first
derivative peak; and dg is the residual weight at 600°2.See Table 2.2 for code
definition.

PHB was 126 °C less stable than PE. The thermaindecsitions of
binary blends with PHB as matrix and with 10 wt-%oE/A and EGMA
compatibilizers werea. 20 °C lower than pristine PHB. On the other hand,
T4 value of binary blend of PHB with 40 wt-% of EMAdId not present any
changes in relation to pristine PHB.

The T4 values of binary blends with PE as matrix prestiatelifferent
behaviour. The J of 90E10G (Tab. 3.2) blend was practically invhalea
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because both components (PE and EGMA) have equoiviélermal stability.
Conversely, the Jvalue of 90E10V (Tab. 3.1) was 40 °C higher tHhzat dDf
pristine EVA that is the less stable componentha$ blend. In this case, it
can be supposed that the good dispersion of EVihanPE matrix (Fig. 3.2
a)) allows a matrix protecting effect. This effe@zs less pronounced in the
binary blend with EMAC, which Jvalue of 60E40EM blend (Tab. 3.3) was
only 7 °C higher than that of the less stable cdibjhaer.

Table 3.2. TGA data of PE-PHB blends compatibilized with EGFIA.

Trial  Sampl® Tq (°C) To1 (°C) To2(°C)  Reoo (%)
EGMA 392 567 — 0.5
a PE 391 — 473 0.4
b PHB 265 298 — 0.8
c 90E10G 396 — 479 0.3
d 90B10G 241 287 460 0.4
e 75E25B 271 292 472 0.4
f 25E75B 253 295 474 0.5
g 68E22B10G 270 291 471 0.5
h 22E68B10G 262 295 466 0.7
i 71E24B5G 272 293 471 0.8
i 24E71B5G 260 293 470 0.5

AT,is the decomposition temperature defined at 1 vatf%eight loss; Tis the first
derivative peak; and dg is the residual weight at 600°€.See Table 2.3 for code
definition.

Lee et all*®'%! studying the thermal stabilization of PHB by
poly(glycidyl methacrylate) (PGMA) found that thelebds containing
PGMA in the range of 5-30 wt-% were more stablentR&B matrix. They
explained this effect as a result of thermal clodsng reactions of the
epoxy group of PGMA with the carboxyl chain endsP¢iB formed during
its thermal degradation. The lower value of 90BIQGTab. 3.2) than that of
PHB can be explained by the same considerationse nadbve for the
25E75B. In the 90B10G blend the amount of the GM4nsent compatible
with PHB is only 0.8 wt-% (in 10 wt-% of EGMA) argb predominate the
effect of incompatible PE segment of the EGMA cgpar. Although some
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cross-linked reactions of PHB end group with GMAvep group may have
occurred, as suggested in the Figure 3.3 b), it meassufficient to stabilize
PHB matrix. The similar behaviour was found for 8@B10V blends (Tab.
3.1) and it can be explained in the same way bec#us amount of VA
segment of the compatibilizer miscible with PHBdy 3.3 wt-% (in 10 wt-
% of EVA).

Table 3.3. TGA data of PE-PHB blends compatibilized with EMAC.

Trial  Sampl® Tq (°C) To1 (°C) To2(°C)  Reoo (%)
EMAC 372 — 466 0.3
a PE 391 — 473 0.4
b PHB 265 298 — 0.8
c 60E40EM 379 — 472 0.6
d 60B40EM 265 296 461 0.5
e 75E25B 271 292 472 0.4
f 25E75B 253 295 474 0.5
g 64E21B15EM 261 294 474 0.4
h 21E64B15EM 240 292 476 0.3
i 68E22B10EM 266 290 472 0.6
i 22E68B10EM 242 292 472 0.3
| 71E24B5EM 267 293 479 0.2
m 24E71B5EM 245 292 472 0.3

AT,4is the decomposition temperature defined at 1 vatf4eight loss; Tis the first
derivative peak; and g is the residual weight at 600°2.See Table 2.4 for code
definition.

Figure 3.6 shows 4 temperatures of PE-PHB based blends as a
function of composition and type of compatibilizdhe Ty values of the
blends with PE as matrix (Fig. 3.6 a)) are sligistperior to that of PHB and
ca. 120 °C lower than PE (391 °C, which is not showAr). exception was
found in the blends compatibilized with EMAC (Tal38 which T values
tend to decrease slightly with increasing of EMAGaaint in the blend.

As previously observed in the SEM photomicrograffhgs. 3.2-3.5) it
could be expected that the better distribution lameer size dispersed phase
observed in the PE-PHB-EGMA blend could explain isiperior
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performance in relation to PE-PHB-EVA and PE-PHBADI However,
this was not found. In the discussion of PHB-confyilater binary blends
(Tabs 3.1-3.3), it was suggested that structurenate¢ changes would be a
possible responsible for the lowy Tvalues, independently of type of
compatibilizer. The same can be proposed for tHeweur of Ty in the
ternary blends.

280 280
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i EGMA
-0O- EMAC
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Decomposition Temperature (°C)
Decomposition Temperature (°C)

T T T T 230
PHB 75E25B  71E24B5C 68E22B10C 64E21B15C PHB 25E75B  24E71B5SC 22E68B10C 21E64B15C

Sample Sample
a) b)
Figure 3.6. Thermal stability of PE-PHB based blends as a fancof
composition and type of compatibilizer. a) PE matand, b)
PHB matrix.

In the ternary blends with PHB as matrix (Fig. B)bthe changes of4T
values with composition and type of compatibilizee not significant when
EVA and EGMA are the compatibilizers used. On theepohand, the binary
blend 25E75B and ternary blends with EMAC as cormpaer presented
the lower thermal stabilities. The source of thessults might be the
insufficient dispersion of the minor phase and/be tack of adhesion
between phases (Figs. 3.1 ¢) and 3.4-3.5).

As aforementioned, the peak of first derivate af theight loss as a
function of temperature (J) is related to the maximum rate of the volatile
chemical formed. This rate depends of mechanisdeobmposition reaction
and of the mass transfer in the viscous media efpblymeric melt, for
example. As already considered, the PE matrix ptioig effect on the EVA
component in their binary blend (90E10V) is confanby the temperature
shift of 4 °C higher on EVA J; (352 °C) in the blend (Tab. 3.1). In this case,
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it can be supposed that the melt viscosity of nstable PE control diffusion
of the decomposition chemicals (acetic acid in fingt step) from EVA
compatibilizer. On the other hand, a different beétwar was found for PHB-
compatibilizer blends. Both 90B10V, and 90B10G [ values (Tabs. 3.1-
3.2) are respectively 8 °C and 11 °C lower thanl¢ss stable PHB (298 °C).
PHB during melt processing in an internal mixer dzawve reduced its
molecular weight (MW) up to 50 % in the presencevefy low amount of
humidity*®”). This MW decreasing comes from a random chainsiseis
reaction ¢is-elimination) forming carboxylic acid end grol{3&. This group
can react with epoxy one of GMA or attack VA deyahg new chemical
groups in the PHB main chain that might probablyehbkess stability. The
values of |, of ternary blends were practically invariable awguivalent to
the less stable PHB. In this case, probably PE ooyt gave some
protection to the less stable components. Theuedormed at 600 °C for all
samples analysed were lower than 1 wt-%.

The two matrices of the compatibilized blends (P&it8l PE) showed a
white residue. Probably these residues are duenpurities because PE is
decomposed in the pyrolysis without char formatidor, example. The
residue amounts were 0.4 wt-% and 0.8 wt-% for R&ERHB, respectively.
In general, ternary blends showed an intermediateuat of residue, which
increased with increasing amount of PHB in the @len

Dodsonet al ** analyzed blends behaviour using the additive inule
the TGA traces, which simulated trace is constditte adding the weighted
contributions of each homopolymer trace as indatatethe Equation 3.1 for
two components. In this method it is supposed tiratsimulated TGA trace
represents the behaviour that should be expected fhe system when no
interactions are present between the blend comp®nen

Wag = (1-X) Wa + X Wp (Eq. 3.1)

Where W represents the TGA trace, A-B, A, B indicefer to blend
and single components, respectively, and x is thaght fraction of
component B in the blend.
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Experimental and simulated TGA traces of PE-PHBahjirblends are
illustrated in Figure 3.7, which are compared witistine components. The
experimental trace of 25E75B blend presents a sidial slope and a profile
very different from the corresponding simulatedérand that of PHB matrix
(zoom inside Fig. 3.7 a)). The change in the otfsetmodegradation slope
suggests a change in the reaction mechanism abalgyoa modification in
the chemical structure. Another hypothesis thatccbe formulate to explain
why the experimental traces began at lower temperahan the simulated
one could be that of decomposition acceleratioactfpromoted by specific
interaction among blend components and degradapecies being formed
(macro and small radicals, small molecules). Takimg account that the
experimental 25E75B trace begin at temperature ridiven the less stable
PHB component, it can be supposed that these spesee formed during
blend melt processing. The plateau of the secamldtexperimental trace at
lower weight loss in relation to predicted one segjg a blend composition
with less PE component in relation to the nomiralug. This observation
can be related to the heterogeneity of dispersedsephas previously
remarked.

The thermodegradation behaviour changes significaviten PE is the
blend matrix (zoom inside Fig. 3.7 b)). In this €ag5E25B blend was
slightly less stable than would be expected fromndimulated trace. As the
predicted weight loss of the second degradatiop wi@s superior to that of
experimental one, it could be assumed that therappdower stability of
75E25B blend from that expected is due to a lowsount of the more stable
PE in the blend than the nominal value. Again, @ifievement may be
related to the homogeneity of dispersed phasefastdd in Figure 3.1 a) and
b).
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Figure 3.7. Experimental and simulated TGA traces of blends@isiine
components. Binary blends 25E75B a) and 75E25B b).

All experimental ternary blends traces (Fig. 3r8)icate that them are
less stable than expected, regardless of the polymagrix used. However,
when PHB is the blend matrix, ternary blends wess Istable than PHB as
discussed previously for the changes qof @ a function of the blend
composition and type of compatibilizer. The 22E688Dlend (Fig. 3.8 c))
was an exception, which experimental trace neavigrlaps the simulated
one. This behaviour can have its origin in the rpaticessing. The melt flow
index (MFI) of the compatibilizer EVA is the highesf all components used
in the present study (43 g/10 min), which can redihe shear effect on PHB
melt processing degradatif. Consequently, the PHB macromolecule in
the ternary blend compatibilized with EVA will umde less chemical
modification, which will influence its thermal sidity. Although the lowest
MFI is that of EGMA (5 g/10 min), its shear effeah melt processing
degradation of PHB is compensated by the crossalinkeaction. The
experimental traces of 22E68B10EM ternary blendy.(d.8 €)) is very
similar to that of 25E75B binary blend (Fig. 3.7.d)his result substantiate
the previously discussion about the shear effectPbiB melt processing
degradation and the phase adhesion. The MFI of EM&@/10 min) is
lower than that of PE and PHB (7.9 and 7.4 g/10, mespectively), which
can increase melt viscosity contributing to the Rié§radation.
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3.1.2.2 Differential scanning calorimetry (DSC)

The glass transition temperaturg)(is the most common way to study
miscibility of polymer blends using DSC. Howevehist criterion is not
useful in the present blend system studied consgl¢nat both PE and PHB
are very crystalline and that, ®f PE is not feasible to be detected in a heat
flow calorimeter even after a quenching. In thisezat is the parameters of
crystalline phase that can give information abtéat ¢compatibility between
blend componentd?. DSC analysis was performed in five scans. Figuée
illustrates the characteristic DSC traces of PE &iB pristine blend
matrices as a function of thermal treatments. Téwmoisd cooling scan was
the quenching treatment and it is not shown. Tlaees of blends are
intermediate to that of pristine matrices. PE titamss were slightly
influenced by the thermal treatments on contraryh® behaviour of PHB
that was sensible to them.
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Figure 3.9. DSC traces of pristine blend matrices as a funadiothermal
treatments. a) PE; and b) PHB.
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The first heating characterize the phase transtioh a state of
“equilibrium” taking into account the fact that tbeends were maintained for
some days (annealing) at ambient condition pri@yais. Thermodynamic
parameters from the first heating scan of PE-PHdid compatibilized with
EVA, EGMA and EMAC are shown in Tables 3.4-3.6.0hder to assess the
degree of crystallinity (¥ of samples, the enthalpy of 100 % crystalline
PHB was taken as 146 J-gnd the enthalpy of 100 % crystalline PE was
taken as 290 J'gl® M The normalized enthalpy of transitions was
calculated on the basis of nominal weight fractidrthe component in the
blend.

Table 3.4. Thermodynamic parameters *(lheating scan) of PE-PHB
blends compatibilized with EVA.

Sample 1 ATm 1 Xc PE Tm2 ATmz  XcpHB
(°C) (°C) (%) (°C) (°C) (%)
PE 113 125 43 — — —
PHB — — — 178 136 68
EVA 64 67 — — — —
90E10V 117 116 47 — — —
90B10OV — — — 179 87 64
75E25B 112 113 45 179 65 80
25E75B 113 120 49 181 70 70
68E22B10V 113 130 50 179 60 72
22E68B10V 112 118 60 178 70 68
71E24B5V 113 117 48 179 52 62
24E71B5V 113 104 54 180 75 71

A T, is the melting temperaturdT,, is the melting range and.¥s the degree of
crystallinity.

The melting temperature J of pristine PE and PHB are 113 °C and
178 °C, respectively. In general, theg, Bnd the corresponding enthalpy
(result not shown) of PE comonomer in the copolgrEeYA, EGMA and
EMAC, were lower than the values found for the hpolgmer due to crystal
imperfections created by the random presence afébend comonomer. The
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amount of these comonomers decreased from EVA > EMA EGMA with
correspondent increasing of the PE comonomer T

DSC traces of binary blends with PE as matrix amchgmatibilizer as
dispersed phase showed only one endothermic pdakhWE T, values of
the copolymer area. 4 °C higher than that of pristine PE. The incireg®f
Tm values may be due to both a reduction in the ngeléntropy (T, =
AHW/ASy,) or a superheating phenomeldéh The addition of a less
crystalline copolymer will increase the chain egtaments in the amorphous
phase of the blend slowing the crystal-melting rateelation to the heating
rate. On the other hand, DSC traces of binary ldemith PHB as matrix
showed two endothermic peaks assigned to PE comamooh the
compatibilizer and to PHB. In these cases, thg of PHB remained
unchanged and that of PE in the compatibilizergares] distinct behaviours.

Table 3.5. Thermodynamic parameters *(lheating scan) of PE-PHB
blends compatibilized with EGMA.

Sample h1 AT Xc PE Tm2 ATmz  XcPpHB
(°C) (°C) (%) (°C) (°C) (%)
PE 113 125 43 — — —
PHB — — — 178 136 68
EGMA 117 132 — — — —
90E10G 117 108 48 — — —
90B10G 110 28 — 178 64 64
75E25B 112 113 45 179 65 80
25E75B 113 120 49 181 70 70
68E22B10G 113 99 48 180 47 57
22E68B10G 113 92 60 178 81 72
71E24B5G 112 130 47 179 64 71
24E71B5G 111 99 69 179 72 63

4 T,, is the melting temperatur&T,, is the melting range and.%s the degree of
crystallinity.

No PE melting peak was observed in the 90B10V b(diatb. 3.4). The
melting enthalpy in EVA is very small. So, with temall sample size used in
DSC analysis make difficult its detection in therd. A PE T, depression of
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7 °C was detected in 90B10G blend (Tab. 3.5). Deisaviour is typical of
miscible blend%. Finally, no changes in the PE,Bf system 60B40EM
was observed. The morphological and TGA findingg.(B.4 a) and Tab.
3.3) of this blend suggested that EMAC was the ¢esspatible of the three
copolymers used. So, the invariability of PE i another indication of its
incompatibility with PHB.

Table 3.6. Thermodynamic parameters *(lheating scan) of PE-PHB
blends compatibilized with EMAC.

Sample 1 ATm 1 Xe PE Tm2 ATmz  XcpHB
(°C) (°C) (%) (°C) (°C) (%)
PE 113 125 43 — — —
PHB — — — 178 136 68
EMAC 90 38 — — — —
60E40EM 116 64 33 — — —
60B40EM 89 95 — 178 65 64
75E25B 112 113 45 179 65 80
25E75B 113 120 49 181 70 70
64E21B15EM 116 120 51 181 42 59
21E64B15EM 117 36 32 179 66 61
68E22B10EM 116 108 52 181 48 66
22E68B10EM 115 104 69 177 66 61
71E24B5EM 116 99 44 179 47 67
24E71B5EM 117 86 46 177 67 62

A T, is the melting temperaturdT,, is the melting range and.%s the degree of
crystallinity.

PE T, values remained constant in ternary blends of FB-BHB and
PE-EGMA-PHB. However, when EMAC was used as corbpater, the PE
Tm values shifted in general from 113 °C to 117 °G.vRlues of PHB in
binary and ternary blends were equivalent to thatristine PHB, except for
blends containing EMAC. In these blends thg af PHB also shifted to
higher values. Probably the phase separationsedE MMAC will causes PHB
phase constrains reducing melting entropy.
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The melting range of PEATmy) in binary blends 90E10V, 90E10G and
60E40EM were respectively 9 °C, 17 °C and 60°C ereidnan that of pristine
PE. Moreover, the PHB melting rang®l(,,) values were closer than that of
pristine PHB anata. 60 °C. The melting range of ternary blends shotied
same trend than that of binary mixtures, a narrgvimthe melting range of
both PE and PHB. These results suggest that tisepre of compatibilizer
copolymers accelerate the rate of crystallizatibthe polymeric matrix.

The thermodynamics characteristics of blends takem the first
heating indicate a quasi-stable phase formed tatbe supposed to be the
maximum limit of these characteristics. So, theugabf the degree of
crystallinity (X;) evaluated in this heating rate will give a better
approximation of the effect of blend compositiondamf type of
compatibilizer on this property, which can be usedorrelate with the other
properties. Figures 3.10-11 present the changB&aind PHB X calculated
from the f' heating scan, respectively, in the PE-PHB basedds! as a
function of composition and type of compatibilizércan be observed that
PE X value (Fig. 3.10) increases with decreasing oR®©unt in the blend.
On the other hand, PHB Xalue (Fig. 3.11) was superior for the binary
blend with PE as matrix and apparently stabilizeamtund 65%. In both
cases, the effect of the type of compatibilizersdonet represent a significant
variable.

90

»
<
[m]
o
2.
>

>4
o

B

\ ."'-._
LV
B

¥
Po
Vit
B
o,
\
B,

Degree of Crystallinity of PE (%)
=
=1

3
e

20

PE 75E25B  71E24BSC 68E22B10C 64E21B15C 25E75B  24E7IBSC 22E68B10C  PHB

Sample

Figure 3.10. Degree of crystallinity of PE in the PE-PHB baséhls as a
function of composition and type of compatibilizaken from
the £'heating scan.

82



Results

90
P,
S 801 ™., PO
S
m Tisiy
- ~iA-.o. O | A .
704 A S S RCg

z P it SR o~ 8 oo
S Qi O Rl B
2 o e T Ry = T
= 604 fe)
£ A
E
2 5ol
2 50
o
3 4]
& --—- O EvA
8 304 e A EGmA

— — O EMAC

20 ;
PE 75E25B  71E24B5C 68E22B10C 64E21B15C  25E75B  24E71BSC 22E68B10C PHB

Sample

Figure 3.11. Degree of crystallinity of PHB in the PE-PHB basdehds as
a function of composition and type of compatibitizaken
from the £'heating scan.

DSC traces from the second heating scan of PE-Pa&dgd blends,
after quenching, are shown in the Figure 3.12. Thermodynamic
parameters are summarized in Tables 3.7-3.9.
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Figure 3.12. Typical DSC traces from the second heating scaPEPHB
based blends. a) PE matrix; and b) PHB matrix.

Melting peak of PE in the binary blends with conipézers moved up
of ca 3°C. The same behaviour was detected in the rierbéends
compatibilized with EVA and EMAC (Fig. 3.12 a)).viariable melting peak
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was observed for 75E25B and 68E22B10G. Basically,changes in the
PHB T, values were verified for blends with PHB as matrikhese
temperature were around 172 °C which weaie7 °C lower than the values
found in the 1 heating scan (177-181 °C — Tab. 3.4-3.6). Thigehs=e of
PHB T, can be assigned to the PHB thermal degradatiorardiand ternary
blends containing both PE and PHB showed two emdotic melting peaks
corresponding to PE and PHB transition in the bleadpectively. Although
the melting peak of PHB is practically independeihtomposition and type
of compatibilizer that of the dispersed phase ofdeEreased slightly for the
systems compatibilized with EVA and EGMA but inged for that
compatibilized with EMAC.

Table 3.7. Thermodynamic parameters "{2heating scan) of PE-PHB
blends compatibilized with EVA.

Sample Ie, PHB TmpPE TmpHs Xe¢ PE Xc PHB
(°C) (°C) (°C) (%) (%)
PE — 112 — 43 —
PHB 58 — 172 — 60
EVA — 68 — — —
90E10V — 116 — 45 —
90B10V 63 — 172 — 59
75E25B nd 112 172 39 70
25E75B 61 113 173 12 60
68E22B10V nd 115 nd 41 nd
22E68B10V 61 111 172 19 60
71E24B5V nd 113 171 42 nd
24E71B5V 61 111 173 16 62

4 T, and T, are cold crystallization and melting temperaturespectively; X is
the degree of crystallinity; and, nd = not detected

In the DSC traces of samples with PHB as matrixait be observed
the presence of both the PHB glass transition dasdexothermic cold
crystallization peak (Fig. 3.12 b)). The present¢hese PHB transitions in
the second heating scan is due to the fact thatatligation of PHB is slower
than that of PE and with the quenching treatmerB lRBis more difficulty to
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crystallize. The cold crystallization temperatufg.) of pristine PHB was at
58 °C followed by an endothermic melting peak cemhtat 172 °C. PHB &

in the blends in general weca. 3°C higher than the pristine matrix, except
the blend 22E68B10G that presented its cold ciyzdibn peak at slightly
lower temperature than that of pristine PHB. THentd has indicated to have
the better compatibility between components du¢h®& reaction of cross-
linking between PHB and EGMA. In the other systehespresence of more
rigid phases (PE crystal, VA and MA segments) cdwddthe cause of the
higher T... However, this shifting of ¢t to higher temperature is in agreement
with the results found by Aet al.in their study on PHB/PVAc blend¥’.

Table 3.8. Thermodynamic parameters "{2heating scan) of PE-PHB
blends compatibilized with EGMA)

Sample Ic, pHB TmpE TmPHB Xc PE Xc PHB
(°C) (°C) (°C) (%) (%)
PE — 112 — 43 —
PHB 58 — 172 — 60
EGMA — 115 — — —
90E10G — 116 — 46 —
90B10G 60 — 172 — 61
75E25B nd 112 172 39 70
25E75B 61 113 173 12 60
68E22B10G nd 112 — 43 nd
22E68B10G 57 111 172 17 63
71E24B5G nd 112 — 40 nd
24E71B5G 56 111 172 25 54

4 T, and T, are cold crystallization and melting temperaturespectively; X is
the degree of crystallinity; and, nd = not detected

The glass transition temperaturg)(Was taken as the inflection point
in the DSC traces. In the Figure 3.13 is showngifeghic of PHB T taken
from the second heating scan as a function of cempn and type of
compatibilizer. The tendencies of PHB Were equivalent in both matrix.
The Ty of pristine PHB from the second heating scan was’6. This value
is in accordance with literature, which PHBV&lues can be found from 1 to
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7 °C depending of melt processing, molecular weitjfférmal history in the
DSC analysigtc 107124113 | the binary blend with PE as matrix (75E25B,
Fig. 3.13 a)), the PHB gIvalue increased afa. 1 °C. The same result was
found for ternary blends compatibilized with EVA both PE and PHB
matrix. EVA Ty value isca -20 °C. As vinyl acetate (VA) is compatible with
PHB®® it could be expected a decrease of at least 2e86n{ated by Fox
equation) on PHB d On the other hand, the PHB dould remain invariable
if no compatibilization was performed by EVA. Sbethypothesis is that
there is an additional effect that can be thathef inore rigid phase of PE
crystals. The blend systems compatibilized by EGitl EMAC did not
presented significant changes in the PHBeDardless the matrix used.

Table 3.9. Thermodynamic parameters "{2heating scan) of PE-PHB
blends compatibilized with EMAC)

Sample Ie, PHB TmpPE TmpHs Xe¢ PE Xc PHB
(°C) (°C) (°C) (%) (%)
PE — 112 — 43 —
PHB 58 — 172 — 60
EMAC — 90 — — —
60E40EM — 115 — 35 —
60B40EM 61 89 173 — 57
75E25B nd 112 172 39 70
25E75B 61 113 173 12 60
64E21B15EM nd 116 nd 45 nd
21E64B15EM 63 115 175 17 57
68E22B10EM nd 116 172 45 4
22E68B10EM 64 115 173 20 56
71E24B5EM nd 116 172 36 60
24E71B5EM 61 115 173 15 59

4 T., and T, are cold crystallization and melting temperaturespectively; X is
the degree of crystallinity; and, nd = not detected
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Figure 3.13. Glass transition temperature of PHB in PE-PHB héend
compatibilized with EVA, EGMA and EMAC (2 heating
scan). a) PE matrix; and b) PHB matrix.

Data taken from the8DSC heating scan after a cooling at 10 °C-min
for PE-PHB blends are shown in Tables 3.10-3.12values of PHB after
other two cycles of heating and cooling were lothan data obtained thd®2
heating scan independently of blend compositiontgpd of compatibilizer.
In the 2° heating scan after a quenching the amount of amooip phase is
higher because PHB crystallization rate is lowantkhat of quenching. So,
the lower values after a cooling rate of 10 °C:hiwhen PHB material
partially crystallize (Fig. 3.9 b) -"2cooling), it could be expected a PHB T
values higher than that after quenching (Fig. 3.P8)B T, values decreased
of ca. 3°C and this result can be attributed to a deerémshe molecular
weight of PHB by thermodegradation.

PHB cold crystallization temperatures were lowanthhat observed
after quenching (¥ heating scan) for pristine PHB and blends compittl
with EVA and EGMA. A contrary behaviour was obsefvéor blends
compatibilized with EMAC. Although in all cases tR¢iB T, values were
lower (that can anticipate the temperature of avidtallization) in the case
of blends compatibilized with EMAC, it can be suppd that with cyclic
thermal treatment performed in DSC favoured thesphseparation and
difficult in this way PHB crystallization. Besidesold crystallization was not
detected in the blends with PE as matrix.
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Table 3.10. Thermodynamic parameters "{3heating scan) of PE-PHB
blends compatibilized with EVA.

Sample kpie Tecre Tmpe Tmpue Xcpe  XcpHB
(°C) (°C) (°C) (°C) (%) (%)
PE — — 113 — 44 —
PHB 4 52 — 164 — 61
EVA — — 70 — — —
90E10V — — 116 — 46 —
90B10V 5 63 — 164 — 58
75E25B 5 nd 113 165 40 60
25E75B 4 58 112 165 14 58
68E22B10V 5 nd 112 nd 44 nd
22E68B10V 1 60 112 164 20 58
71E24B5V 5 nd 112 nd 42 nd
24E71B5V 4 63 111 165 17 60

3 Ty Tee @and T, are glass transition, cold crystallization, andtimg temperatures,
respectively; Xis the degree of crystallinity and nd = not detdct

Table 3.11. Thermodynamic parameters "{3heating scan) of PE-PHB
blends compatibilized with EGMA.

Sample kpie Tecre Tmpe Tmpue Xcpe  XcpHB
(°C) (°C) (°C) (°C) (%) (%)
PE — — 112 — 44 —
PHB 4 52 — 164 — 61
EGMA — — 115 — — —
90E10G — — 117 — 48 —
90B10G 3 57 110 161 — 59
75E25B 5 nd 113 165 40 60
25E75B 4 58 112 165 14 58
68E22B10G 4 nd 112 nd 48 nd
22E68B10G 3 52 112 160 24 67
71E24B5G 4 nd 113 nd 42 nd
24E71B5G nd 53 112 160 38 54

3 Ty Tee @and T, are glass transition, cold crystallization, andtimg temperatures,
respectively; Xis the degree of crystallinity and nd = not degdct
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Melting temperatures of PE were practically invalgain relation to
the values obtained in the2heating scan. However, PHB;,Tvalues
decreased ofca. 8°C. As in the others thermodynamic parametees th

lowering of PHB T, values can be a consequence of its thermodegoadati
with the cyclic thermal treatments in DSC.

Table 3.12. Thermodynamic parameters "{3heating scan) of PE-PHB
blends compatibilized with EMAE.

Sample beie TecpB Tmpe Tmere Xepe  XcpHB
(°C) (°C) (°C) (°C) (%) (%)
PE — — 113 — 44 —
PHB 4 52 — 164 — 61
EMAC — — 90 — — —
60E40EM — — 115 — 38 —
60B40EM 5 63 90 165 — 57
75E25B 5 nd 113 165 40 60
25E75B 4 58 112 165 14 58
64E21B15EM 6 nd 116 nd 46 nd
21E64B15EM 5 65 115 166 21 55
68E22B10EM 5 nd 116 161 48 2
22E68B10EM 4 65 116 165 24 54
71E24B5EM 5 nd 116 164 40 3
24E71B5EM 4 63 116 166 16 58

2 Ty Tee, and T, are glass transition, cold crystallization, andtimg temperatures,
respectively; Xis the degree of crystallinity and nd = not deddct

PHB crystalline content in ternary blends measimetthe 2° (Tab 3.7
- 3.9) and ¥ (Tab 3.10 — 3.12) heating scans presented lowelesahan
that calculated in the™heating. PHB Xvalues were in the range of 54-70 %
for blends containing EGMA and EVA and 4-60 % fderimls containing
EMAC The crystalline content of pristine PE measduirethe f' heating was
43 %. PE-compatibilizer binary blends presentedivadent PE X values.
On the other hand, ternary blends showed higheKP¥alues than pristine

PE, which values moved up to 60 % for 22E68B10V 22H68B10G blends
and 69 % for 22E68B10EM blend.
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3.1.2.3 Dynamic mechanical thermal analysis

DMTA measures the response of a material to sidasaitress over a
range of temperature and frequencies, and it isitban to chemical and
physical structures of polymers and their compsesitehe main variables
obtained from DMTA are the storage modulls)( which represents the
elastic component, the loss moduluE”) representing the viscous
component, and Tad (the damping factor), given as the ratio of E"/Ehe
loss factor (Tand) gives the fractional energy lost in a system doe
deformation. It is often proportional to the impations in the elasticity of a
polymer. Tand is a sensitive indicator of all types of molecutastions and
phase transitiofs®!,

Figure 3.14 shows the’ andtan dversus T at 1 Hz for pristine PE and
PHB. In general, low-density polyethylene (LDPE)osis relaxations
nominatedy, B andy in decreasing order of temperattit® Thea-transition
is an amorphous phase proé¢dds and results from a complex muilti-
relaxation process, which is mainly concerned whiga molecular motion of
the crystalline region of LDPE® ! Generallya-transition is attributed to
the vibrational or reorientational motion withinetlerystals. In additiongt-
transition temperature depends on the side-brawchent, crystallization
method and some possible mechanisms of re-crystadit*?°*?? The p-
transition has been extensively studied. Many disicuns and ambiguous
explanations about its origin have been publi8f2d?**?®! This relaxation
originates in the amorphous phase and some audftoitsute this relaxation
in PE to the glass transitiolf. Finally, they relaxation is also related to
local-mode, non-cooperative relaxation process h@ amorphous phase.
According to literaturegi-transition occurs as result of the motions of nhai
units within the crystal, and the molecular meckaninvolved is the same
observed iny-relaxation. The difference would be thatyi#elaxation this
mechanism could be the result of the relaxationclofin units in the
amorphous regidH®*?! For some authorsstransition is associated with the
glass transition of the amorphous regions, soigdases the glof PE would
be around -112 ¢ 21
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Thetan dtemperatures af, 3 andy relaxation for PE are 82 °C, -8 °C
and -112 °C, respectively (Fig. 3.14 a)). A shoulatea. 50 °C is defined as
a’ relaxation. Equivalent values far, f andy transitions on PE were found
by Chenet all*?®. Another important point to take into account fe t
observable variation ix-transition according to the degree of crystalinit
In general, linear polyethylene with high degreeystallinity shows strong
a-relaxation. In fact, from DSC results PE samplevetd a degree of
crystallinity ofca. 43 %.

E'x 10° (Pa)
LoIxQuu

0 T T T T T 0
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a) b)
Figure 3.14. DMTA tensile storage modulus amah dat 1 Hz for pristine
PE (a) and (b) PHB.

PHB relaxationst and3 were found at 118 °C and 32 °C, respectively
(Fig. 3.14 b)). Cimminet al™**! reported the values ek 100°C and 25 °C
for these relaxations, respectively. Besides, tlegystered g relaxation for
PHB, which appeared in the range of -80 to -10@AQ was attributed to the
presence of moisture in the sample. Apparently thiaxation exists in the
same range of temperature but it is not well déffias a peak in the present
study.

Tables 3.13 - 3.15 show DMTA data for PE-PHB babéshds
compatibilized with EVA, EGMA and EMAC, respectiyelAs shown in
Table 3.13, the tensile modulus at -110 °C,(g of PE and PHB are 4 GPa
and 3.6 GPa, respectively. The value of;gof binary blends prepared with
PE and PHB was equivalent to that of PE, indepethden which of them
was the matrix (75E25B or 25E75B). Although the & value of PE is
slightly higher than that of PHB, when was blenaeth the compatibilizer
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this property presented values lower than thagoivalent blends with PHB
as matrix. It was observed in the morphologicatigt(Fig. 3.2-3.4) that the
binary blends of PE with compatibilizers were mhmnogeneous than that
with PHB. So, this result can be an indicationh# better compatibilization
for systems with PE as matrix. This behaviour wk® aerified for the
ternary blends compatibilized with EVA and EGMA. tlme case of ternary
blends, the lower values found of_g,were 2.8 GPa, 2.7 GPa and 2.2 GPa
for 6BE22B10V, 68E22B10G and 64E21B15EM, respelstivép to now the
worst compatibilizer was EMAC. However, the resoitE _;;0 found for
64E21B15EM, suggest that a higher amount of EMA@@ternary blend or
of MA in the copolymer can compatibilize better gystem PE-PHB.

Table 3.13. DMTA data of PE-PHB blends compatibilized with EX?A.

Sampleb) E -110 E 25 T]_ tand (OC)

(GPa) (GPa) (°C) o Ta T Ty
PE 4.0 1.69 -112 82 50 -8 -112
PHB 3.6 2.45 -104 118 — 32 —
EVA 7.6 0.42 -48 — — -7 —
75E25B 4.2 1.91 -107 82 50 -4 -115
25E75B 4.0 1.96 -103 80 46 -4 -115
90E10V 3.2 2.21 -97 88 58 2 -111
90B10V 3.8 1.99 -98 71 31 -13 —
68E22B10V 2.8 0.25 -98 88 86 0 -115
22E68B10V 3.6 1.59 -99 63 39 -8 -110
71E24B5V 3.4 1.95 -98 84 60 -5 -110
24E71B5V 3.9 1.79 -99 49 34 -6 -110

YE .0 and E,sare the modulus at -110 °C and at 25 °C, respégtive is the
temperature where modulus starts to decreasg; T§, Tg and T, are the

temperatures at the, o’, B andy relaxation, respectively) See Table 2.2 for code
definition.

At 25 °C the storage modulus of PE and PHB are &8&%32% lower
than at —110 °C. The behaviour of the blends depe@ficcomposition and
type of compatibilizer. The higher values for tegndlends 24E71B5V,
24E71B5G and 71E24B5EM were 1.79 GPa, 1.70 GPa, land GPa,
respectively. The first two were found for the gystwith PHB as matrix and
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the last one for that with PE as matrix. In allessthe amount of everyone
compatibilizer was 5 wt-%. These values are 27%3%d lower than that of
PHB and 3% higher than PE, respectively.

T1 corresponds to the temperature where moduluss startlecrease.
From Table 3.13 it was observed that 75E25B and73BEpresented T
values between that of each single component (REPHMB). Besides, the
values for binary blends 90E10V, 90B10V and terr@deyds are higher than
that of pristine polymers PE and PH&(14 °C), which is probably caused
by the addition of 10 % of EVA that have a Aigher than that of the other
polymers used (-48 °C). Thetransition temperatures (related to the R T
of all samples was observed with low intensityrauad -115 °C, which is in

agreement with values found in literatdf8. PE Ty of all samples was
equivalent to that of pristine PE.

Table 3.14. DMTA data of PE-PHB blends compatibilized with EGNA

Sampleb) E.110 E o5 T tand (OC)

(GPa) (GPa) (°C) o T Tp Ty
PE 4.0 1.69 -112 82 50 -8 -112
PHB 3.6 2.45 -104 118 — 32 —
EGMA 24 1.12 -106 73 57 -1 -110
75E25B 4.2 1.91 -107 82 50 -4 -115
25E75B 4.0 1.96 -103 80 46 -4 -115
90E10G 24 0.22 -108 67 46 -9 -115
90B10G 3.3 1.87 -105 125 — 30 -103
68E22B10G 2.7 0.39 -111 85 56 0 -100
22E68B10G 3.1 1.19 -108 103 43 -5 -101
71E24B5G 3.0 0.65 -107 85 52 -4 -105
24E71B5G 3.7 1.70 -105 122/68 29 -1 -106

Y E L0 and E,s are the modulus at -110 °C and at 25 °C, respedgtivg is the
temperature where modulus starts to decreasg; TE, Tg and T, are the

temperatures at the, o’, B andy relaxation, respectively) See Table 2.2 for code
definition.

Table 3.14 shows data relative to PE-EGMA-PHB fgroil materials.
As it was observed, binary and ternary blends @oinia EGMA showed
lower values of modulus at —110 °C than pristineaB PHB. For modulus
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at 25 °C, the highest decreases were observechéosystem with PE as
matrix and EGMA. T1 of all blends remained betwdbat of pristine
components PE and PHB. It can be clearly seencahahd 3 transitions
remained at temperatures between that of PE and $heing that some

compatibility probably occurred, confirming in thigay the results obtained
from SEM analysis (Fig. 3.2 — 3.4).

Table 3.15. DMTA data of PE-PHB blends compatibilized with EMAC

Sampleb) E 110 E o5 T1 tano (OC)
(GPa) (GPa) (°C) o To Tg Ty

PE 4.0 1.69 -112 82 50 -8 -112
PHB 3.6 2.45 -104 118 — 32 —
EMAC 3.3 161 -104 23 — -9 -105
75E25B 4.2 1.91 -107 82 50 -4 -115
25E75B 4.0 1.96 -103 80 46 -4 -115
60E40EM 2.5 1.24 -107 91 51 -5 -105
60B40EM 3.2 0.68 -109 27 — -15 -110
64E21B15EM 2.2 0.26 -108 98 59 -10 -112
21E64B15EM 3.1 1.56 -107 — 34 -13 -106
68E22B10EM 3.8 1.50 -109 94 44 -8 -112
22E68B10EM 3.0 1.45 -108 nd 31 -13 -105
71E24B5EM 4.1 1.75 -105 66 29 -11 -112
24E71B5EM 3.2 1.04 -112 70 30 -13 -105

Y E .0 and E,sare the modulus at -110 °C and at 25 °C, respdgtivig is the
temperature where modulus starts to decreasg; Tf, Tg and T, are the

temperatures at the, a’, B andy relaxation, respectively) See Table 2.2 for code
definition.

Table 3.15 are reported DMTA data of PE-EMAC-PHBenals. As it
was observed, the modulus at glass of PE-EMAC samvpk more affected
than that PHB-EMAC in relation to pure components Bnd PHB,
respectively. In fact, considering ternary blendsen PE was the matrix, an
increase from 5 wt-% to 10 wt-% and 15 wt-% in EMA@ount decrease
the modulus from 4.1 GPa to 3.8 GPa and 2.2 GBpectively. When PHB
was the matrix no significant changes were obsewi#id an increase in the
EMAC content. Moreover, in this family of materiatigher values of
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modulus at glass (ko) were obtained for ternary blends than for PE-EGMA
PHB blends. The lowest values of modulus at 25 °€@ewobtained for
60B40EM and 64E21B15EM blends. The @f binary and ternary blends
remained between that of PE and PHB. Temperatdingsransition of binary
and ternary blends containing EMAC remained betwikahof PE and PHB.

3.1.3. Crystallinity of PE-PHB based blends by x-ray diffraction

Wide-angle X-ray (WAXS) diffraction patterns wererformed on PE-
PHB blends. Figures 3.15 — 3.16 show the WAXS alffion patterns of
pristine samples, binary and ternary blends.

90E10V
90E10G
60E40EM

Intensity —
Intensity —

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
2 6 in degrees 2 6 in degrees

a) b)
Figure 3.15. WAXS diffraction patterns of pristine blend compate a)
and their binary formulations b).

As it can be observed in Figure 3.15 a), the pat¢PHB exhibit the
characteristic peaks of a semi-crystalline mateiébreover, it is clearly
seen that the positions and intensities of theratiffon peaks remained
unchanged when PHB was blended with EVA and EGM#@.(B.15 b)),
which means that the addition of EVA and EGMA da mesult in any
change of crystalline structure of PHB. The santeabm®ur was found by An
et all*®® studying the crystallization behaviour of PHB/PVAkends in all
range of compositions. However, when PHB was bléndgh EMAC the
intensities of the diffraction peaks decreased arsimall shift in the peak
positions was observed. The diffraction pattern®inbry 25E75B, 75E25B
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and ternary blends are shown in Figure 3.16. Theens of all blends are
intermediate to that of pristine PE and PHB.

Ew\(\/\/\&w DESBIOV Aot i
2 H . >
‘% | 24E71BSV 5 = , ~
[ Nerirrtenen e a
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c) d)

Figure 3.16. WAXS diffraction patterns of binary and ternary inds.

3.1.4. Infrared spectroscopy (FTIR)

FTIR measurements were carried out on PE-PHB filthg spectra of
pure PE and PHB are shown in Figure 3.17 and theacteristic absorption
bands are listed in Table 3.16. Figure 3.18 shdwd-TIR spectra of binary
and ternary blends. The profiles of spectra shoat the absorptions of all
blend components overlap which is a challengingheir interpretation.
Apparently, there is no shift in the absorptioratesl to PHB in the PE-PHB
films.
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PE PHB

Absorbance (a.u.)
Absorbance (a.u.)

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cmq ) Wavenumber (cnf1 )
a) b)
Figure 3.17. FTIR spectra of (a) PE and (b) PHB.

Table 3.16. Assignments of FT-IR absorptions peaks for PE aiB.P

PE PHB
cm®  Assignment cit  Assignment
825 CH rocking

720 Skeletal 896 CHocking

vibration CH
1465 CH bending 929 CHirocking

CH, rocking
2850  C-H stretching 979 C-C stretching
2930 C-H stretching 1057  C-O symmetric stretching

1100 OH stretching

1132  C-O-C symmetric stretching

1184  C-O-C asymmetric stretching

1228  Conformational band of the
helical chains

1278 CH wagging

1289 CH wagging

1379  CH symmetric wagging

1453 CH asymmetric

1724  C=O0 stretching

2875  CH (C-H symmetric stretching)

2934 CH (C-H asymmetric stretching)

2976 CH (C-H asymmetric stretching)

3437  OH stretching (H bridges)
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Figure 3.18. FTIR spectra of binary and ternary PE-PHB baseddse
3.1.5. Mechanical properties

The tensile curves obtained for the three famibés?E-PHB blends
were characteristic of brittle materials, with higalues of Young modulus
(YM) and low strain at break (SB) values. Even tjiobrittle behaviour was
seen for all the samples, some important differengigh the composition
were observed. In Tables 3.17 — 3.19 are preseheecksults of tensile tests
performed on PE-PHB based blends. YM was takerhadangent at 0.3
MPa of stress in the stress-strain traces.

As a general trend, the three families of matersiewed the same
behaviour. It was observed that YM depends of blo¢hmatrix used (PE or
PHB) and the amount of compatibilizer in the ble#s reported by
Zainuddinet al*?® the continuous phase in a polymeric blend impriee
mechanical properties of the blend. Therefore, ddewith PE as matrix
showed YM near to that of pristine PE (190 MPa) hlehds with PHB as
matrix showed YM near to that of pristine PHB (20@@a) (Tab. 3.17). In
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blends with PE as matrix, the addition of 5 wt-%d &0 wt-% of EVA
caused a decreasing in the YM from 260 MPa (75E26B)10 MPa (19 %
lower) and 160 MPa (38 % lower), respectively. dldition, the decrease in
the YM of samples with PHB as matrix was of 21 %{5% EVA) and 28
% (10 wt-% EVA). ST of samples was very low, witalwes near to that of
pristine PHB. Moreover, blends with PHB as matrbegented very low
elasticity, with SB values of 1-2 % and high ewvalues.

Table 3.17. Mechanical properties of PE-EVA-PHB blenfls.

Trial Code YM ST SB
(MPa) (MPa) (%)
a PE 1905 —_ > 100
b PHB 2060 + 3 18+11 2+18
C 90E10V 140+ 6 — > 100
d 90B10V 1640 + 4 21 +3 7+34
e 75E25B 260+ 3 6+6 11+18
f 25E75B 1300 +5 15+3 2+7
g 68E22B10V 160+ 6 5+10 25+ 34
h 22E68B10V 930+ 3 8+5 2+10
i 71E24B5V 210+5 6+3 53+9
] 24E71B5V 1030 + 3 8+5 2+14

4 YM is the Young modulus; ST and SB are the stees$ strain at break. Errors
were calculated at 95 % of confidence of Studdriest.

YM of PE-PHB-EGMA and PE-PHB-EMAC materials presszhthe
same behaviour. This means, YM values near todh&E for blends with
PE as matrix and near to that of PHB with PHB asrimaComparing the
three families of PE-PHB blends, samples obtaingd BGMA showed the
higher values of YM in relation to the equivalenterzs formulations
compatibilized with EVA or EMAC. Exception was fone 24E71B5EM
blend, which presented higher YM values than that24E71B5V and
24E71B5G. In addition the errors at 95 % of confmeof Student’s-test in
the ST and SB of samples were more significant thanerrors in the YM
values. This was expected as ST and SB are fapuoperties, so any
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imperfection presented by the sample can causeasdy broke of the
specimen during the test.

Table 3.18. Mechanical properties of PE-EGMA-PHB blenls.

Trial Code YM ST SB
(MPa) (MPa) (%)
a PE 190+ 5 — > 100
b PHB 2060 + 3 18+11 2+18
c 90E10G 180 + 4 — > 100
d 90B10G 1690 £ 5 19+5 2+6
e 75E25B 260+ 3 6+6 11+18
f 25E75B 1300 £ 5 15+3 2+7
g 68E22B10G 260 + 2 7+3 27 + 11
h 22E68B10G 1160 + 4 13+11 1+9
[ 71E24B5G 300+3 7+2 21+14
| 24E71B5G 990 +4 5+40 1+31

% YM is the Young modulus; ST and SB are the steess strain at break. Errors

were calculated at 95 % of confidence of Studdrtiest.

Table 3.19. Mechanical properties of PE-EMAC-PHB blenis.

Trial Code YM ST SB
(MPa) (MPa) (%)
a PE 190+ 5 — > 100
b PHB 2060 + 3 18 +11 2+18
C 60E40EM 90+ 8 > 100
d 60B40EM 850 +4 8+11 3+15
e 75E25B 260+ 3 6+ 11+18
f 25E75B 1300 £ 5 15+3 2+7
g 64E21B15EM 150+5 —_ > 100
h 21E64B15EM 1050 + 1 10+4 3+11
[ 68E22B10EM 190+ 5 7+3 53+21
| 22E68B10EM 1110+ 2 10+6 3+12
I 71E24B5EM 200+ 6 7+2 42 +18
m  24E71B5EM 1230+ 3 12+3 2 17

3 YM is the Young modulus; ST and SB are the steews strain

were calculated at 95 % of confidence of Studdrigst.

100

at break. Errors
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3.2. PE-PHB-EGMA blends additivated with prodegradants

For sustainable development, all life segments #raploy plastic
materials as for example, agricultural, sanitarg aackaging, have to take
into account the time of its disintegration in thmbient™% PE is a well-
established plastic in packaging due to its goap@nty profile. In special,
for food packaging it represents an ideal comprenbstween price and
mechanical properties compared with other polymeétswever, its slow
degradability with consequent environmental congermepresents an
important drawbackS™. Several solutions have been applied to improve PE
disintegration. For example, PE has been mixed nattural polymers such
as starch and protein hydrolysate, and synthetioddgradable or
hydrolysable polymers.

LLDPE blended with protein hydrolysate (HP) fromatleer waste
showed that mechanical properties of the blendsedsed with HP addition.
A blend composition containing 20% of HP showedataibced mechanical
and biodegradation properti€¥ Immiscible blends prepared with
biodegradable aliphatic polyester (BDP) and linear density polyethylene
(LLDPE) were proposed as a way to broaden the rafiggpplicability of
BDP with lower cost materidl”’ Their rheological properties lie between
both of the components following the additive rule.

LLDPE was blended with decanol esterified styrersdems anhydride
copolymer (SMA) to improve its degradability. Altlgh SMA is
hydrophobic, anhydride group in presence of allkalmedium, like that
found in some soils, hydrolyses. So, turn the LLDBIENds into a
hygroscopic material. Increasing SMA amount froro0 % in the blend
decreases elongation at break of LLDPE from ca. 200to 500 %
respectively. However, elastic modulus showed areasing of about 72 %
with the addition of 40 % of SMA®!

Alternatively, PE disintegration has been activated addition of
prodegradants. Bonhomme al**¥ investigated green polyethylene films
from EPI group. Both abiotic oxidation and biodetation showed that the
abiotic peroxidation process is the determining sted that colonization of
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microorganisms occurred on all samples, respegtiv@hiellini et all**

reported that about 60 % of PE mineralization cenfdund in compost
biodegradation, after thermal degradation, overeaod of 18 months for
samples containing TDPA® prodegradants.

PE-PHB based blends containing prodegradants waréuand in the
academic and technical literature. The second giattie present thesis was
the formulation of PE based blends containing PIHB prodegradants. The
compatibilizer EGMA was selected from the previaigdy and used in a
fixed amount of 10 wt-% in relation to PE matrix :EEMA (9:1). This
blend was nominated PEL. Section 2.4.2 describeletail the experimental
design and the formulations containing PE, PHB amodlegradants. PE-PHB
thin films were obtained by blow extrusion. Theden$ were first of all
completely characterized in relation to morpholotpermal and mechanical
properties and subsequently submitted to a theagialy and biodegradation
experiments.

3.2.1. Characterization

3.2.1.1 Morphology

Phase morphologies of PE-PHB based blends afteigenyc fracture
and gold metallization were observed in a scanmlagtron microscope
(SEM). The micrographs of fractured surfaces awewvshin Figures 3.19 —
3.23. Apparently, all PE-PHB based blends do nes@mnt phase separation at
the level of magnification applied. Their surfage®sent ductile fracture
typical of the PE. The amount of the dispersed @lud$*HB is very small (2
wt-%) because it was calculated to be proportidsoahe amount of GMA
present in the copolymer EGMA. So, probably thepprton was sufficient
to give the expected compatibilization between R& RHB. The dispersion
of the pro-degradant additive was facilitated gyvimomogeneous fractured
surface because the matrix of the masterbatch.is PE
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Figure 3.19. SEM of cryogenic fracture of a) PEL and b) 2B a@R. See
Table 2.6 for sample code nomenclature.

Figure 3.20. SEM of cryogenic fracture of a) 2B3T63T7 and b) BT6at
1000X.

Figure 3.21. SEM of cryogenic fracture of a) 3T6 and b) 2B3TA@DOX.
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1000X.

Figure 3.23. SEM of cryogenic fracture of a) 3T63T7 at 100X;33)63T7
at 500X.

3.2.1.2 Melt flow index (MFI)

MFI is largely used for the characterization ofiwas polymers. It can
be also a good tool for the monitoring of the nstdtbility of polyolefins in
multiple extrusion experimed{& "® *®! Table 3.20 record the MFI of PE-
PHB blends. PE based blends presented MFI lower 1ha6é g-10 min
found on formulation containing the higher amouhth® three components
(2B3T63T7). Anyway, this value is appropriated fblow moulding,
generally applied on packaging manufacture. Théadsg MFI values were
measured for PHB and EGMA. Consequently, all samplesented MFI
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higher than that of pristine PE (0.80 g-10 MinFor instance, the MFI of
PEL was 45 % higher than that of PE. This increeae due to the 10 wt-%
of EGMA presented in PEL, which has a MFI of 5 grdi®™. In general, the
blends presented a MFI ranging from 0.95 g-10"n&B) to 1.36 g-10 mih
(2B3T63T7).

Table 3.20. MFI of PE-PHB based blends as a function of contosi

Sample MFI Error Sample MFI Error
(g-10 mint) (9-10 mint)
PHB 7.40 0.97 3T7 1.18 0.03
PE 0.80 — 2B3T7 0.99 0.01
EGMA 5.00 — 3T63T7 1.20 0.01
PEL 1.16 0.00 2B3T63T7 1.36 0.04
2B 0.95 0.01 BT6T7 1.00 0.01
3T6 1.15 0.02 BT6T7 0.97 0.01
2B3T6 1.29 0.01 BT6T7 1.08 0.02
1301 PHB ] PHB-T6 ] PHB-T7
T; 120y ‘
é el h - : 77777777777777777777777777
1.00 T T T
1.30 T6 T7 E T6-T7
_‘; 120 PR .a
E |,10; ; 777777777 . T
1.00 T T T

Figure 3.24. DEX interaction plot of the factors PHB, T6 and 07 MFI
of PE based blends.

Figure 3.24 represents the design plots, which pgprapriate for
analyzing data from a designed experiment (DEX)hwespect to important
factors. So, the effects of each factor (varialaedl of its interaction are
plotted versus level. The DEX interaction plot iscamplement to the
traditional analysis of variance (ANOVA) of desighexperiments. From the
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analysis of effects it is easy to note that comporks cause the mainly
effect increasing the MFI of the blends, the sam®us when PHB-T6 were
used together. However, PHB alone do not causaaadsing in the MFI of
blends and this is the evidence that the increasingFI is just an effect
caused by T6 additive. The other variables do nmodyce a significant
change on MFI.

3.2.1.3 Mechanical properties

It is known from literature that orientation of rfis during blow
processing will affect their mechanical propefti€s PE-PHB thin films
(about 50-8(im) obtained by blow extrusion were submitted tcsilentests
in the parallel and transverse to the blow directitable 3.21 lists the Young
modulus (YM), the tensile stress at break (ST) twedstrain at break (SB) of
samples measured at parallel and transverse toldahemounding direction.
The respective error was evaluated at 95 % of denfie of Student'stest.
In general, the YM was calculated as the tangeft%tof strain in the stress
X strain curves. YM in the parallel direction (¥WMfor samples containing
PHB presented higher values than that of correspgnilend without it.
PHB component alone have an YM of about 2060 MRéc(tated as the
tangent at 0.3 MPa stress). So, PHB increases Mheof blends even at low
amounts (2 wt-%). However, opposing behaviour fod ¥ the transverse
direction to the blow (YM) was observed. This means that basically all
samples presented YiMvalues higher than that of YMM Exception was
verified for the YM:- values of blends containing PHB, which were eaual
lower than that of the corresponding formulationheut PHB. For example,
2B3T6 blend YM was 11 % lower than that of 3T6 sample and 2B3&iid
YMt was 16 % lower than that of 3T7 sample. The high@$ values of
blends in the transversal direction of blow can dwe to a physical
“crosslinking” promoted by the oriented PE cryst8lo, in the case of
samples containing PHB, this physical crosslinkimguld be reduced and
consequently the chain orientation effect in thetYM
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Table 3.21. Mechanical Properties of PE-PHB based blend ffins.

Sample YM YMt STp STr SBp SBr

(MPa) (MPa) (MPa) (MPa) (%) (%)
PEL 147+3 193+15 18+0 9%x1 356+39 457812
2B 167+7 193+15 17+1 9+1 254+68 315+127
3T6 186+11 185+10 202 6+0 244+54 G5t
2B3T6 182+19 165+10 15+1 9+1 405%44 4280+
3T7 154+8 209+18 16+1 8+1 222+43 466+1

2B3T7 159+8 17/5+8 161 8+1 286%27 28%81
3T63T7 147+7 178+12 16+1 8+0 321+22 188
2B3T63T7 200+10 225+15 17+1 7+1 271+3761+44
BT6T7 155+8 200+11 15+1 8+0 306+58 395+

4 YMp and YM; are the Young Modulus in the parallel and transeetirection of
blow, respectively. Sdand ST are the Stress at break in the parallel and teasal/
direction and SBand SB are the Strain at break in the parallel and trarsal
direction.

Tensile stress at break of all samples was sigmflg lower in the
transverse direction (SY than in the parallel one (§T ST values ranged
from 15 MPa (2B3T6 and BT6T7) to 20 MPa (3T6) wlglé values ranged
from 7 MPa (2B3T63T7) to 9 MPa (PEL, 2B and 2B3T®plues of
transverse strain at break ($Bvere significantly lower than the parallel one
(SBp) even if the error values are significant. Moregpv8B presented
significant errors values principally in the traasse direction. Mechanical
properties at break are very sensible to impedastinside the matrix, which
can lead to severe variabilities.

To have an insight about the statistical dispergionthe mechanical
data, the fractured surfaces from tensile test wasralysed by electron
scanning microscopy (SEM). Figure 3.25 shows tympt@atomicrographs of
the fractured surfaces represented by the samples2B, 3T6, and 2B3T6.
The SB value of sample 3T6 was one of the lowestsoned. This result can
be attributed to the brittle character of this mateas suggested its fractured
surface and not to imperfections. On the other hdrelfractured surfaces of
the blends, principally containing PHB, indicatattlluring blow moulding
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the alignment of the blend components form elorhaibase separation,
which can initiate a failure.

Figure 3.25. SEM of fractured surfaces from tensile test of FHBHilms
in the transverse direction to the blow at 1500X of
magnification. a) PEL; b) 2B; c¢) 3T6; and d) 2B3T6.

3.2.1.4 Thermogravimetry (TGA)

Figure 3.26 shows the TGA and DTGA traces at nérogtmosphere
of prodegradants T6 and T7. These additives angrigtary concentrates of a
transition metal chemical (in the present study #ements cobalt and
calcium were detected by microanalysis) in a matfixPE (masterbatch).
Table 3.22 reports the decomposition temperatugg, @Feak temperature
(Tp), mass lossAM) and residue at 800 °C of blend films obtainedbhyw
extrusion. PHB film by blow extrusion was not péésito be obtained and
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its data refers to film obtained by compression ltiog after its processing
in an internal mixer. The data of T6 and T7 coroegpto their pellets. The
Ty error value of 1.1 % was calculated for BT6T7 sknpwvhich
measurement was replicated four times.

The weight loss of the additive T7 begin at a terapge 149 °C (Tab.
3.22) lower than that of T6. T74Value was the same in both nitrogen and
air atmosphere. So, it is probable that only theperature affects the
degradation of the transition metal substance.ddit@n, T6 presents two
steps of weight loss and T7 three steps. J6fTthe first step of weight loss
is centered at 356 °C corresponding to a less estabmponent in this
additive, which is not present in T6. Reyal“? studied the effect of cobalt
carboxylates on the photo-oxidative degradation.DPE. As the F value
depends of the way as it is calculated, the besttbdegradation property
for comparison is the I So, these authors found the temperature of 367 °C
for the T, of cobalt stearate that is the closest one of theT,. In both
additives, the main step of weight loss was duthéoPE chain degradation
and was centered at 474 °C. The residues at 800fkbth T6 and T7
additives were ca. 19 wt-% and 15 wt-%, respedtiviel both nitrogen and
air atmosphere.

Weight Loss (Wt-%)
DTGA (%/°C)

204

—T6

—

0 T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800

Temperature (°C) Temperature (°C)
a) b)
Figure 3.26. TGA (a) and DTGA (b) traces of the prodegradantiitaes.

PEL Ty value was 391 °C and the values for blends coinigin
prodegradants werea. 1 %, 4 % and 10 % lower for 3T6, 3T7 and 3T63T7
blends, respectively. The addition of PHB also dased the 4 of blends.
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The Ty value of 2B sample was 22 % lower than that of PREhnsequently,
the decrease inglvalues was still more evident in samples contgirbnth
PHB and prodegradant. These blends presented eadecin § values of 23
%, 33 % and 39 % for 2B3T6, 2B3T7 and 2B3T63T7 tiéerrespectively.
The effect in thermal stability was more evidentewhT7 was present
together with PHB.

Table 3.22. TGA data of PE-PHB-prodegadant blends as a functibn

compositiorr?

Sample T Tp]_ AM 1 Tp2 AM, Tp3 AM3 Rsoo

CC) (G () (°C) (%) (°C) (%) (%)
T6 353 — — 474 68.2 701 13.0 18.9
T7 204 356 23.2 474 51.0 690 8.4 14.6
PHB 265 275 99.6 — — — — 0.2
PE 390 — — 468 99.9 — — 0.1
PEL 391 — — 474 99.9 — — 0.0
2B 305 307 1.7 474 98.1 — — 0.1
3T6 386 — — 475 99.3 — — 0.7
2B3T6 301 221 0.8 473 98.2 619 04 0.5
3T7 377 — — 471 99.0 — — 0.4
2B3T7 263 246 2.0 468 97.1 624 0.2 0.6
3T63T7 354 — — 474 97.9 667 0.7 1.4
2B3T63T7 239 226 2.0 476 96.5 617 0.6 11
BT6T7 353 216 0.8 466 98.3 607 04 0.8

4 T,4is the onset decomposition temperature definedvat-% of weight loss: Jis

the first derivative peakAM is the mass loss; andgfr is the residual weight at
800°C.

In blends formulation, Ji correspond to the temperature of the
maximum degradation rate of PHB angh To the temperature of maximum
degradation rate of PE. i changed significantly depending on the blend
composition. J1 of 2B blend was 12 % higher than that of PHB. This
increase in thermal stability of PHB can be atti@lolto two possibilities. The
first one would be that of the protective effect toe more stable PEL
components. The other one is related to differemd¢be samples processing.
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This means, PHB was firstly processed in an intemixer and then by
compression moulding while 2B blend were processed twin screw
extruder followed by blow extrusion. Comparing the values of blends
containing prodegradants with that of 2B it waseslaed a decrease of 28 %,
20 %, 26 % and 30 % for 2B3T6, 2B3T7, 2B3T63T7 &IbBT7 blends,
respectively. This changes means that the mechaoisRHB degradation
changed depending of the presence of prodegraddnthat is a function of
the blend composition.

Tp2 values of the majority of blends did not presemgnificant
differences with composition, which were centeradthe same range of
temperature of that of prodegradants. 2B3T7 andTBTblends presented
Tp2 values of 468 °C and 466 °C, respectively thategyeivalent to that of
pristine PE.

Tp3 corresponds to temperature of the maximum degoadedte of the
third step of weight loss in the prodegradantsstie T6 and T7 presented
Tpsvalues of 701 °C and 690 °C, respectively. In tlentbs, the Iz values
were lower than that of pristine T6 and T7. Propatlis decrease is a result
of the partially degraded blends during the extmisprocess. As above
mentioned, blends containing prodegradants west éibtained in a twin-
screw extruder and after films were obtained bywblcextrusion. In this
process the high shear and elevated temperatunegromote a degradation
of the materials containing T6 and T7. The stepw@fht loss M4, AM,
and AM3) were proportional to the amounts of the respect@omponents in
each blend and the residue of all blends increasiédd the addition of
prodegradants.

3.2.1.5 Differential scanning calorimetry (DSC)

DSC traces ofi* heating and *Lcooling scan oPE-PHB-prodegradant
blendsare shown in Figure 3.27 and thermodynamic pammmeif blends
and of single components are reported in Table3 3.3.24. Basically, all
samples presented a single endothermic peak cdnéeoeind 109 °C that
corresponds to melting temperature,Ddf the PEL (the blend PE-EGMA)

111



PhD Thesis — Silvia Maria Martelli

(Fig. 3.27 a)). The same invariability was verifi@d cooling scan (Fig. 3.27
b)). All samples presented a single broad crygtilbn peak centered at

around 98 °C with an enthalpfHl,) ranging from 123 J/g (3T63T7) to 135
J/g (BT6T7). The crystallization started around 1CQTab. 3.24).

PEL
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Figure 3.27. DSC traces of (a)®lheating scan and (by'tooling scan of
PE-PHB-prodegradant blends.

Table 3.23. Thermodynamic parameters frorfi Heating scan of blends.

Sample T AT AH, Xe
(°C) (°C) 3-8 (%)
PE 111 102 126.9 43.8
EGMA 104 94 102.7 35.4
T6 123 120 100.2 34.6
T7 123 132 101.2 34.9
PEL 108 98 131.7 45.4
2B 110 99 120.4 41.5
3T6 109 101 123.7 42.7
2B3T6 109 102 123.8 42.7
377 109 102 128.3 44.2
2B3T7 110 102 128.5 44.3
3T63T7 108 102 129.1 44.5
2B3T63T7 110 103 130.7 45.1
BT6T7 108 100 124.3 42.9

AT, is melting temperatureAT,, and AH,, are range and
enthalpy of melting; and Xs the degree of crystallinity.
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Roy et al*? found for cobalt stearate a,®f ca. 122 °C. This value
overlap the | values found for T6 and T7 prodegradants (123 tha}
contain PE as matrix. PEL blend showed.avalue lying between those of
PE and EGMA. In addition, all blends showeg fiear that of PEL, this
could be due to the small amount of additives presethe blends (2-3 wt-
%), which should not be enough to shift thg Walue of PE matrix. The
crystalline content of all blends remained in thege of 41.5 % (2B) to 45.1
% (2B3T63T7).

Thermodynamic parameters relative to the first D®0Gling scan of
PE-PHB-prodegradant blends are reported in Talfié. 3l value of PEL
matrix was not affected by the addition of PHB, &6d T7 additives.
Probably, this result is due to their low amounthie formulations. The same
was verified for the others parameter. The degfemystallinity (X;) was in

generalca. 43 %. The exception was for BT6T7 blend, whichv&lue was
ca. 8 % higher than the other ones.

Table 3.24. Thermodynamic parameters frorfl dooling scan of blend.

Sample T Ton AT, AH. Xec
(°C) (°C) (°C) J-9) (%)
PE 95 109 91 129.2 44.5
EGMA 90 103 102 113.0 38.9
T6 108 121 134 84.0 29.0
T7 114 119 130 98.3 34.0
PEL 98 108 91 129.3 44.6
2B 98 110 91 123.4 42.5
3T6 98 109 90 126.9 43.8
2B3T6 98 109 91 125.3 43.2
317 98 109 92 124.6 43.0
2B3T7 98 111 93 127.0 43.8
3T63T7 98 110 91 122.9 42.4
2B3T63T7 99 112 95 124.5 43.0
BT6T7 99 110 94 135.0 46.4

A T, is crystallization temperature;,Tis the temperature at the
beginning of crystallizationAT. and AH, are range and enthalpy of
crystallization; and Xis the degree of crystallinity.
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3.2.2. Thermal-oxidation of PE-PHB-prodegradat blends

Several definitions of degradation are found ierature. Within this
Thesis, the term degradation will follow the defiom given by Krzanet
al> and by Amaset all**®. According to Krzaret al'*®! degradation of
environmental degradable polymers take place by nmeaf various
mechanisms (photolytic, thermal, mechanical, hydigl oxidative,
biological) that in general is a combination of rthewith the ultimate
degradation (known as biodegradation or “mineréibrd) carried out
exclusively by biological processes. Biodegradatv@s defined by Amasst
al.’*® as an event which takes place through the actiGnpymes and/or
chemical decomposition associated with living organs (bacteria, fungi,
etc.) or their secretion products.

It is usually think that oxidation increases thedagradation of inert
polymers. The polymer oxidation increases the armafinow molecular
weight material by breaking bonds, increasing the&fase area, through
embrittlement and by increasing the hydrophilidity the introduction of
carbonyl groups. As soon as carbonyl groups areddr they may be
attacked by microorganism and the macromoleculesrdpose into shorter
chaing*?,

The products of oxidative degradation of PE inclwdater, carbon
monoxide, carbon dioxide, alcohols, ketones, hydroxides, peroxides and
carboxylic acid$® 2% In a secondary process, microorganisms may eitiliz
the degradation products and low molecular weigiyrper in anabolic and
catabolic cycles leading the polymer to a compjebibdegradatio® 44!
However, PE can undergo a variety of different cleamreactions during
extrusion and thermal aging. During these procéssnio-oxidative and
thermo-mechanical degradation take place and tieala thus formed play
an important role in the chain scission, chain binamg or crosslinking.
Crosslinking leading to an increase of the molecwigight of the polymer is

generally favoured compared to thermo-oxidativeugeti chain scissiéft
78, 142]
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The thermal oxidation is affected by several faxtarch as crystallinity
and molecular orientation of filfi¥. In diffusion-controlled processes, the
rate of oxidation increases with increasing of axygermeability through
the material. Therefore, the oxidation in crystedlregions where the oxygen
diffusion is limited or absent is practically ineteént**. Consequently, the
oxidation reactions take place especially on th#asa of the films, where
oxygen is more abundant. However, much of the daxidaoccurs through
radical chain reactions, involving low molecularigid radicals produced by
thermal cleavage. The crystallinity and the molacubrientation also
determine the mobility of the radicals and henceitrcd the rate of
termination through recombination and/or dispropodtion. Increased
crystallinity and/or increased orientation redube tadical mobility and
therefore reduce the rate of termination, allowiag increase in the
propagation of chemical reactions leading to mdkeacission, and this
effect is opposite to that caused by reduced oxygeiility'***.

The aim of this study was to evaluate de oxidabehaviour of PE-
PHB films blends containing commercial prodegradauditives through the
assessment of some parameters: i) the formationcarbonyl and
hydroperoxide groups; ii) the activation energy essary to promote the
oxidation; iii) the crosslinking formation throughe amount of gel formed
on samples; and iv) the influence of oxidation oolenular weight, thermal
the and mechanical properties of films.

Thermo-oxidation of PE-PHB-prodegradant blends wesluated in
two different conditions as explained in Sectiob.2. Briefly, in the first
condition, PE-PHB-prodegradant blends was therneal &g a static oven for
up to 120 days at three different temperaturesCG55 °C and 65 °C. These
temperatures were chosen because represent theototemperatures found
in composting proce$é®. In this experiment, the assessed parameters were
the carbonyl and hydroperoxide formation as a foncof aging time and
temperature. Moreover, the activation energg) (of PE-PHB-prodegradant
blends was also calculated. In the second growgxpériment, samples were
submitted to a thermo-oxidation at 55 °C for 60 daynd characterized in
relation to the carbonyl index (GPamounts of acetone extractable fractions

115



PhD Thesis — Silvia Maria Martelli

and their molecular weights, thermal propertiesrtsans of TGA, DSC and
mechanical properties from tensile tests.

3.2.2.1 FTIR analysis of thermo-oxidized blends

The mechanism of polyolefin oxidation is not a imlvargument and
over the years different approaches were usedutty she thermo-oxidation
of these materials. Volatile products from therm&dation at high
temperatures of PE-starch films were identified andasured by gas
chromatograpH{?Y. Moreover, gas-chromatography/mass-spectrometsy ha
been used in the identification of degradation potsl from enhanced
environmentally degradable P! Jipaet all**”), Jacobsoret al**® and
Broska et all**® %% reported the use of chemiluminescence as a twol f
determine the amount of hydroperoxides accumuliatedoxidized polymer.
This technique is based on the phenomena that leéily® emit a weak light,
luminescence, when heated in air and this lumimeseceffect is linked to the
polymer oxidatioK® 1 The number of photons emitted from a polyolefin
can be counted during the degradation time andhiimsber can be related to
the amount of hydroperoxides and thereby the degfregind™". A simple
method to monitoring the rate of degradation ahéilis by monitoring the
accumulation of non-volatile oxidation reaction guots. The concentration
of these products is followed by the growth of tbarbonyl (C=0),
hydroperoxide (ROO) and hydroxyl (OH) bands in thigared spectrum.
The C=0 band can belong to a large number of ch@sifrom many
different productg® 3

In this work, samples were thermo-oxidized in caatid supports (Fig.
2.3a), which permitted to measure the growing & fanctional groups
always at the same film position. The increasingthe carbonyl and
hydroperoxide absorption bands was measured dtievime and the results
were reported as carbonyl (§@nd hydroperoxide (RQPindex. Carbonyl
index was calculated as the rate between the afrscetof peak at 1715 ¢
corresponding to carbonyl ketone group, and theordbsice of CH
scissoring peak at 1463 ¢ht 3% 41 152 1381 The relationship used for the
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calculation of hydroperoxide index was between pemk at 3380 crh
corresponding to OH group and the Qidissoring peak at 1463 chr?.
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Figure 3.28. FTIR-spectra of 3T7 blend after 0, 35 and 60 ddyhermal
degradation at 55 °C.

Figure 3.28 shows the FTIR spectra of 3T7 blend, &5 and 60 days
of thermal aging in a static oven at 55°C. The speshowed clearly the
evolution of polymer degradation and the formatdvarious bands that are
assigned to different products formed during PEdation. In the spectra of
original 3T7 formulation (0 days) and in that adged 35 days, it was not
observed the band related to carbon double bor&0(@m'). However, this
band clearly increased in samples aged for 60 @ay5 °C. The presence of
these double bonds can be explained by the breakdbweroxy radical®,
and can also indicate oxygen deficient conditiomsnd) PE oxidation, which
can lead to disproportionation reactions of alladicals contributing to the
formation of carbon double bonds as shown in thee®e 3.1 a) and b).
Also, the-scission of the alkoxy radical and the breakdowmhe peroxy
radical can lead to the formation of aldehydes (Sch c) and d)i*, but
this type of reaction product is more usual in pobpylene (PP) than in PE.
In addition, it can be clearly seen the differenbetveen the spectra of the
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original 3T7 and that of aged blend. In the FTIRman degraded 3T7
sample a peak was observed in the range of 1778 and 1700 cil with a
maximum at 1735 cih which was assigned to ester grouereover, the
band at 1715 cth attributed to aliphatic ketone group, is smalihie pristine
sample. During aging this band increases gradumiy after 60 days of
temperature exposurthe peak broadening from 1765-1684 tio 1876-
1549 cm' as a result of the overlapping of the peaks cpoeding to the
functional groups of different degradation produdtacosteet al'**® and
Commereucet all*®” reported that during PP oxidation hydroperoxide
groups clearly dominate over carbonyl species WhilsPE oxidatioH>®
carboxylic acid an ketone groups predominate. Thely products formed
during 3T7 degradation are easily observed in Eg828. The principal
bands are: 1780 chassigned tg-lactone; 1735 cihto ester groups; 1725
cm® to aldehydes; 1715 c¢hto aliphatic ketone; 1710 ¢hto carboxylic
acid and the absorption at 1650 tto carbon double bond¥.

2 —cg,—CH— -—» —CH=CH— * —CH—CH— 9

2 —cu,—CH, —» —CH=CH, * —CH;—CH

b)
t ]
0 0
| p-scission [l .
—CH-CH, — —  » —CH + CH— 5]
#*
00 0
| I
—CH-CH, — » —CH + CH;=CH— + +QOH d)

Scheme 3.1.Thermo-oxidation mechanism of polyolefinic matesial

Figures 3.29 and 3.30 show the spectra of 3T6, BB&ld 2B3T7
blends, respectively, in the range of 1900-1550" an different times of
thermal degradation (0, 25, 35, 45 and 60 days) bands were used to
control PE oxidation, at 1735 ¢hand 1715 cm from ester and aliphatic

118



Results

ketone groups, respectively. Significant differece® be observed between
blends without (3T6 - Fig. 3.29 a)) and with PHB&I6 — Fig. 3.29 b)).
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Figure 3.29. FTIR bands in the range of 1900-1550tfrom aged a) 3T6
and b) 2B3T6.

At the beginning of the degradation process, 3Téndbl presents
principally the peak at 1735 ¢hand that at 1715 chis very weak. Ketone
band starts to increase just after 25 days of aguigch overcome that of
ester band after 35 days in the oven. At same t#B8T6 blend presents at
the beginning a high band at 1715 trand that at 1735 cfincreased
quickly with time. A different behaviour was obsedvfor 2B3T7 sample
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(Fig. 3.30), where ketone band starts to increageaiter 25 days of thermal
aging and much more slowly than 2B3T6 blend.

2B3T7 (O-days) 2B3T7 (25-davs) 2B3T7 (35-days) 2B3T7 (45-davs) 2B3T7 (60-days)
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Figure 3.30. FTIR bands in the range of 1900-1550tfrom aged 2B3T7
films.

As observed in Figures 3.29 —3.30 the main prodoficBE degradation
are ketones (1715 ¢ty ester (1735 cil) and carboxylic acids (1710 ¢h
The ketones formed can react by a Norrish typedtmanisft®® following
abstraction of hydrogen fromyacarbon or decompose into a fragment with
an unsaturated polymer chain-end and a second émigwith an end
carbonyl grouf5®. In this study, absorptions at 910 tr(CH,=C-) and at
1650 cnt (-C=C-) (Fig. 3.28) associated with an unsaturgielymer chain
are in agreement with the mechanism shown in ther8e 3.2.

As aforementioned, in polyolefin oxidation, the ordly of the
oxidation products are the result of hydroperoxidecompositiof®.
Hydroperoxy groups form the most part the primargdpcts of thermo-
oxidative degradation processes. These groups rssihle and are easily
converted to alkoxy radicals giving hydroxyl andbzmyl group&®. The
carbonyl groups are responsible for the majorityhef products of oxidation
in PE. So, their concentration can be used to roorite progress of
thermodegradatidii®.
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Figures 3.31 — 3.33 show the hydroperoxy (RCDd carbonyl (CQ
indexes of samples aged at 45 °C, 55 °C and 65s°& fainction of aging
time. The RO@and CQ were also measured for PE compatibilized with
EGMA (PEL) and with PHB (2B), but no significantasige in these indexes
was observed during the aging time. On the otherdhdlend samples
containing prodegradants had these indexes inaceagh aging time and
their velocity was more fast for higher aging tenapere. These results
demonstrate that the prodegradants have an impontale in the
thermodegradation of PE.

Thermo-oxidation of 3T6 at 45 °C presented an apgdime lag ota.

50 days while at 65 °C this time wascat 15 days of aging, detected by CO
As general rule, the RQ@resents the same tendency in the temperature-time
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behaviour of that verified for GOAn exception was observed for 3T7 blend,
where the hydroperoxidation from aging at 55 °C Wwagher than that from
aging at 65 °C. The time lag for equivalent forntiola containing PHB
(2B3T6 — Fig. 3.31 c) and d)) was lower. This tima&s ca. 40 days, 20 days
and 15 days for aging temperatures at 45 °C, 5&arfC65 °C, respectively.
So, the presence of PHB contributes additionallyhto thermo-oxidation of
PE. The plateau of the R@@nd CQ values did not show a tendency with
temperature. However, the C@alues were slightly higher for PE blends
without PHB.
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Figure 3.31. ROQ and CQ as a function of time from aging at 45 °C, 55
°C and 65 °C of blends 3T6 (a, b) and 2B3T6 (c, d).

The plateau values of both RQ&nhd CQ for PE blends containing T7
were higher than the equivalent one with T6 (Fi23 Besides, their time
lag was also higher with apparent activation atl&@s, 45 days and 17 days
for the blend 3T7 aged at 45 °C, 55 °C and 65 &Gpectively (Fig. 3.32 a)
and b)). The corresponding blend with PHB (2B3TFig. 3.32 c) and d))
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showed a time lag of about 10 days earlier. Theeplavalues of both RQO
and CQ were equivalent for both 3T7 and 2B3T7. Besidepagently they
increase with the temperature increasing of agiihg. exception was verified
for the treatment at 55 °C that gave higher R@l lower CQvalues. The
experiment performed at this temperature was iovem at least three times
higher than that at 45 °C and 65 °C in volume.tBig, can be a variable not
controlled that was more significant in the blengtem containing T7
probably due to its higher reactivity than that T6.
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Figure 3.32. ROQ and CQindex as a function of aging time at 45 °C, 55
°C and 65 °C of blends 3T7 (a, b) and 2B3T7 (c, d).

ROQ and CQ of formulations containing the two types of
prodegradants without (3T63T7) and with PHB (2B3Th&nd BT6T7) are
reported in Figure 3.33. These systems suggesthbabresence of T6 and
T7 together has an antagonist effect. The timeofathermo-oxidation was
higher than 100 days for samples aged at 45 °Creasmg the amount of
both additives in the blend (BT6T7 — Fig. 3.33 ail &)) the time lag was
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lower confirming the antagonistic effect of bottdanyes together. However,
samples aged at 65 °C presented time lag equiveddhe systems analysed
previously. In these systems the results at 55 t€sgmted the same
behaviour observed previously.
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Figure 3.33. ROQ and CQindex as a function of aging time at 45 °C, 55

°C and 65 °C of blends 3T63T7 (a, b), 2B3T63T7d)cand
BT6T7 (e, f).
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The reaction rates can raise many folds by incngagimperature. This
is a consequence of the increase in movement ofar@amolecules and more
frequent collisions between them with the tempeeaturhe minimum
amount of kinetic energy that these molecules mgkd to have, in order to
react and transform reagents in products, is caled/ation energyHa).
Higher values ofEa denote that larger amounts of energy are needed to
initiate a reaction. This means that the reactidalh ve more susceptible to
the influence of temperature.

The rate constantk)(and Ea of samples obtained from Arrhenius equation
are reported in the Table 3.25. As expectedkth@ues are dependent of the
temperature. Blends without prodegradants (PEL 2B) did not thermo-
degraded in the range of temperature and peridanef studied (120 days).
The Ea values ranged fronca. 81 kJ/mol for 3T6 toca. 22 kJ/mol for
2B3T7. This result is in accordance with that aboayl index. Besides, the
blends containing PHB presented lower valueEa@than the corresponding

formulation without it.

Table 3.25. Rate constantsk and activation energyE@) of samples
obtained from Arrhenius equation.

Sample ki (45°C) k2 (55°C) ks (65°C) Ea (kJ/mol)
3T6 0.0324 0.0734 0.1981 80.74
2B3T6 0.0264 0.0990 0.0871 53.89
317 0.0556 0.0664 0.3115 76.34
2B3T7 0.0999 0.1128 0.1602 20.98
3T63T7 — 0.0938 0.1624 50.60

2B3T63T7 0.0526 0.0928 0.1516 47.28
BT6T7 0.0637 0.1088 0.1430 36.25
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3.2.2.2 Characterization of PE-PHB-prodegradant blends ther
aged at 55 °C

As previously pointed out, several chemical modifiens are observed
in the polymeric chains during a thermo-oxidati@aation. Consequently,
the polymeric chains will reduce its molecular weigMW) and will form
new functional groups as ketones, alcohols, hydmpdes, peroxides,
carboxylic acids and so & 40 146 161 182 The effect of the thermo-
oxidation in the physical-chemical properties ampées can be related with
the CQ. In this way, the measurement of the oxidatioreledf samples (in
relation to the formation of C=0 at 1715 ¢n¢CQ)) was performed by
means of FTIR on samples that have been degradsitic oven at 55 °C
for 60 days using Petri dishes supports (Fig. 2)3 Dhe samples were
removed from the oven at 0, 25, 35, 45 and 60 ddydegradation and
characterized regarding their ¢@mount and molecular weight of acetone
extractable fractions, TGA, DSC, gel content anctimaaical properties. In
addition, the weight gain was measured at shomtéervals of time.
Measurements were carried out in triplicate andrerwere calculated at 95
% of confidence of Studenttgest.

Carbonyl index (CO))

In Figure 3.34 are represented the changes of @&X715 cm'/1463
cm?) with time for samples aged in Petri dishes at°85for 60 days
indicating the level of data dispersion. As expectsamples without
prodegradants did not show any significant diffeeem the aliphatic ketone
formation. On the other hand, all samples contgimioth T6 and T7 showed
sigmoid thermo-oxidation behaviour and the timevas between 25 and 35
days. After this induction period, 2B3T6 sampleg(Bi34 b)) was activated
to oxidation earlier than the other PE based blereisching the C(plateau
at 45 days of thermo-degradation; all the other pdasn presented an
intermediate oxidation level at this aging time. daneral, additivated PE
blends with prodegradant has nearly arrived ta timeximum CQat 60 days
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of thermal aging. Moreover, the highest oxidatiewel was achieved by
sample containing PHB (2B3T7), which O@lue wasa. 3.

Carbonyl Index

—— A PEL
e A 2B

Carbonyl Index

— @ 3T6
""" O 2B3T6

4. ............ 4 .................... .,g
0 = & '3 A
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Degradation time (days) Degradation time (days)
4 4
— X 3T63T7 — m 317
~~~~~~~ 2 2B3T63T7 w0 2B3T7

3] -- © BT6T7
b . w
3 ® v
= - - =
= LA =
= 2 L/‘" = 2
= 3 =
a =}
=) ‘4 + £
B /A =
9] 7 &)

14 ’ 1

OQ, ..................................

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Degradation time (days) Degradation time (days)

C) d)
Figure 3.34. Carbonyl index as a function of aging time at 55diCPE-
PHB-prodegradant films.

Weight gain

Figure 3.35 shows the weight changes of PE basadldlims during
the thermo-oxidation at 55 °C. PEL and 2B samples bt present any
significant weight changes and then the resultsnatereported. It can be
clearly observed that all PE blends containing pgoddant has its weight
augmented during thermal aging. The origin of thereaase in the initial
weight is the oxygen uptake via hydroperoxide faforé>. The weight gain
presented the same trend of {COhis means, that the graphic of weight
changes as a function of time also presented acsighehaviour. Up to 30
days of aging basically no changes in sample weigtd verified. After 60
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days of thermal aging, the weight gain was freem30 wt-% (2B3T63T7) to
ca. 45 wt-% (3T6).
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Figure 3.35. Weight changes of PE-PHB-prodegradant blend filpghie
oxygen uptake during oxidation process at 55°C.

Acetone extraction

In general, chain scission is the dominant thermgradation
mechanism in polymers and is revealed by a falihm average molecular
weight (MW)*3 184 Acetone extractable fraction (KE) means the loWM
chemicals that were extracted with boiling acetop® hours. Residual mass
(RM) corresponds to the residual fraction of maieafter the extraction in
boiling acetone, which was dried to constant weighktraction was
performed in the samples before aging, after 45 @dang 60 days of thermo-
oxidation. The time of 45 days nearly correspodhé intermediate level of
thermo-degradation.
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Figure 3.36. Acetone extractable fractions (KE) and residual sn@gM)
from samples thermo-oxidized at 55°C for 60 days.

Figure 3.36 shows the KE and RM of thermo-oxidatd-PHB-
prodegradant blend films. From samples containitgahd PHB it was
extracted up to 15 wt-% (Fig. 3.36 a)). The higlasbunt of KE was around
30 wt-% for PE blends containing 2 wt-% of PHB &ait-% of T7 (2B3T7
- Fig. 3.36 ¢)). PE blends containing PHB and bbéhand T7 at highest
concentration (3 wt-%) presented 20 wt-% of KE rai® days of thermo-
aging (2B3T63T7 - Fig. 3.36 €)). This means th&ra2 months at 55 °C at
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least 20-30 wt-% of low MW chemicals was formedogartionally, RM
decreased in the acetone extraction.

Average MW of the acetone soluble fraction was ymed by GPC.
Figure 3.37 represents typical GPC traces of KEtifvas from UV detector
(260 nm). This wavelength was selected becauseesept theA max of
absorption band of the majority of chromophore geowhich were supposed
to be present in the thermo-oxidized sanipfigs
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Figure 3.37. GPC traces of PE-PHB-prodegradant blends from therm
degradation during 45 days and 60 days at 55 °C.

The average numeric molecular weigl,J of KE fractions are
reported in Table 3.26. All samples showed the samed where both
retention time and peak intensity increased witingaggme. This means that
during thermal degradation, different reaction jpictd were formed along of
time. According to Craigtet all*®®, a large shift to lower MW weights is
observed when a large amount of chain scission recamd that the
appearance of a high molecular weight tall indisaignificant cross-linking.
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In addition, an increasing of the thermal agingnpoted a broadening of the
peaks. This peak broadening probably was due ferdift low MW products
formed during the thermo-degradation.

Figure 3.38 displays broad peaks with correspondiegonvolution,
which peaks are reported in Table 3.26. Accordinth idakkarainenet
al.*%t at lower oxygen concentration the probabilitytttveo neighbouring
alkyl radicals will survive long enough to reactthwieach other instead of
reacting with oxygen is higher and the moleculda®ment reactions are
more dominant leading to broadening of the MW dstion.
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Figure 3.38. GPC traces of 3T63T7 blend from thermo-degradadianng
a) 45 days and b) 60 days at 55 °C.

Table 3.26. M, of acetone extracted chemicals from PE-PHB-pracatisgt
blends aged at 55 °&

Aged for 45 days Aged for 60 days

Sample M Mn2 Mhns Mn1 Mhn2 Mhns Mhna

(kDa) (kDa) (kDa) (kDa) (kDa) (kDa) (kDa)
376 1.5 0.3 — 70.3 7.2 0.7 0.2
2B3T6 1.3 0.3 0.1 50.0 7.2 0.8 0.3
3T7 17.0 1.0 0.3 34.0 3.7 0.6 0.2
2B3T7 13.0 0.9 0.3 9.1 0.4 0.7 0.2
3T63T7 — 0.9 0.2 39.3 5.2 0.6 0.3
2B3T63T7 22.0 0.8 0.2 70.0 4.5 0.8 0.2
BT6T7 16.3 0.9 0.2 36.2 5.0 0.6 0.2

3 Mn lower than 0.1 kDa were not considered.
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Gd content

During processing and thermal aging, PE is subjedte different
temperatures and shear rates allowing chemicaltioeac to occur.
Degradation can be initiated by oxygen, shear,, lvaddlyst, additives or any
combination of these factéfd. The gel content, or insoluble fraction, is
produced in PE by crosslinking and it is one of phheducts of PE thermal
aging. The thermal oxidation includes initiationropagation, chain
branching and termination stéfls At the firs degradation step, alkyl radicals
are formed, but under oxygen deficient conditions all alkyl radicals (R
can be transformed to peroxide (RQ@adicals. Depending on thermal
conditions and the type of additive used, PE cattertgo different radical
reactions such as chain scission and chain bragcl@iading to cross-linking
as previously described and illustrated in the 8@h&.3. Cross-linking via
an oxidation reaction is due to the recombinatibralyl radicals R with
each other, with RGor ROO radical§’® "8

[ 0 A
—C—¢ _d_ b A0 RrooH —2» Ro.
H }ll }ll }ll Peroxide Free radical
T3 ¥ 3 3,3
| I
B —L—Cd—f— — —?—Cli—c':—c— + R—OH
| | |
H H H H H H H H
—CHZ —CHZ —CH —CHZ — —CH2 _CH2 —(CH _CH2
-+ —_—

. —CH —CH, —CH—CH; —
—CH; —CH; —CH—CH; —

Cross-linked chains

Scheme 3.3General mechanism of PE cross-linking.

Table 3.27 report the insoluble fraction (gel) ylexe-ethyl benzene
extraction as a function of aging time at 55°C. Fsamples were replicated
to assess the standard deviation of the measuremleich wasca. 3 wt-%.
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PEL, 3T6 and 3T7 blends presented 21 wt-%, 23 varb 26 wt-% of gel
content before aging, respectively. The high valokgel for all samples
before aging, is probably a consequence of theatedetimes of melt
processing to obtain blend films. During processirg base blends found
conditions of poor oxygen, shear and elevated teatyes. So, radical
reactions leading to chain cross-linking could tpksce prematurely due to
the presence of prodegradants. For all samplegxpesure to temperature-
time conditions leads to an increase of cross-tinkelymer content. Pristine
PEL increased from 21 wt-% to 60 wt-% and 75 wtféreD, 35 and 60 days
of aging, respectively. Data from Table 3.27 sug¢jest cross-linking is one
of the dominant reaction mechanisms in PE-PHB bdsledds during
thermal aging.

Table 3.27. Gel content (wt-%) of PE-PHB-prodegradant basedddeaged
at 55C for 0, 35 and 60 days.

Sample Aging time (days)

0 35 60
PEL 21 60 75
2B 15 64 70
3T6 23 53 74
2B3T6 42 49 76
3T7 26 34 70
2B3T7 22 30 77
3T63T7 32 — 73
2B3T63T7 30 32 69
BT6T7 34 29 83

Thermal properties

A general strategy used in the evaluation of degjrad caused by
natural or artificial aging is the specimen expositat different times in the
degradation condition and then to examine theip@res by mechanical or
chemical tests. Polymer degradation often occuis lasterogeneous process
controlled by oxygen diffusidtf’**®! This means that the main oxidation
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will occurs in the surface of the films. So, whilerough FTIR analysis
important information about the degradation at axefof materials can be
obtained, the TGA and DSC measurements providentagkénformation

from the bulk. Both TGA and DSC were used to as#esshermal properties

of aged PE based blend films.
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Figure 3.39. TGA traces of PE-PHB-prodegradant blends thermad ag

55 °C up to 60 days.
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Figure 3.39 shows TGA traces of samples contaipragegradants
without (Fig. 3.39 a), c¢) and e)) and with PHB (F839 b), d) and f)) and
thermo-degraded at 55 °C for up to 60 days. Thestadlility of aged blends
decreased with increasing of aging time. Moreowénds that have been
pre-oxidized presented more than one step of weéags found in pristine
materials. These steps are small and overlappetespmnding to the
evolution of low MW chemicals formed during the daggation.

This behaviour is illustrated by DTGA trace of 2B3IT7 blend film in
the Figure 3.40. This sample aged for 60 days ptedeat least six-
overlapped weight loss steps. DTGA traces sugdmesettweight loss steps
prior to major degradation step of PE, (@ 472 °C ancta. 67 wt-% of
weight loss) that is followed by other two. Eachtluése steps correspond to
13.7 wt-%, 8.7 wt-%, 6.6 wt-%, 66.6 wt-%, 1.4 wtdad 1.2 wt-% with
increasing of the temperature. The sum of the thmgial steps is 29 wt-%.
This results are in good agreement with the KE chvas found 23 wt-% of
low MW products extracted with boiling acetone aite aging for 60 days.
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Figure 3.40. TGA and DTGA traces of 2B3T63T7 blend aged at 55¢C
60 days.

Table 3.28 shows the values of TGA decompositionp&rature ({)
defined at 1 wt-% of weight loss from blends aged5& °C. Blends
containing prodegradants decreased its thermallistaim relation to the
original material. For example, BT6T7 blend presdniy values of 358 °C,
335 °C, 163 °C, 150 °C, and 142°C for samples dgyed, 25, 35, 45 and 60
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days, respectively. However, the DTGA peak tempeeat(T,) values
corresponding to the degradation of PE main chamained practically
unaltered during the aging process (Tab. 3.29).

Table 3.28. Decomposition temperature (Tin °C) of aged PE based

blends®
Sample Degradation time (days)
0 25 35 45 60

PEL 39P) 388 390 385 378
2B 305 294 287 342 304
376 386 358 243 132 183
2B3T6 301 190 135 146 1832
377 377 212 121 140 117
2B3T7 263 277 142 134 131
3T63T7 354 348 145 137 137
2B3T63T7 239 247 190 135 133
BT6T7 358 335 163 150 1922

AT,is decomposition temperature defined at 1 wt-% eigit loss® The standard
deviation from four replicates was. 3 °C.

Table 3.29. T, (°C) of PE weight loss from aged PE-PHB baseddsen

Sample Degradation time (days)
0 25 35 45 60

PEL 474 475 474 474 475
2B 474 473 465 473 466
3T6 475 464 471 471 472
2B3T6 473 473 476 473 478
3T7 471 471 472 471 472
2B3T7 468 469 470 474 472
3T63T7 474 469 470 469 471
2B3T63T7 476 462 470 469 472
BT6T7 473 455 473 469 469
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Table 3.30. Weight loss (wt-%) of PE degradation step from agédPHB
based blends.

Sample Degradation time (days)
0 25 35 45 60

PEL 99.9 994 99.3 99.1 96.9
2B 98.1 97.9 96.4 97.9 94.5
3T6 99.3 98.1 87.4 85.5 79.9
2B3T6 98.2 93.7 89.2 81.1 76.8
317 99.0 96.5 88.1 80.4 70.8
2B3T7 97.1 97.1 88.4 76.4 68.4
3T63T7 97.9 98.0 92.2 84.2 72.4
2B3T63T7 96.5 96.1 93.3 81.9 66.4
BT6T7 98.3 97.0 90.1 82.9 73.8

Table 3.30 shows weight l0s&Nl) of PE degradation step from aged
PE-PHB based blends. This step in the blends deeseas a function of
aging time, evidencing that chain scission occuwél the formation of the
low MW products as verified in Figure 3.36. In adzh, the decrease in the
AM related to PE was influence by the presence d.HFbr the majority of
blends, the value of PEM was lower than that of equivalent blend without
PHB. Residue of blends at 800 °C are shown in Tat8&. The residues of
samples at different aged times did not show agyifstant differences.

Table 3.31. Residue (wt-%) at 800°C from aged PE based blends.

Sample Degradation time (days)
0 25 35 45 60

PEL 0.0 0.2 0.2 0.2 0.2
2B 0.1 0.2 0.5 0.2 0.7
3T6 0.7 0.8 0.9 0.6 0.9
2B3T6 0.5 0.8 0.9 1.0 0.8
3T7 0.4 0.7 0.6 0.9 0.9
2B3T7 0.6 0.9 0.7 1.3 1.1
3T63T7 1.4 1.2 1.2 1.2 1.7
2B3T63T7 1.1 15 0.9 1.1 15
BT6T7 1.1 1.8 1.1 1.0 1.1
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DSC traces of original and aged samples from thaehting scan are
shown in Figure 3.41. It can be observed that th&ran enlargement of
melting transitions with aging time and in someesathis effect appears as a
shoulder (2B3T6). These results could be attribtivedhanges in crystallite
sizes, molecular weight differences (due to chagaking) and secondary re-
crystallization. The presence of shoulders haven lpgeviously observed in
the aged P %2 1701721 According with Martinset all*”® the crystallinity
degree increased with increasing gel content. Bsdhcases, the melting
transition detected by DSC scan became broaderogropally to the PE
cross-linking increasing. As aforementioned (TaB73.the gel content of
samples that have been pre-oxidized increases thighmo-degradation,
which confirms this hypothesis.

Tm values are reported in Table 3.32. The originatemas showed
melting transitions in the range of 108 °C to 1XD. The T, values of
samples presented a slightly increase with agmg.tOriginal PEL |, value
was 108 °C, which increased to 111 °C for sampkddgr 60 days. The
highest increase observed was fgrvialue of 3T7, which was 109 °C prior
aging and resulted 114 °C after 60 days of aging.

Table 3.32. DSC T'heating scan J(°C) from aged PE based blends.

Sample Degradation time (days)
0 25 35 45 60

PEL 108 109 109 109 111
2B 110 109 109 109 108
3T6 109 109 111 111 112
2B3T6 109 110 114 113 113
317 109 110 112 112 114
2B3T7 110 108 112 112 113
3T63T7 108 108 113 112 112
2B3T63T7 110 111 110 112 114
BT6T7 108 108 111 112 112
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Figure 3.41. DSC traces of the®lheating scan of PE-PHB blends aged at

55 °C up to 60 days.

In Figure 3.42 the crystallinity degree JXfrom melting transition,
registered in the®iheating scan, is correlated with aging time afG5Un-
aged samples presented values between 41 and 45 %. During the thermo-
oxidation, PE based blends had thejridcreased up to 45 days. After that,
X apparently decreased for higher aging times. Tigkest increases were
observed for samples containing prodegradants ada4sS of aging. Some
authors consider this increase in crystallinity hwiaging time as a
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consequence of the oxidation of the amorphous pinate polyméet™ and
to the development of a secondary crystallizatrmluced by the formation of
shorter segments with greater mobility, originatedm chain cleavage
during the aging proce$&*"®! Khraishiet al*’” have pointed out that the
new formed crystalline regions have lower fusiomperatures. In Figure
3.41 e), it can be seen that 3T63T7 samples ata35 dnd 60 days of
thermo-aging presented both shoulder at left sideE melting peak (Fig.
3.41 c)) and two peaks centered at 110 °C and CLEiy. 3.41 e)).

X. from melting transition, registered in th& Reating scan for blends

aged at 55 °C are reported in Table 3.33.
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Table 3.33. Degree of crystallinity (%) from *2heating scan of aged PE
based blends.

Sample Degradation time (days)
0 25 35 45 60

PEL 44.7 44.8 45.2 43.2 43.4
2B 43.7 44.2 52.6 47.2 42.1
3T6 44.5 44.5 43.5 48.2 45.5
2B3T6 44.6 48.0 47.8 46.0 46.1
3T7 43.3 48.7 49.3 51.0 47.1
2B3T7 43.4 44.3 49.5 48.0 47.4
3T63T7 42.8 48.6 51.2 52.2 46.5
2B3T63T7 42.8 49.5 46.5 47.2 47.0
BT6T7 44.8 47.3 51.5 47.4 54.0

As observed in the*lheating, % values of samples from melting
transition registered in thé®heating scan increased with the aging time up
to 45 days and then decreased. Thevadues were lower in relation to that
obtained in the *Lheating scan. For example, 3TZvélues calculated from
the 2% heating scan where 2 %, 4 %, 18 %, 18 % and 18wérlthan that
calculated from the °1 heating at 0, 25, 35, 45 and 60 days of aging,
respectively. According to Craigt al**®, when samples that have been pre-
oxidized are treated by melt-cooling cycle, thestaifinity of the new
solidified material will depend not only on the poler and the cooling
conditions but also on the molecular changes traummed during the
oxidation process. In this way, the shorter cham&luced by scission events
will crystallize more readily whereas cross-linksdamolecular defects will
not be able to crystallize and will be rejectedrrthe newly formed crystals.
Thus there are opposing effects, one that prongtster crystallization and
the other inhibiting crystallization.

Mechanical properties

Another way to characterize the thermo-degradatibnpolymeric
materials is through the loss in their mechanicapprtie§® 1’8 1°! Hence,
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tensile tests can be used as a parameter to deteth@ oxidation end point
in degradable PE. According with ASTM D5%78, the embrittiement
endpoint of oxidatively degradable plastics is aebd when 75 % of the
specimens tested presented elongation at breakebb less. In addition, it
is generally accepted that failure of the degrao@gimers involves fracture
in materials that has become brittle by the molcdegradation caused by
oxidatior*®” % The properties of thermoplastics depend veryifibgmtly
on their chain length and it is, therefore, to Bpeeted that chain scission
and cross-linking reactions will have a strong @ffen property changes.
Table 3.34 shows the change in the thickness wisfilluring 60 days at 55
°C. The thickness of all films did not present gigant changes during
thermo-degradation process.

Table 3.34. Thickness (mm) of PE-PHB based blends thermal-ageshb
°C for 60 day$

Sample Degradation time (days)
0 25 35 45 60

PEL 0.10 0.09 0.10 0.10 0.10
2B 0.06 0.05 0.06 0.06 0.06
3T6 0.05 0.05 0.07 0.06 0.07
2B3T6 0.10 0.10 0.17 0.13 0.09
317 0.06 0.07 0.06 0.09 0.08
2B3T7 0.07 0.04 0.05 0.05 0.05
3T63T7 0.08 0.07 0.08 0.07 0.07
2B3T63T7 0.07 0.07 0.07 0.07 0.08
BT6T7 0.07 0.06 0.05 0.05 0.06

? The standard deviation from five replications was0.01 %.

The results of tensile tests performed on PE-PHBsfiare shown in
Figures 3.43 — 3.45. It can be observed that intte group of samples
without prodegradants (PEL and 2B), the Young masiulYM), tensile
stress at break (ST) and strain at break (SB) saldiel not change
significantly with aging time, while in blends cairiing prodegradants a
significant fall in ST and SB properties was reeatdOn the other hand, the
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YM of samples containing prodegradants increaseld thie aging time. The
highest YM €a. 330 MPa) were observed for samples containing drigh
amounts of prodegradants (6 wt-%) 3T63T7 and 2B3T6at 45 days of
temperature exposure (Fig. 3.43 ¢)). The increasiee YM can be explained
through the increase in the crystallinity of samspléviore crystalline
materials are more fragile, hard, deform little amekd higher energy to
defornf'”®. Similar results were found by Tavaressal**? and Gulmineet
al.'”™ studying the effect of accelerated aging on thdasa mechanical
properties of PE and the correlations between tstrecand accelerated
artificial ageing of XLPE, respectively. These auth found that with
increasing of the aging time the samples preseatethcrease in YM that
was attributed to the increase in the crystallimetent of samples.
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As observed in Figure 3.42, the crystallinity ofngdes containing
prodegradants is higher, and consequently the shdm not have the
necessary mobility. According with Gulmine and Akad*”, an increase in
the crystallinity of the materials during aging shiblead to higher values of
tensile stress at break due to the reinforcemetticed by ordering and
crystallinity during stretching. However, this wast observed in this work.
In Figure 3.44, the highest ST values were obtafoedample not aged and
ST values decreased with aging time. Rayal“? studying the effect of
cobalt carboxylated on the degradation of PE obthisimilar results, a
decrease in ST and SB of samples with UV irradmérposure.
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Figure 3.44. Stress at break (ST) of aged PE-PHB based blemd®fdays
at 55 °C.

As it can be seen in Figure 3.45, the SB of samgéeseased quickly
with aging time. Roet al™®" in their study about the degradation of LDPE
containing cobalt stearate argue that significagtag in LDPE properties
start at a CQgreater than 6 (CQvas calculated as the relation between the
band at 1740 cthand the band at 2020 & PE-PHB blends presented a
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significant decay in SB of samples after 25 daythefmo-degradation (GO
of about 0.5). At 45 days of thermo-degradatioB=fC (CQ of about 2.5),
all samples containing prodegradants had reacleedribrittlement endpoint
according to ASTM D5518®. The drop in SB values was faster for 3T6 and
2B3T6 samples than for other blends. As for insaRd 6 sample decreased
its SB values from 245 % measured in the originals to 82 %, 32 %, 5%
and 3 % after 25, 35, 45 and 60 days of thermoadkgion, respectively. For
2B3T7 blend this decrease was still quick, the dildecreased its SB values
from 405 % measured in the original films to 222%,%, 5% and 3 % after
25, 35, 45 and 60 days of thermo-degradation, otisjedy. On the other
hand, 3T63T7 blend presented a decrease from 32he#sured in the
original films to 281 %, 171 %, 5% and 3 % after 35, 45 and 60 days of

thermo-degradation, respectively.
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The reduction in the mechanical performance (ST SB)l of samples
match very well with the chemical degradation oftenals, followed
through the carbonyl formation (Fig. 3.34) and iitn@ease in the amount of
low MW products formed during aging (Fig. 3.36). RPE-PHB films
containing prodegradants, the significant decraasthe tensile stress and
strain at break occurred at 25 days of aging (Big5), which is the time
when CQ starts to increase significantly. At this timeplpably the amount
of low MW polymer chains starts to increase conttiiiig to the reduction in
the tensile stress (Fig. 3.44) and strain at brfakamples (Fig. 3.45). In
addition, the simultaneous occurrence of chemigadifications as oxidation
and cross-linking contribute to the developmentsofface tension and
crackind'®? with a consequent reducing in the ST and SB ofpéesn

Moreover, the increase in the crystallinity brintpge formation and
propagation of cracks, decreasing the strain akboé samples. This can be
explained because the increase in crystallinitgfigourse, accompanied by a
corresponding decrease in the amorphous content. sEmi-crystalline
polymers such as PE, whichy & below room temperature, the amorphous
phase is very deformable and the reduction inretibn of the material that
is in this state will inevitably reduce the overddiformability of the material
and cause it to become more britfid The increasing number of cross-links
also reduces ductility, and the increase in cheissgn reduces the network

of entanglements that the amorphous phase reqtorests mechanical
integrityllee' 167, 182]
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3.2.3. Biodegradation

In most cases, plastic materials should surviveedgiermined service
life before physical degradation starts. This mehasno significant changes
in their physical and mechanical properties duitagervice life are expected
to take place. However, after the material haseskto its primary purpose,
rapid biodegradation and disintegration should occidence, all
biodegradable polymers are in a delicate balantedes the achievement of
useful technological performance and a rapid afecefe biodegradability.
This work was performed as a complementary studyhefprevious one.
These studies together can be used as a modehdoprediction of the
behaviour of oxo-biodegradable materials, where hbdifetime and
mineralization time can be determined.

The biodegradation of polymers proceeds via hydislgnd oxidation.
The rate of degradation is sensitive to microbiapydation, moisture,
temperature and oxygen in the environé&ht'®!! Microbial degradation
occurs when fungi and bacteria attack the plasateral under aerobic or
anaerobic conditions. Besides, microbial activiayn change the structure of
the compounds in the medium, thus causing chendegtadatiofi®®. In
addition, bio-surfactants that act as emulsifiers supposed to play an
important role in the biodegradation of hydrophotienpound$®¥. Most of
the biodegradable synthetic polymers and biopolgnoentain hydrolysable
groups along the main chains. Initial studies afdegradation mechanisms
were motivated by biomedical applications of bia@elgble polymers. In
recent years polymer waste management through dmadation and
bioconversion has become more impoHdHt Considering the great
variation in natural conditions, the biodegrad&pilof polymers varies
significantly on a global scale, as well as witemaller ecosystems.

PE-PHB based blends containing prodegradant additf¥6 and T7)
previously exposed to thermal aging at 55 °C ford&@s were submitted to
biodegradation experiments in two different envimamts, aquatic and soil
burial (Tab. 3.35). Samples not thermal-aged wdse &iodegraded for
comparison. Blends were assessed with respect ® dktent of
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mineralization through carbon dioxide evolved. kidiéion, the ability of

blends to support microbial growth when used asottilg source of carbon
was evaluated through SEM analysis. During biod#agran experiments,
EDS and DSC were used to verify possible releasadditives in aquatic
media, and crystallization, respectively. Changes the degradation
behaviour of blends and in its polymeric matrixusture were evaluated
through TGA and FTIR, respectively.

Table 3.35. Samples used in biodegradation experiments in eopongdium
(AM) and soil burial (SBi).

AM SBi
Samplée’ PS TAS KE | PS TAS KE
PEL X X — — — —
2B X X — — — —
3T6 X X X X X —
2B3T6 X X X X X —
3T7 X X X X X —
2B3T7 — — X X X —

4 See Table 2.6 for code definition; PS: Pristinenfla; TAS: Thermo Aged
Sample; KE: Low molecular weight compounds extradtem TAS with boiling
acetone.

Samples of PE based blends oxidized and also titeimo-oxidation
products (acetone extractable fractions) were asddsy means of the rate of
biodegradation. In this way, samples PELt, 2Bt, t38r&l 2B3T6t correspond
to PEL, 2B, 3T6 and 2B3T6 that had been pre-oxalae55°C for 60 days
before the biodegradation experiments, respectigdynples 3T6e, 2B3T6e,
3T7e and 2B3T7e correspond to the acetone exttactedrtions of 3T6,
2B3T6, 3T7 and 2B3T7, respectively.

For aerobic aquatic biodegradation, docosane wead as reference
material. In soil burial experiments, the biodegitézh of pure Whatman
cellulose filter paper (PWC) was used as referemmeosane and PWC
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biodegradation were also an important control &eas the microbial activity
during all the experiment.

3.2.3.1 CHN analysis

The amount of total organic carbon (TOC) of PE-PbHsed blends
was obtained by CHN elemental analysis. The resulisreported in Table
3.36. The total carbon present in the each sampke wsed to calculate the
mineralization of the respective material as désctiin Section 2.6.

Table 3.36. Elemental analysis of PE-PHB based blends

Samplé C (Wt-%) H (wt-%) | Sample C (Wt-%)  H (wt-%)
PWC 41.40 5.94 2B3T6 71.25 11.70
PEL 85.65 14.82 2B3T6t 73.72 11.40
PELt 85.24 15.43 2B3T6e 80.04 14.03
2B 83.56 13.72 3T7 82.53 14.68
2Bt 84.28 15.40 3T7t 77.57 12.95
3T6 83.93 15.14 3T7e 72.45 12.16
3T6t 67.34 11.50 2B3T7 84.28 14.80
3T6e 71.46 11.84 2B3T7t 74.89 11.50
2B3T7e 67.29 11.60

3 See Table 2.6 for code definition.

3.2.3.2 Aerobic aguatic biodegradation

Aerobic aquatic biodegradation experiments are rangon screening
test'®! used before other biodegradation tests in ordeh&zk the potential
extent of biodegradability of different materialgluble, insoluble or low
soluble in watdf* 8¢ 187 This type of experiment is known for its severe
conditions during tests, which means that a pasitresults in these
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experiments is an evidence that the readily bicatkagsility of a material may
occurs quickly in the environment. However, a negator a low
degradability result in the test does not mean that material is not
biodegradable when exposed to natural environments.

Morphology

SEM is a significant and reliable tool to measure morphological
changes of degraded polymer. Surface morphologfiimaé changed after
biodegradation. SEM micrographs of surface of filofsPE-PHB based
blends submitted or not to a previous thermo-oidaprocess before and
after 125 days of incubation in aquatic medium (AR5 °C are shown in
Figures 3.46 — 3.49.

14kU X3, 888 Shm 19%23 SE1

; c) d)
Figure 3.46. SEM of PE-PHB blend surfaces: a) PEL pristine -3BQMD)
PEL125d — 3000X; c¢) PELt — 3000X; d) PELt —125d -
5000X.

150



Results

Figure 3.46 shows that PEL matrix previously explose not to a
thermal aging did not support any microorganismaginoand no clear signs
of bioerosion could be found on the surface of Rhs.

The thermal treatment and the water expositiorhefRE-PHB based
blends lead to a partial disintegration of the §ilsurfaces. This phenomena
can be clearly seen in Figure 3.47 b)-d) and 3)A8Hzre some holes can be
observed in the surface of the films. Accordingtmitumaret al'*®! these
holes formed on surface of oxidized films are du¢he removal of volatile
oxidation products that have been formed duringrntioedegradation.
However, these cavities can also bee observedmplsa incubated in AM
for 125 days which have not been pre-oxidized (Bgl7 b)). PHB can
degrades in water. Majiet all'®” studying the kinetics of hydrolytic
degradation of PHB at 37 °C in buffer solution skdwhat its degradation in
water occurs by surface hydrolysis. Probably thesg@nce of these holes in
2B sample is due to both the PHB degradation inewaind the PHB
consumption by microbes during biodegradations kvell known that PHB
alone is a totally biodegradable polymer. Buetial™®® demonstrated the
easy of PHB packaging biodegradation after 90 day&M, containing
sewage inoculum. Zhaet al'*®Y! showed that pure PHB degraded rapidly,
and after 21 days of exposure in soil-mineral soiytits weight reached
53.6% of the initial value. This surface disintdgma can also be seen in
samples without PHB containing T6 and T7 (FigudB3. 3.49). Moreover,
it can be clearly seen in Figure 3.48 b) the preser microorganisms in the
film surface, demonstrating that the prodegradarstsd were no toxic to
sewage microorganisms. These results are in agreemith that found by
Bonhommeet al®*¥. These authors studied the biodegradation of PEokly
biotic oxidation in air oven and in the presenceseliected microorganisms.
They observed that the colonisation of microorgasisoccurred in both
samples that had been pre-oxidized or not.
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d)
Figure 3.47. SEM of PE-PHB blend surfaces: a) 2B pristine — 3Q00)
2B-125d — 3000X; c) 2Bt— 3000X; d) 2Bt—-125d — 5000X

d)
Figure 3.48. SEM of PE-PHB blend surfaces: a) 3T6 pristine —BQ)
3T6-125d — 3000X; ¢) 3T6t— 3000X; d) 3T6t—125d -0GR.
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Laku | x3, 808 T
.

b)

14kU X5, 8688

d)
Figure 3.49. SEM of PE-PHB blend surfaces: a) 2B3T6 pristineD0;
b) 2B3T6-125d — 3000X; c) 2B3T6t— 3000X; d) 2B3T6t—
125d - 5000X.

Microanalysis (EDS)

Scanning electron microscopy in combination witlergly dispersive
X-ray microanalysis (SEM/EDS) was used to char@a#ecomposition and
homogeneity in the sample films before and afteb Hays of aquatic
biodegradation. The application this technique litatés a concurrent
analysis of both elemental composition and morpilaf samples.

Figures 3.50 — 3.51 show the back scattering inaaglecomposition of
pristine T6 and T7 additives. Besides, the respiitthe composition of T6,
T7 and the PE-PHB based blends in terms of prodagta are summarized
in Table 3.37. Both T6 and T7 prodegradants presenglcium (Ca) and
cobalt (Co) in their composition. T7 have less oarland more transition
metals than T6. Moreover, it can be seen that eafter 125 days of
incubation of samples in aquatic media, prodegrisddia not released from
the film. It can be noted that after incubation ttebon content of PE
samples decreased probably due to the mineralizaticcamples. Besides,
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the oxygen amount in samples increased 67 wt-%3T@& and 71 wt-% for
2B3T6 sample. JakubowitZ studying the degradability of biodegradable
PE in microbial activated soil at a constant indidmatemperature of 60 °C
reported that some additional oxidation takes pldoeng biodegradation
experiments. Albertssoet al®® reported the alkane chain oxidation to
carboxylic acid and also to the ester formation tluemicrobial action of
alkanes. Small traces of Si were found in both d&6 @.3 wt-%) and T7da.

1 wt-%).
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Table 3.37. Elemental microanalysis of T6, T7 prodegradants RRePHB

based blends.

Sample Carbon Oxygen Calcium Cobalt
(wt-%) (wt-%) (wt-%) (wt-%)
T6 63.5 221 9.4 4.7
T7 34.8 334 19.3 11.5
BT6T7 91.7 7.1 1.12 Ry
3T6 92.9 6.2 0.9 —
3T6-125d 88.9 10.2 0.9 —
2B3T6 91.9 7.0 11 —
2B3T6-125d 86.7 12.1 1.2 —

¥ nd = not detected.

Figures 3.52 — 3.53 present the back scatteringesiand composition
of 3T6 blend before and after the exposition of filbm for 125 days in a
mineral salt medium. In Figures 3.54 — 3.55 arenshthe back scattering
images and composition of 2B3T6. It can be seentligaprodegradants are

homogeneously dispersed in the film surface.
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Figure 3.52. Back scattering image of 3T6 before biodegradatenand

composition (b).

155



PhD Thesis — Silvia Maria Martelli
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Figure 3.53. Back scattering image of 3T6 after 125 days of

biodegradation (a) and composition (b).
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Carbon Dioxide Evolved

The mineralization of samples was assessed thragglatic aerobic
biodegradation experiments. During degradatiorsjekicosane was utilized
as reference material due to its recognized biadkpility®®. Figure 3.56
shows the mineralization behaviour of docosane nduri25 days of
biodegradation. As it can be seen, biodegradategab immediately after
the test was launched. Besides, within the timedejradation, docosane
mineralization arrives at more than 50 % evidencihg activity of the
microorganisms.
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Figure 3.56. Mineralization behaviour of docosane during 125 sday
aquatic aerobic biodegradation experiments.

Figure 3.57 shows the mineralization of PE-PHB dasends without
prodegradants during biodegradation in aquatic me&iamples without
prodegradants were used to compare their effettiadegradationof blends.
It is known that the characteristic hydrophobiaitfy PE constitutes a high
obstacle for its biodegradatioff. As it can be observed, both PEL and PELt
samples showed low mineralization values. Theseegalyields up to a
maximum of 5 % for PEL and 2 % for oxidized PELteaf40 days of
biodegradation and stagnated at these levels thetmcubation of 125 days
in aquatic media. This probably occurs because @&isists of molecules
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with an extremely high molecular weight (MW), tyaily several hundreds
of thousands Daltons formed by -GHinitd*®. So, the MW itself represents
a serious problem because as a molecule of thescsiznot enter in the cell,
it is inaccessible to intracellular enzyme systems.
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Figure 3.57. Mineralization behaviour of PE-PHB based blendsraut 25
days in aquatic aerobic biodegradation experimea)sPEL,
and (b) 2B.
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For other macromolecular substrates, in generataorganisms often
find the solution in the production of extracellulanzymes, which cut
macromolecules to smaller fragments that can finaibss a cell wall and a
cytoplasmic membrane. The PE molecule contains natypolar C-C and
C-H bonds which do not provide centers for nucléaplor electrophilic
attack, and the possibilities for its chemical tedty are strongly limited,
mainly to radical reactioh§. Moreover, thermo-aged samples had an
enormous amount of gel (21 wt-% for PEL and 734wtfor PELt). In this
way, it can be supposed that hydrophobic PE madscate densely linked
limiting the diffusion of water and possible reaetimolecules produced by
microorganisms. So that, in these cases only thfacgiof the films, which
have a limited number of free chain ends couldvagi@ble for the enzymatic
action. Hence, in PELt and 2Bt blends with 75 wafe 70 wt-% of gel and
44 % and 43 % of crystallization, respectively,réhes practically no water
and oxygen diffusion. Huang and Edelman workinghvgelatine observed
that cross-linking decrease biodegradation ks Molitoris et all*®®!
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demonstrated that a high degree of cross-linkingh dahibit the
biodegradation process of PHAs. In addition, thgrdéation rate of PHB
was found to be dependent on sample crystalfifityOn the other hand, 2B
sample presented a higher mineralization value #&itn which wasca. 10
%. This increase in relation to 2Bt is probably duéoth the biodegradation
of PHB fraction present in the surface of the féimd the small amount of
cross-linking. As the gel content presented fors2Bple (15 wt-%) is much
lower than for 2Bt (70 wt-%), the PHB present ir thurface of 2B film
could be more susceptible to microbial attack ti#hB present in 2Bt
sample, which probably had already been degradedgdihne thermo-aging.
Figure 3.58 shows the mineralization of samples tainimg
prodegradants. It can be observed that samplesinotg prodegradants that
had been exposed to a thermal oxidation and theMdWw PE components
(extracts) of these samples presented a fast grawtime mineralization
during the firsts days of incubation. On the othand, pristine samples
presented a stationary induction time of 20 dayg. (.58 a)) and 40 days
(Fig. 3.58 b)) before the beginning of the biodegten. Besides, thermo-
degraded samples presented higher mineralizatimesahan pristine ones.
As discussed before, thermal aged samples (TASgpted a high amount of
low MW compounds. Hence, the elevated mineralipatican be a
consequence of the assimilation by microorganisrhghese low MW
compounds. These compounds could be released tati@quedia from
oxidized PE based films and in this way they cdugdeasily consumed by
microorganisms. The mineralization of PE-PHB badddnds without
prodegradants, which have been pre-exposed to rangheaging or not
arrived at maximum values of about 6 wt-%. On tlleephand, the highest
values of mineralization were obtained for the lowolecular weight
compounds extracted from TAS with boiling acetokE), For these
samples, the extent of mineralization reached 2Br92B3T6e and 32 % for
2B3T7e (Fig. 3.58 b) and d)). Probably this ocadirteecause at the
beginning of the biodegradation, a high amount of¥WMcompounds
supported the microorganism growth and consequeatiged an increase in
the mineralization amount. These compounds werbghly the low MW
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degradation products of PE chains terminated watbhaxylic and aldehydes
groups already observed in the FTIR analysis.

50 50
m 376 W 2B3T6
0 3T6t O 2B3T6t
. 401 W 3T6e s 404 W 2B3T6e
X X
£ 30 £ %]
T =
S N
= = n
£ 204 £ 201 -
= . £ o
= o = ]
1 » B 5 10 "
Er.‘pﬂ o [ T a = o - o
Ll W i T & e naeen -
O T T T T T Y A SR T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Degradation time (days) Degradation time (days)
a) b)
50 50
m 377 H 2B3T7
0 3T
40+ m 3T7e 40
§ 301 8 30- . .
3 s n
= = " ] = w ®
£ 209 £ 201
£ . £ N
p> =
10 ™ o o 10 ®
—
[aIGEe
Ly - a » » -
08— T T T T T 0 T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Degradation time (days) Degradation time (days)

Figure 3.58. Mineralization behaviour of PE-PHB based blendsraut 25
days in aquatic aerobic biodegradation experimgajs3T6,
(b) 2B 3T6, (c) 3T7 and (d) 2B3T7.

Koutneyet al**¥ followed the release of low molecular compounds to
water media from thermo and photo-oxidized HDPE BD&E samples both
containing a balance of antioxidants and pro-oxislany NMR. These
substances were subsequently completely consumedRIbydococcus
rhodochrousstrain during 4 days of cultivation. The same saspvithout
oxidation pre-treatment did not release any subssnlakubowicet all*”
in their study about the degradability of biodegdsleé PE in microbial
activated soil at a constant incubation temperatdiré0 °C concluded that
when the material is degraded into low molecularssngroducts, it is
bioassimilated quickly. Albertssoet al*®® argue that the low molecular
weight products are preferentially removed direéthm the surface of the
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polymer by metabolizing organisms and subjectediagaccumulation and/or
biotransformation. Moreover, at the end of the bation period (125 days)
the KE samples, which are formed of low MW compaumiesented the
highest mineralization values.

Chiellini et al®®® assessing the mineralization of LDPE containing
prodegradants (the films and the KE) in river wdtemd that the oxidation
level of samples can influence significantly thedsgradation of them. In
their study, the highest mineralization valuea. 30 % for films andca. 40
% for KE) were obtained for samples at the endxidiation process. It can
be noted that the results as demonstrated in Figls® indicate that the
mineralization of materials occurred up to ca. @ysdof biodegradation
achieving a plateau, which followed until 125 dayhis could be explained
taking into consideration the weakness of the noigzanism communities
used. The same behaviour was reported by Chietiral'**® studying the
biodegradation of PE oxidized samples in forest aod mature compost.
These authors observed that at the beginning adrexpnt a very fast period
of biodegradation of about 30 days was recorded anthe end of which
carbon dioxide production reached a plateau cooretipg to about 4 wt-%
of mineralization and remained at this value. Tgesiod without significant
mineralization remained until 160 days and thenatiors tried to revitalize
the microbial community by a new inoculation witlsmall amount of fresh
forest soil, agitation and moistening.

Thermogravimetry Analysis (TGA)

Data related to TGA analysis of blends are repartetiable 3.38. The
degradation temperature gjTwas defined as the temperature at 1 wt-% of
weight loss. §; errors were calculated using four replicates of t3a6d
2B3T6t samples. These samples represent the farnityaterials containing
3 wt-% of prodegradant T6 with and without PHB, e¥hhad been thermo-
degraded for 60 days in an oven. The errors at 9%5f%onfidence of
Student’st-test were 2.9 % and 2.4 % for 3T6t and 2B3T6tpeesvely.
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Before TGA analysis, samples were conditioned ileaiccator containing
silica gel for at least 72 h.

Table 3.38. TGA data of PE-PHB blends before and after 125 dafys
aquatic biodegradatidh.

Sampl® Tai (°C) Ta125 (°C) Reoai(°C) Reooe (%0)
PEL 391 386 0.0 0.6
PELt 378 389 0.2 0.6
2B 305 300 0.1 0.3
2Bt 304 263 0.7 0.9
3T6 386 369 0.7 1.0
3T6t 156 208 0.9 2.1
3T6e na 163 na 5.0
2B3T6 301 230 0.5 0.9
2B3T6t 152 186 0.8 2.1
2B3T6e na 159 na 6.1
3T7 377 361 0.4 1.1
3T7t 151 207 0.9 2.8
3T7e na 108 na 5.8
2B3T7e na 129 na 7.1

AT,is the decomposition temperature defined at 1 wifd%eight loss before ()
and after biodegradation experiments;1§J and Rgo is the residual weight of
polymer blends at 800°C before i) and after biodegradation experiments
(R800e), na = not analysediSee Table 2.6 for code definition.

PEL, PELt and 2B samples presented a variation 3,511 °C and
5°C in their § values, respectively. These are not significardnges
considering the error afa. 3 %. 2Bt, 3T6, 2B3T6 and 3T7 blends presented
a decrease inglvalues of 41 °C, 17 °C, 71 °C and 16°C, respelstivas
clearly observed, the most significant decrease® wbtained for samples
containing PHB in their formulations. This decreasely can be probably
explained as the result of the biodegradation ofdes, which is supported
by SEM experiments (Fig 3.47 and 3.49). It was albserved that, 3T6
blend, which presented a decrease of 17 °C alsgostgal microbial growth.
However, other behaviour was showed by thermo-diegte8T6t, 2B3T6t
and 3T7t blends, which havey Values increased after a 125 days of
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incubation. This increase ingvalue could be occasioned by some cross-
linking that could have happened during the incbaperiod. In addition,
the residue of all blends at 800 °C systematicdligreased after
biodegradation.
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Figure 3.59. Typical TGA traces of PE based blends before andr af
aguatic aerobic biodegradation: (a) 3T6 and (b)T2B3

In Figure 3.59 are shown typical TGA traces of skmpefore and
after biodegradation experiments. Pristine samplésand 2B3T6 showed a
single step of weight loss after the biodegradation 125 days, which
correspond to 99 wt-%. TAS and KE samples presehteg steps of weight
loss. The first one below 100 °C was assigneddontiter loss that may have
remained in the samples even after the conditiommingilica gel ambient.
These amounts are 2.8 wt-%, 4.2 wt-%, 7.2 wt-%, @adwt-% for 3T6t,
2B3T6t, 3T6e and 2B3T6e, respectively. The secoey af weigh loss is an
overlapping of several small weight loss steps tvidorrespond to the low
MW compounds formed during the thermo-degradatiosamples appearing
in a broad temperature range from 150-390 °C amcksponding taa. 23-
26 wt-%. These values are in agreement to the armoahlow MW
compound extracted with acetone (Fig. 3.36). Fndle third step of weigh
loss corresponds to the main stage attributed o deatent in the samples.
As expected, it is the highest one with amounigbaiut 65 wt-%.

Derivative TGA traces (DTGA) of PE-PHB based blemadposed to
aquatic biodegradation, in the temperature rang@b50#550 °C, are shown in

163



PhD Thesis — Silvia Maria Martelli

Figure 3.60. This temperature range was chosenrderado compare I
values of PEL fraction present in the samples aftenbation with that of
pristine PEL, which is around 474 °C. It can beadigobserved from DTGA
traces that J of samples decreased after the biodegradatignvalues
remained between 449-470 °C depending on samplgsada Main shifts of
T, were observed for 2Bt (17 °C) and 2B3T6t (11 °@nbds. As above
mentioned § is related to the reaction mechanism of thermglatéation of
samples. Hence, it can be supposed that a shiffjirmeans that the
biodegradation of samples changed their chemioattsires.
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Figure 3.60. DTGA traces of PE based blends: (a) PEL, (b) 2B,3{®%
and (d) 2B3T6 at the beginning after 125 days afa#ig
biodegradation.
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Differential Scanning Calorimetry

Changes in the melting temperaturg)&nd crystallinity (Xpg of PE-
PHB based blends before and after the exposureitirmgquatic media have
been studied by DSC. Figure 3.61 presents the D&@g before and after
biodegradation experiments. Table 3.39 reports ahd Xpe values of
samples from DSC traces registered in thédating scan at 10 °C.nin
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Figure 3.61. Typical DSC traces {1heating scan) of PE blends: (a) PEL
(b) 2B, (c) 3T6 and (d) 2B3T6.

DSC traces of samples showed a single endothemaic ranging from
108 °C to 114 °C depending on sample composititres& values remained
essentially unaltered during the biodegradatiorcgss. The crystallinity of

samples were calculated using the enthalpy validsn) according with the
equation below:

X cpe = AHM/AHMi*100 (Eq. 3.2)
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Where Xcpe is the PE crystallinity degree of samplstdm is the
variation of enthalpy andHmi is the change in the enthalpy of a perfect
crystal of infinite size. For PE\HmIi = 290 J.g™Y. As can be observed in
Table 3.39 a slight increase in.p¢ was found for the majority of the
samples. This increase was not more th@df8s. On the other hand, 3T6t and
3T7t blends showed a remarkable decrease i Values that was of 30 %
and 25 %, respectively.

Table 3.39. Thermodynamic parameters *(lheating scan) of PE-PHB
blends at the beginning and after 125 days in &guat

biodegradatior?
Tm (°C) Xcpe(%0)
Sampl& 0d 125d 0d 125d
PEL 108 108 45.4 46.6
PELt 110 108 44.0 45.0
2B 110 108 41.5 43.7
2Bt 108 110 43.2 48.4
3T6 109 109 42.7 49.8
3T6t 112 113 56.3 25.2
2B3T6 109 109 42.7 49.7
2B3T6t 113 114 54.4 67.7
3T7 109 110 44.3 54.5
3T7t 114 117 57.0 32.7

4 T, is the melting temperature andeXis the degree of crystallinity of PE in the
sample.

In Table 3.40 are registered, Bnd Xpe of samples from DSC traces
recorded in the " heating scan. No change was found jp &f PE-PHB
blends with the time of biodegradation. In addifitme same behaviour was
observed to that previously found for th& Heating scan with regarding to
the Xpein the 29 heating scan.
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Table 3.40. Thermodynamic parameters "{2heating scan) of PE-PHB
blends at the beginning and after 125 days in aguat

biodegradatior
Tm (°C) Xepe(%0)
Sampl® od 125 d od 125 d
PEL 110 110 447 46.3
PELt 111 110 43.4 47.8
2B 110 110 43.7 44.4
2Bt 110 110 42.1 47.0
3T6 109 110 44,5 51.2
3T6t 113 114 45.5 25.7
2B3T6 110 110 44.6 47.9
2B3T6t 113 113 46.1 55.9
3T7 110 110 43.3 55.3
3T7t 113 113 47.1 22.0

4 T, is the melting temperature andsXis the degree of crystallinity of PE in the
sample.

3.2.3.3 Sail burial biodegradation

Soil burial experiments represent a more signifiggproach to natural
environments than that carried out in aquatic satiunt®®. In addition,
using a natural complex media, with broad mixedrafi@ communities it
should be expected a higher mineralization of pelgmmaterials. So, after
aquatic biodegradation, samples were also submittezbil burial tests, in
order to assess the biodegradability of PE-PHB dddends films in an
approximately natural environment.

Forest soil used in biodegradation experiment ve&ert from Pinus
and Quercia woods and has a total nitrogen corikrit34g/kg and S.O.
content of 2.95 wt-%. Before performing each chiazation on PE-PHB
based blends films that had been incubated in albisamples were washed
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with distilled water until all visible residues veeremoved. Samples were
then dried in a desiccator containing silica gel db least 72 hours before
analysis.

Morphology

Figure 3.62 shows the SEM photomicrographs of PB-Ridmples
before and after 180 days of soil burial biodegtiada

12¢-B:u eea " Som 15 'Z4 ?E. 2k 32,000 ~ Sum 18 za SE1

if e) 47 f)
Figure 3.62. SEM of PE-PHB blends surface at magnification dd(GBX: a)
3T6 initial; b) 3T6-6m; c) 2B3T6 initial; d) 2B3Tém; e)

3T7-6m; f) 2B3T7-6m.
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As it can be observed, no microorganisms appe#harsurface of the
samples. Probably microbes were removed from thfaces of the films
during the washing step carried out before SEM yamal The blends 3T6
(Fig. 3.62 a) and b)) and 2B3T6 (Fig. 3.62 c) ajjdstiowed a slight change
in the surface morphology after biodegradationdencing that bioerosion
occurred. Samples 3T7 and 2B3T7 (Fig. 3.62 e) @ndiso showed signals
of bioerosion after six months of incubation in Isevidencing that
microbiological action occurred on the pristine axidized PE-PHB blends.
These results are the proof that prodegradantsartxic to the community
of microorganisms present in the soil. Koutetyal'®® also arrived at this
conclusions in their review concerning the bioddgtemn of PE films
containing prodegradants.

Carbon Dioxide Evolved

The mineralization of PE-PHB based blends in sairidd were
compared to that obtained for pure Whatman celulidter paper (PWC),
which was used as the reference material. As obdeiv Figure 3.63 the
biodegradation of PWC began after 10 days of exjgosusoil. Moreover,
the most significant biodegradation period was ketw?20-70 days. After
this time the degradation rate decreased. Howeven at a lower rate, PWC
degradation occurred continuously until 140 daydeswing microbiological
activities.

Figure 3.64 shows the mineralization behaviour ridtine and thermo
degraded blends containing prodegradants with aitidowt PHB. Pristine
samples without PHB and 2B3T7 began to mineralize4@ days of
incubation in soil (Fig 3.64 a), c) and d)). Orhand Buyukgungdt®®
studying the biodegradation of LDPE/starch blenaiga@ining prodegradants
in soil found a gradual increase of £€xolution after 40 days of exposure in
soil. On the other hand, 2B3T6 blend mineralizati@gan ata. 5 days of
incubation (Fig 3.64 b)).
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Samples that had been pre-oxidized showed the s$tigiiedegradation
values, which arrived up to 6 wt-% after 140 daysincubation in soil.
Albertsson and Karlss8i” found that PE subjected to 26 days of artificial
UV radiation before being buried in soil evolvedde¢han 0.5 wt-% of carbon
as CQ after 10 years. In addition, for TAS the biodegtamh began soon
and presented the most significant increase uftitl@ys of incubation. At
this time biodegradation rate decreased, but mimaten still occurred until
the end of the experiment.

Thermogravimetric Analysis (TGA)

Changes in the thermal stability of PE-PHB blendbnsitted to soil
burial experiments were assessed by TGA. Table 3hbws the
decomposition temperaturedjland the residue at 800 °Cgp for samples
after 0, 2, 4 and 6 months of biodegradation.

Table 3.41. TGA data of PE-PHB blends up to 6 months soil Buria
biodegradatio?

Sample Om 2m 4m 6 m

Tda Reoo Tda Reoo Ta  Reoo Ta  Reoo
(°C) wWt-%) (°C) (Wt-%) (°C) (wt-%) (°C) (wt-%)

3T6 386 0.7 348 0.8 355 1.1 327 2.6
3T6t 156 0.9 156 5.1 na na 186 6.6
2B3T6 301 0.5 234 0.7 285 0.7 302 0.9
2B3T6t 152 0.8 172 4.2 na na 168 1.4
3T7 377 04 357 0.7 364 0.8 354 13
3T7t 117 0.9 180 1.6 na na 178 1.7
2B3T7 263 0.4 250 1.0 246 0.8 244 1.0
2B3T7t 131 0.6 185 7.4 na na 187 3.8

AT, is the decomposition temperature defined at 1 waf%veight loss an®Rgyo is
the residual weight of polymer blends at 800°C aad not analysed

In general, the Jvalues of pristine samples decrease with incrgasin
incubation time (Tab. 3.41). The behaviour @fvelue for the 2B3T6 blend
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seems to remain unaltered although the intermed&ltees were lower. This
variability suggests that or sample composition modegradation is
heterogeneous. On the other hand, samples thdideadpre-oxidized before
testing showed a significant increase ywvalues. F increased 30 °C, 61 °C,
16 °C and 56 °C in the 3T6t, 3T7t, 2B3T6t and 2B3Bamples,
respectively. This increase suggests that durindy isoubation thermo
degraded samples undergo some cross-linking artdttitsaeffect is more
evident for samples containing T7 than T6 prodegmad TGA residual
weight was measured at 800 °CgddR Rsoo increased with incubation time
and this increase arrived up to 371 % for 3T6 a8@ % for 3T6t.

TGA traces of 3T6, 3T6t blends and the respectegvdtive traces
(DTGA) are plotted in Figure 3.65.
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Figure 3.65. TGA (a,c) and DTGA (b,d) traces of PE based blahding
soil burial experiments: (a,b) 3T6 and (c,d) 3T6t.
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The effect of biodegradation on the thermo-degradabf buried
materials is visible in the Figure 3.65. DTGA trageesented only one peak.
However, DTGA peaks of pristine samples are claban that of pre-
oxidized one, which suggest overlapped degradatieps not resolved in the
scan rate used in the TGA analysis. As aforemeetipthese overlapped
degradation steps correspond to the low MW compsdadned during the
thermo-degradation of samples. In addition, forsgpre 3T6 blend, the
temperature of maximum degradation ratg) @f main stage (corresponding
PE fraction in the blends) decreased after 6 moothscubation in soil.
value of pristine 3T6 blend was around 475 °C dssd to 465 °C, 460 °C
and 455 °C after 2, 4 and 6 months of incubatiespectively. These results
suggest that PE matrix undergo chemical changdasglbiodegradation in
soil.

Figure 3.66 shows DTGA traces of PE-PHB blends fasetion of soil
burial time. All blends presented the same behavafu3T6 and 2B3T6
films. This means, Jof PE phase decreases with increasing of incutbatio
time. It was observed that, Values of blends without PHB decreased more
than that of samples containing 2 wt-% of PHB. Rt this result is related
to the ease assimilation of PHB by the microorganiSo, PE based blends
containing PHB would have the PE matrix more adbkssto the
degradation. PEjIvalues decreased slowly in these cases.

Table 3.42. PHB weight loss stepAM %) data in PE-PHB blends soil
burial biodegraded in the period of 6 months

Sample Om 2m 4m 6m
2B3T6 1.6 2.1 2.7 1.6
2B3T7 2.1 2.7 2.7 2.6

Table 3.42 reports the PHB weight loss step daRE#PHB blends for
samples soil burial biodegraded in the period ohdhths. For samples that
had been pre-oxidized was not possible to calculaestep of PHB weight
loss due to the overlap of several steps of wdag# of the products formed
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during the thermal aging. As it can be observed,amount of PHB in the
samples that originally was 2 wt-% remains pradicanaltered during all
the biodegradation time.
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Figure 3.66. DTGA traces of PE based blends as a function dftaoial
time: (a) 2B3T6, (b) 2B3T6t, (¢) 3T7, (d) 3T7t ) @B3T7
and (f) 2B3TT7t.
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Differential Scanning Calorimetry

Figure 3.67 shows the DSC traces of tfiehgating scan of PE-PHB
blends containing T6 additive incubated in soiléanonths.
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Figure 3.67. DSC traces (1 heating scan) of biodegraded PE based blends:
(a) 3T6 (b) 3T6t, (c) 2B3T6 and (d)2B3T6t.

The amount of samples used in DSC experimentscaias mg, which
means that was difficult to detect PHB transiti&o, in this way the DSC
traces were recorded from -30 °C to 150 °C in otdetetect only PE matrix
transitions. DSC traces showed an endothermic péakound 110 °C for
pristine samples and at 113 °C for pre-oxidized @am This peak
corresponds to the PE melting temperature and tvadsges remained
unaltered for the majority of the samples duringdegradation experiment.
Nevertheless, sample 3T6 presented a decreasevinti degradation time.
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Table 3.43 registers the values of PE crystalligiegree (Xpp) as a
function of biodegradation time. Thepk values of samples increase
initially. Afterwards, it decreases and then it wlBoa slight tendency to
increase again. Same behaviour was found by C&udtigo et allt®
studying polypropylene with enhanced degradabititysoil burial for 21
months. According to these authors, in semi criys&al polymers,
degradation starts in the amorphous phase andeirintbrfacial regions, in
which oxygen is soluble. This could explain thetiati increase of
crystallinity. As degradation takes place, the talime phase begins to
disintegrate, thus reducing the crystalline containthe polymer. Another
explanation suggested by these authors is thatnystalline content of a
semi crystalline polymer is conditioned by the apihmus phase that restricts
the crystallization process. So, a scission ofntledecules of the amorphous
regions, caused for example by oxidation, allows tirystallization to
proceed to a higher extent. In this case, an iseréa crystallinity could be
considered as degradation.

Table 3.43. PE crystallinity degree (e %) as a function of biodegradation
time (&' heating scarf).

Sample Om 2m 4m 6 m
3T6 42.7 46.6 48.1 44.9
3T6t 56.3 60.4 na 55.5
2B3T6 42.7 51.3 45.1 46.2
2B3T6t 54.4 57.2 na 60.6
3T7 44.3 44.2 55.9 47.9
3T7t 57.0 60.9 na 58.4
2B3T7 44.3 47.5 42.3 58.8
2B3T7t 57.5 69.3 na 65.3

¥ na = not analysed

Figure 3.68 shows DSC traces of the first coolingnsof PE-PHB
blends incubated in soil for 6 months. The tempeest of the maximum
crystallization (T) are reported in Table 3.44¢ Values around 99 °C have
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been found for all the pristine samples and arol@fl °C for pre-oxidized
samples, regardless of the exposure time.

Heat Flow (W.g“)

140 120 100 80 60 40 140 120 100 80 60 40
Temperature (°C) Temperature (°C)
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140 120 100 80 60 40 140 120 100 80 60 40
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c) d)
Figure 3.68. DSC traces (1 cooling scan) of biodegraded PE blends: (a)
3T6 (b) 3T6t, (c) 2B3T6 and (d)2B3T6t.

Table 3.44. PE crystallization temperature (TC) in PE-PHB blends as a
function of biodegradation time ¥tooling scany’

Sample Om 2m 4m 6 m
3T6 98 98 99 99
3T6t 05 105 na 105
2B3T6 98 98 98 99
2B3T6t 06 106 na 106
317 98 99 100 100
3T7t 04 104 na 105
2B3T7 98 99 99 99
2B3T7t 04 104 na 102

4 na = not analysed
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Table 3.45 shows thejTand Xpe calculated from the second heating
scan as a function of biodegradation time. Fronsehesults it can be noted
that T, values remained constant during all the degradateriment and
the crystalline content increased with biodegraatatime.

Table 3.45. Thermodynamic parameters of PE in PE-PHB blendsa as
function of biodegradation timer(?heating scarf).

Sample Om 2m 4m 6 m
Tm XcPE Tm XcPE Tm XcPE Tm XCPE
(CC) ) (€ () (C (%) (°C) (%)

3T6 109 445 110 46.4 110 474 110 46.2
3T6t 113 455 113 49.2 na na 113 355
2B3T6 110 44.6 111 51.0 110 45.0 110 45.0
2B3T6t 113 46.1 113 455 na na 113 48.1
3T7 110 43.3 110 445 111 551 111 454
3T7t 113 47.1 114 48.5 na na 113 48.3
2B3T7 110 434 110 47.1 110 435 110 52.0
2B3T7t 112 47.4 113 57.5 na na 109 48.2

Transmission Fourier Transform I nfrared Spectroscopy (FTIR)

FTIR spectra were performed from 500 to 4000*crRigure 3.69
shows the FTIR spectra of samples as a function soil burial
biodegradation. FTIR spectra of 3T7 and 2B3T7 kdefilg. 3.69 c) and d))
did not show any significant differences before afteér incubation in soil
for 6 months. However, 3T6 and 2B3T6 films showedsistent changes in
the FTIR spectra after 180 days of incubation andbsorption bands at 1715
cm* and 3500 cm. The absorption band at 1715 ¢is assigned to carbonyl
groups. The appearance of this absorption sugdkats3T6 and 2B3T6
samples were oxidized during the incubation in.sAs aforementioned,
JakubowicZ” studying the degradability of PE in soil reporteet oxidation
occurred during the biodegradation experiments. Hamed at 3500 cthcan
be attributed to the proteinic mateti&.
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Figure 3.69. FTIR spectra of PE-PHB samples as a function of soi
incubation time.
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3.3. PE-Starch Based Composites

The firsts approaches to increase PE biodegratiaméire based on the
replacement of 40 % of PE matrix by biodegradaltier$, especially starch.
Even though this type of filler can be relativegpid to degrade, it is now
well accepted that it does not accelerate the bi@diation of the PE matrix
itself*®. One method to improve the biodegradability of fEterials is to
add together with starch some other additives,radggradants, which can
increase the rate of oxidation by air oxygen améwhge PE chains under the
influence of light and/or heat.

Starch is the lowest priced and most abundant wadlel commodity. It
is the major form in which carbohydrates are stdt&dMoreover, it is a
well-known polymer, naturally produced by plantstive form of granules
(mainly from potatoes, corn, and ri€83?°2 Among other features, it is
inexpensive and annually renewaff8. Starch granules vary from plant to
plant but are in general composed of a linear pelymmylase (in most cases
up about 20 wt-% of the granule), and a branchéyghper, amylopectin. It is
produced in most countries and is available atdost in all countries.

Starch based products are an option for the repiace of oil based
materials. However, the production of starch basederials without other
additives presents some difficult such as the pmechanical properties
presented by the filff8*2°") Starch materials are fragile and their ability to
develop large deformation are rather limitdd Starch films can be made
from the native starch or its components, amylosd amylopectin, by
various techniques such as thermoplastic processidgsolution castifg>.
Films rich in amylose or amylopectin are reported Have different
properties. Preponderance of amylose in starches gitronger films, stable
in water, while the branched structure of amylopegénerally leads to films
that disperse quickly in water and with differeneéeghanical properties, such
as lower tensile stress.

Starch can also be used as the main polymer in amedecular
compositions, which can be processed as thermagdasich as PE. In this
case, the granular structure of starch is complededrupted by the use of

180



Results

plasticizers under heating, giving rise to a camtims phase in the form of a
viscous melt, which can be processed following emtional plastic
processing techniques such as injection mouldingxtrusion. These types
of starch compositions are commonly known as thetasbic starches
(TPSJ?°®21% starch based biodegradable polymers can alsoduiged by
blending or mixing them with synthetic polym&ts®**! The first attempt to
obtain starch based materials concerned the titis@f starch granules as
fillers for synthetic polymer as B 5% 2931 By varying the PE amount, its
miscibility with starch, the morphology and henbe properties of the films
can be regulated. Of all the modifying approacleesender starch and PE
more compatible, the more efficient is when a caibpeer is introduced
into the blends.

Although the literature of PE-starch films is abant] the results show
that the PE-starch films had good biodegradabiliyt very poor
compatibility®”, which will affect specially the mechanical perfance of
these materials. In order to improve PE-starch aiibilization, several
studies report the properties of PE-starch mater@mpatibilized with
copolymers as for instance the ethylene-acrylid aopolymer (EAA¥*? or
ethylene-vinyl acetate (EVA}®. In addition, very little quantity of studies
was dedicated to PE-starch containing prodegradiirtset al’®** prepared
PE based blends containing hydroxypropylated sear¢HPS) with different
degrees of substitution (DS). They studied theceféé HPS DS on thermal
and bio-degradation of blends in the period of 4@ 4 weeks, respectively.
Thermal degradation in an oven at 70 °C began &fteeeks for PE/HPS
blends with higher DS (0.18 and 0.4). The same whserved on
biodegradation. This means that PE/HPS blends wigher HPS DS
biodegraded faster than the PE blended with notifireddstarch. Bikiariset
al.”’* prepared three families of PE based blends cdntpiplasticized
starch (PLST) and/or ethylene-acrylic acid copolyitieAA). For all blends
it was added 0.01 wt-% of Cobalt stearate prodegra(Co). It was observed
that the effect of EAA is of acceleration of thefrogidation whereas that of
PLST is of inhibition.
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Besides, some commercial additives based on theastapstarch such
as Mater-Bi are available. Mater-Bi is a trademarfk Novamont and
comprises four classes of biodegradable materiated on starch, which
differ in synthetic componert®”. Mater-Bi products made basically of
thermoplastic starch in combination with polymenscls as poly(vinyl
alcohol) or aliphatic polyesters present a biodegtian rate similar to that of
cellulose and their mechanical properties simiahbse of PE.

3.3.1. Compatibilization of PE and starch

As aforementioned, PE and starch are not compaditdetherefore the
first aim of this chapter is the investigation bétcompatibility between PE
and starch. Within this Thesis, PE-starch basecemadg will be defined as
composites. According with Wordt al®'® a composite can be defined as a
multi-component material comprising multiple di#et (non-gaseous) phase
domain in which at least one type of phase donsa@dontinuous phase. The
aim of this study was (1) to select the best typstarch to blend with PE
(TPS or native corn starch (25% amylose)) (2) tgrowe PE-starch
compatibilization through the introduction of a rthicomponent in the
formulation. The third component selected for tpigpose were two PE
copolymers, EVA and EGMA. PE-Starch based compesitdlowed a
screening experiment consisting of a factorfall@sign combined or not with
a mixture design were the dependent variables enfdbtorial design were
type of starch (Thermoplastic (TPS) or granules){@8d of compatibilizer
(EVA and EGMA). The films of PE-TPS and PE-CS wergtained by
compression moulding and characterized in termsmairphology and
mechanical properties.

3.3.1.1 Morphology

The morphology of polymeric materials, blends omposites give
very useful information about most of its propestiespecially its mechanical
properties depend onf?it” 28 SEM micrographs of cryogenic fractures of
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PE-Starch based composites (see Tables 2.8 — 2.8ofoenclature) as a
function of type (TPS or CS) and amount of stangp {0 30 wt-%) and
compatibilizer (EVA or EGMA) are shown in Figures/@ — 3.75. It was
observed visually that film samples without comipiéider (7E3T and 7E3C)
were not homogeneous. The different phases (TPSP&)dwere clearly
observed at naked eye. However, it can be seengurd-3.70 that binary
composite 7E3T did not present any phase separagtrmeen the PE matrix
and thermoplastic starch, even at higher concemsatof TPS (30 wt-%).
This could be due to the heterogeneity of the dsgrbphase and its size that
in the small fracture surface prepared for the Satldervation. This means
that it is possible that the surface prepared didcontained the two phases
of the composite. Besides, the observed surfaceept® a homogeneous
ductile fracture typically of PE. The photomicroghaof 7E3C sample was
not performed because it was possible to see pbgsa&ration with naked
eye.

. & [ = .: 3 ) a) : % : - b)
Figure 3.70. SEM of PE-Starch materials: a) 7E3T-500X; b) 7E3DAX.

A

Figures 3.71 and 3.72 presents photomicrographs PEFTPS
compatibilized with EGMA and EVA containing 30 wt-8®d 15 wt-% of
TPS, respectively. It is clearly observed the phsegmmration and the lack of
adhesion independently of the type of compatihilireed in the formulation.
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., B - o) I = d)
Figure 3.71. SEM of PE-Starch materials: a) 5E2G3T-200X; b) 5BV
170X; c) 5E2G3T-500X; d) 5E2V3T-1000X.

N 13kY X508 S8Mm R 22 SEI

b)

C) : 3 . d)

Figure 3.72. SEM of PE-Starch materials: a) 75E1V15T-80X; b)
75E1V15T-1000X; c) 75E1V15T-2000X; d) 75E1V15T-
5000X.
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b)

Figure 3.73. SEM of PE-Starch materials: a) 65E2G15T-100X; b)
65E2V15T-120X; ¢) 65E2G15T-500X; d) 65E2V15T-500X.

RS0 RS L o d)

Figure 3.74. SEM of PE-Starch materials: a) 65E2G15C-500X; b)
65E2V15C-500X; c¢) 65E2G15C-2000X; d) 65E2V15C-
2000X.
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Figure 3.73 shows the photomicrographs of comp®sitaitaining the
maximum amount of compatibilizer (20 wt-%) and & lamount of TPS (15
wt-%). Although these formulations contain the lghcompatibilizer-TPS
proportion, it can still be observed phase sepawateEVA compatibilizer
contains carbonyl groups, which could form hydrodeonds with the
hydroxyl groups of starch. So, it was expected iisatise could increase the
compatibility between PE and staf¢fl. The amount of vinyl acetate (VA)
comonomer in the compatibilizer EVA is 33 wt-% anyl acetate (VA) and
that of glycidyl methacrylate (GMA) comonomer inethlcompatibilizer
EGMA is 8 wt-%, which corresponds at just 6.6 wta¥td 1.6 wt-% of VA
and GMA, respectively in the blends 65E2V15T andEB515T. In
conclusion, the proportion of polar component ompatibilizer was very
low to promote the compatibilization between PE aR&.

72 ESWLTEE )
Figure 3.75. SEM of PE-Starch materials: a) 5E2G3C-500X; b) 582V
500X; ¢) 5E2G3C-2000X; d) 5E2V3C-2000X.

SEM of the fractures surfaces of composites comgih5 wt-% and 30
wt-% of corn-starch (CS) are showed in Figures &fd 3.75. The fracture
of both ternary PE-CS based composites with 15 warid 30 wt-% of CS
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showed two phase. Starch granules are visible anposites surfaces
independently of composite formulation in terms die type of

compatibilizer used (EVA or EGMA) and compositiohlowever, the

systems containing CS-EGMA and CS-EVA indicate tb@rch phase is
better dispersed than that of TPS. According witihd® et al®*¥!, starch in

its native form can be mixed with PE, but the geealispersion of starch in
the polymer matrix containing compatibilizer makesore suitable.

3.3.1.2 Mechanical properties

Young modulus, tensile stress and strain at brealkieg were
determined from stress-strain traces of each sarmopl®E-starch based
composites. For each sample 12 specimens wered testeg errors were
calculated at 95 % of confidence of Studerttt®st. In Table 3.46 are

specified the codes used in the graphic representatf mechanical
properties.

Table 3.46. Codes used in the graphic representation of®M.

Code TPS/EGMA TPS/EVA CS/EGMA CS/EVA

A PE PE PE PE

B TE3T 7TE3T 7E3C 7E3C

C 8E2G 8E2V 8E2G 8E2V

D SE2G3T SE2V3T S5E2G3C SE2V3T

E 75E1G15T 75E1V1ST 75E1G15C 75E1V15C
F 85E15T 85E15T 85E15C 85E15C

G 6E1G3T 6E1V3T 6E1G3C 6E1V3C

H 65E2G15T 65E2V15T 65E2G15C 65E2V15C
| 9E1G 9E1V 9E1G 9E1V

3 See Tables 2.8-2.9 for code definition.

The mechanical properties of the four families d&-$arch based
materials are reported in Tables 3.47 — 3.50. pildends of PE containing
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different amounts (10 wt-% and 20 wt-%) of EGMA (T&.47) presented
similar values of YM ¢a. 66 MPa), ST¢a. 3.0 MPa), and SBc&. 250 %).

Table 3.47. Mechanical properties of PE-TPS-EGMA materfals.

Code Sample YM (MPa) ST (MPa) SB (%)
A PE 171+ 4 13.1+£0.8 638 + 48
B TE3T 183+8 10.6 £ 3.3 284 £ 410
C 8E2G 66 +5 29+0.2 246 + 24
D 5E2G3T 148 +9 52+0.3 19+7

E 75E1G15T 57+4 1.7+0.1 10+3
F 85E15T 49 + 27 1.1+0.8 4+2
G 6E1G3T 1097 5.3+0.3 31+9

H 65E2G15T 66 +4 1.6+0.1 11+3

I 9E1G 67 +4 3.0+0.3 248 + 37

4 YM was calculated as the tangent at 1% of terssilgn.

PE-starch composites without compatibilizer preseéntdifferent
mechanical properties. Formulations with TPS (Ta#7 and 3.48) increased
the YM of the films and reduced the ST and SB val@&mple containing 30
wt-% of TPS (7E3T) presented satisfactory value¥ Mf which were close
to that of PE. Besides ST was slightly reducedelation to PE and SB
decreased considerable. On the other hand, filtis@% (Tab. 3.49 - 7E3C)
showed very poor mechanical properties. YM was 6&%#er than that of
pure PE (171 MPa), ST decreased of 88 % and SBpdibfrom 638 % to
values below 10 %. Prinadt al’®*¥ also observed a decreased in ST of their
LDPE-Starch-EVA blends with increasing of starcmtemt (4.5-9.5MPa).
Moreover, these authors reported that when EVAdied in the blends, an
increase in ST was observed compared with the upabhilized blends.
Pedroso and Ro$&’ studying the effect of RE-GMA on the mechanical
properties of LDPE-corn starch composites foundvallies of 7 MPa for
samples containing 30 wt-% of corn starch. In hisrky Sailajaet al!®
studied blends consisting of LDPE and esterifiearcétes, starch acetate
(Stac) and starch phthalate (Stph). Starch esterg welted with LDPE
using LDPEeo-glycidyl methacrylate copolymer as compatibilizérhe
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results indicate that, in general, LDPE-Stph blemp#sform better than
LDPE-Stac blends. Esterified starch has better am@chl properties than
unmodified starch when incorporated in LDPE. Theste strength and
modulus are close to that of pure LDPE for LDPERShtends while the
impact strength values are 80 % of that of pure EOBr 20-40 % Stph
loading. The elongation at break values was inrtdmge of 60-70 % of that
of pure LDPE for LDPE-Stph blends.

Table 3.48. Mechanical properties of PE-TPS-EVA materfils.

Code Sample YM (MPa) ST (MPa) SB (%)
A PE 171 +4 13.1+£0.8 638 £ 48
B TE3T 183+8 10.6 £3.3 284 + 410
C 8E2V 188 +4 11.2+0.7 660 * 36
D 5E2V3T 24 +3 09+0.2 8+4

E 75E1V1ST 44 + 7 1.1+0.2 62

F 85E15T 49 + 27 1.1+0.8 4+£2
G 6E1V3T 60 + 14 1.8+£0.6 66 + 80
H 65E2V15T 31+4 0.9+0.2 12+5

I 9E1V 62+4 3.0£0.1 271 £15

%YM was calculated as the tangent at 1% of terssiten.

Wanget al*!! reported that when TPS amount is increased in FPS/
blends, a considerable decrease in ST and SB opleanis observed,
regardless of the presence of compatibilizer. Thestified these results
through the difference in polarities of both matkyi (PE and starch).
According with these authors, starch granule is hlgighydrophilic,
containing hydroxyl groups on its surface, whereBBPE is mostly non-
polar. Therefore, the strong interfacial bonds swash hydrogen bonds
between starch and LLDPE are not produced and #ehamical properties
of the TPS/LLDPE blends are rather poor. Surpriging the present study
the increase of TPS content in formulations conpdated with both EGMA
or EVA increases the ST and SB of samples. For pl@n6E1V3T films
presented YM, ST and SB values 194 %, 200 % and’b%ligher than that
of films containing 15 wt-% of TPS (65E2V15T) (T&h48).
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Table 3.50 shows the YM, ST and SB of PE-CS-EVA posites. YM

of ternary composites changed from 42 MPa (5E2VBLC)1 MPa for
75E1V15C.

Table 3.49. Mechanical properties of PE-CS-EGMA materfals

Code Sample YM (MPa) ST (MPa) SB (%)
A PE 171+ 4 13.1+£0.8 638 + 48
B 7TE3C 55+2 1.6+£0.0 6+0
C 8E2G 66 +5 29+0.2 245 + 23
D 5E2G3C 242 + 8 9.6+0.2 20+ 0
E 75E1G15C 216 +5 9.6+0.1 28+ 3
F 85E15C 60+1 20+0.1 154 + 50
G 6E1G3C 240+ 6 8.6+0.1 15+1
H 65E2G15C 188+ 2 8.8+0.1 37+4
I 9E1G 67 +4 3.0+0.3 248 + 36

4 YM was calculated as the tangent at 1% of terssilgn.

Table 3.50. Mechanical properties of PE-CS-EVA materfAls

Code Sample YM (MPa) ST (MPa) SB (%)
A PE 171 +4 13.1+0.8 638 £ 48
B 7TE3C 55+2 1.6+0.0 6+0
C 8E2V 188 +4 11.2+0.7 660 * 36
D 5E2V3C 42 +6 1.3+0.1 67 +70
E 75E1V15C 61+3 20x0.1 178 £ 16
F 85E15C 601 20+0.1 154 £ 50
G 6E1V3C 49 £ 2 1.5+0.0 50
H 65E2V15C 52+4 1.8+0.1 186 + 28
I 9E1lV 62+4 3.0£0.1 271 £15

3 YM was calculated as the tangent at 1% of terssibin.

Ternary composites containing the higher amourdoofipatibilizer (20
wt-%) and of starch (30 wt-%) (Fig. 3.76 formulati®) showed superior
YM for formulations containing CS (5E2G3C and S5SE2)3n relation to the
equivalent one containing TPS (5E2G3T and 5E2V3Bgsides, the
compatibilizer EGMA appears in the formulationshwlitetter performance.
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Figure 3.76. Young modulus of four families of PE-Starch based

composites containing TPS or CS combined with EMA o
EGMA as compatibilizers.

3.3.2. PE-CS and PE-BTPS composites with prodegradant

In the previous study related to the compatibilaatof PE-starch
composites, it was found that the better compattrilwas EGMA. So, new
series of materials based on PE-Starch-EGMA caomnigiprodegradants
were formulated. Initially, it was prepared the P&-blend (ET6: 95 wt-%
PE + 5 wt-% T6), which was used in the formulatiovith biodegradable
polymers. Two families of materials containing matucorn-starch and
Biopar (a bio-plastic resin consisting mainly oétmoplastic starch (TPS))
were prepared by extrusion. Films were obtainedbloyv extrusion and
characterized by means of MFI, tensile tests, weiganges and TGA. The
aim of this study was to assess the influence afcktin the PE based
composites containing prodegradants.
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3.3.2.1 Melt flow index (MFI)

MFI values of both families of ET6 materials contag CS and Biopar
as a function of composite composition are recormedable 3.51. To a
facilitate comparison of both composite systemsdhdata are shown in
Figure 3.77 as a graphic.

Table 3.51. Melt flow index of PE-CS and PE-Biopar materialslifistated
with prodegradarft

Code Sample MFI Sample MFI
(9.10min%) (9.10min’)
PE 080+— | — —
EGMA 5.00+ — | BIOPAR 14.43 £ 0.60
A ET6 1.03+0.01] — —
B TET6-3C 0.63+0.05 7ET6-3B 3.50+0.31
C 8ET6-2G 144 +£0.04 — —
D 5ET6-2G-3C 0.97 £0.01 5ET6-2G-3B 4.07 £ 0.09
E 75ET6-1G-15C 1.02+£0.01 75ET6-1G-15B 1.58 £0.02
F 85ET6-15C 0.84£0.09 85ET6-15B 1.42 £0.03
G 6ET6-1G-3C 0.71+0.01 6ET6-1G-3B 4.03 £0.09
H 65ET6-2G-15C 1.24+£0.03 65ET6-2G-15B 1.78 £ 0.02
I 9ET6-1G 1.29+0.05 — —

VET6 = 95 Wt-% PE/5 wt-% T6 = ET6; E = PE; C = @8= EGMA; B = BIOPAR;
the errors were calculated at 95 % of confidencgtoflent’s-test.

ET6 composite presented an increase in the MFBd¥%2n relation to
the original PE. Probably this increase is due dame degradation that
occurred during the extrusion process. On the othand, 7ET6-3C
composite showed a decrease in MFI of 21 % and 38 & mparison with
original PE and ET6 composite, respectively. Moexp\t is worth noting
that all ternary composites containing CS have ceduts MFI in relation to
composites without it. Bagheri and Nainffaf observed a linear relation
between the corn starch content (up to 15 wt-%hénLLDPE matrix and the
MFI reduction. These authors also reported a deerea the MFI of
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composites when LLDPE containing photoinitiatorsofiegradants) were
melt processed with starch.

Composites containing 15 wt-% Biopar presented remease in the
MFI in relation to ET6 matrix. Anyway, this valus &till appropriated for
blow moulding, generally applied on packaging mantire (Fig. 3.77). On
the other hand, composites containing high amoohtBiopar (30 wt-%)
were very difficult to handle during the extrusignocess. In fact, these
composites showed a significant increase in MFt.éxample, the composite
7T6-3B presented an increase in the MFI of 340 %glation to ET6 blend.
Probably this increase was a result of the infleesicthe EGMA and Biopar
because both presented the highests MFI (5 andlD4ngjri*, respectively).

5
= Cerestar
3 Biopar
44 B ] '
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. — 3_
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£ 27
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Figure 3.77. Changes in the MFI of ET6 samples containing CS and

Biopar.

3.3.2.2 Thermogravimetry (TGA)

Figure 3.78 exemplify typical TGA traces of PE-starcomposites
represented by CS, Biopar, PE-CS and PE-BioparrialsteCS presented
three steps of weight losaNl) (Fig. 3.78 a)). The first one below 100 °C
corresponds to 9.2 wt-%, which is probably duéhtowater evaporation. The
second and main step have\d of 62.2 wt-% and the third of 16.3 wt-%.
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On the other hand, Biopar presented at least fiypssofAM (Fig. 3.78 b))
corresponding to 8.6 wt-%, 30.2 wt-%, 454 wt-% add wt-%,
respectively.

804

Weight Loss (wt-%)
Weight Loss (wt-%)

ol e Biopar
207 et
—— SET6-2G-3B

209~ —7ET63C

——5ET6-2G-3C

100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

a) b)
Figure 3.78. TGA traces of a) PE-CS-prodegradant and b) PE-Biopa
prodegradant materials.

Blends containing CS showed two decomposition stégey. 3.78 a)).
The first one (250-360 °C) is due to starch decasitjpm as it is equivalent
to that of pristine CS. The second stage, appeatiiggher temperatures, is
due to PE decomposition. Blends containing Biopsw ahowed several well
defined decomposition steps before the degradatidPE main chain (468
°C).

3.3.2.3 Mechanical properties

Tables 3.52 — 3.53 present the mechanical propesti®E-CS and PE-
Biopar samples. Films containing CS presented highties for YM than
that containing Biopar. This results are in agresméth that presented by
Sailajaet al'*®. In their study about the mechanical propertiegsigrified
tapioca starch-LDPE blends using LDE&glycidyl methacrylate as
compatibilizer, it was found that the YM of unmadd tapioca starch-LDPE
blends progressively increase with the increasingtarch content. Pedroso
and Ros&?Y studying polymeric materials prepared with virginrecycled
LDPE with corn starch pointed out that the staralstvact as rigid filler in
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the blends, since the main effect of rigid fillessto increase the elastic
modulus and the viscosity of a composite. As it waserved previously
(Tab. 3.51), composites containing CS have dectethsd MFI.

Table 3.52. Mechanical properties of PE-CS-prodegradant masétia

Code Sample YM (MPa) ST (MPa) SB (%)
A ET6 196 + 6 14.2+0.9 33770
B TET6-3C 174 £12 6.0+ 0.5 51+12
C 8ET6-2G 134 £ 14 144+£1.6 294 £ 59
D 5ET6-2G-3C 176 £ 14 7.0+0.7 46 + 14
E 75ET6-1G-15C 1489 9.0+£0.6 113 +18
F 85ET6-15C 177 £11 9.0+04 91+10
G 6ET6-1G-3C 147 +8 6.0+04 264
H 65ET6-2G-15C 157 + 10 9.0+04 104 £ 14
| 9ET6-1G 157 +8 13.6 £0.5 379 +£48

%YM was calculated as the tangent at 1% of terssiten.

Table 3.53. Mechanical properties of PE-Biopar-prodegradanterizss’

Code Sample YM (MPa) ST (MPa) SB (%)

A ET6 196 £ 6 14.2+0.9 337+70

B 7ET6-3B 113+ 12 8.0 £0.8 110+ 16
C 8ET6-2G 134+ 14 144+1.6 294 + 59
D 5ET6-2G-3B 99+6 78105 127 + 26
E 75ET6-1G-15B 169+ 7 11.0+£0.3 207 £ 19
F 85ET6-15B 146 £ 6 11.1+04 220 £ 25
G 6ET6-1G-3B 105+ 15 6.4+0.8 93 +17
H 65ET6-2G-15B 1357 11.1 £ 0.7 207 £59
I 9ET6-1G 157 +8 13.6 £ 0.5 379 +£48

4 YM was calculated as the tangent at 1% of terssilin.

ST of samples containing CS was slightly lower thaat with Biopar.
Besides SB was significant lower in PE-CS than EyBtopar films. This
decrease in ST of films can be attributed to therpaterfacial adhesion
between PE and CS as previously observed (Fig).3V&tzinoset al**®!
studying the production of LDPE/starch producttigh different process
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reported a similar behaviour, a decrease in ST Withincrease in starch
content. They justified this behaviour consideritittat when starch is
incorporated into the polymeric matrix an interfagke weakness is also
introduced. At this interface, cracks can be fornvdien the material is
subjected to a certain stress.

250
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200 e

150 E3
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Figure 3.79. Variation in the Young modulus of PE-starch based
composites.

Stress at Break (MPa)
Strain at Break (%)

Sample Sample
a) b)
Figure 3.80. Variation in the a) Tensile stress at break andstoain at
break of PE-starch based composites.

3.3.2.4 Oxidation of PE-Starch based composites

In order to verify if some synergism occurred wheh were added
together with starch or Biopar, samples were subhito a thermal aging in
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a static oven at 55 °C for 57 days. Oxidation ongkes was assessed through
weight changes during the aging, acetone extraefadttions and TGA.
Figure 3.81 shows the weight changes on ET6 corgsosvithout
starch. Each value corresponds to the averageunfsamples. The weight
changes errors for ET6, 8ET6-2G and 9ET6-1G we2eQ). 0.4 %, and 0.3
%, respectively at 95 % of confidence of Studefit®sst. It can be observed
that an increasing in the mass of samples sta8 days of thermal aging at
55 °C. This increasing in the weight of sampledus to the oxygen uptake
during the oxidation process. The highest valuaveight gain (WG) was
obtained for 9ET6-1G sample, which yields up to%d4after 57 days of

aging.
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Figure 3.81. Weight variation of PE-T6 samples submitted to angg
process at 55°C for 60 days.

In Figure 3.82 are shown the weight variation o6EIS-prodegradant
and ETG6-Biopar-prodegradant composites. An initedight loss was
observed at the beginning of the aging. Becausechsts hydrophilic,
probably this weight loss was due to the evapamaid water at the
beginning of the aging process. After this, the snassamples formulated
with CS starts to increase slightly. The beginmfigveight gain is ata. 30
days of thermal aging, which corresponds the tinat PE oxidation process
starts (Fig. 3.81).
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Figure 3.82. Weight variation of samples submitted to an agiracess at
55°C for 60 days.

On the other hand, blends formulated with Biopaspnted different
behaviour. Samples containing the highest amouBiaygar (Fig. 3.82 a) and
b)) showed a continuous decrease of weight. Itrabgble that oxidation
occurs, but the hydrophilic character of Bioparnse¢o be prevalent, which
at time of sample weighting there was a concurmeater loss, hence
masking the weight increases due to oxygen uptekeontradiction, the
highest values of weight gain were obtained forgample that corresponds
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to the central point in the mixture design contagnBiopar, 75ET6-1G-15B
(Fig. 3.82 c)). In this case, its weight gain iraged up to 60 % of its initial

value.

Acetone extractable fraction (KE) values and ttsédieal mass (RM) of
ET6-CS and ET6-Biopar blends before and after théaging are shown in

Figure 3.83.
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Figure 3.83. KE and RM of samples aged at 55 °C for 57 days) (@E-
CS-prodegradant; and .(b,d) PE-Biopar-prodegradant.

Acetone extract values achieve the level of 15%erafiging in
comparison with 1-4 % obtained before the thermgralgation, which is and
evidence that oxidation occurred (Fig. 3.83 a) ajd These values were
slightly higher for samples containing Biopar (Fi§.83 b)) than that
containing CS. In addition, 75ET6-1G-15B blend praed the highest value
of acetone extract after 57 days aging, this waseebed once 75ET6-1G-
15B presented the highest increasing in the WGhduaiging (Figure 3.82c¢),
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which means that a elevated oxidation of PE chaicuwed in this
formulation.

Table 3.54. TGA data of PE-CS-prodegradant composite aged 4T 5&r

60 days”

Sample 0Od 20d 57d

Ty Rsoo T4 Rsoo Ty Rsoo

(°C)  (wt-%) (°C)  (wt-%) (°C)  (wt-%)
ET6 394 0.8 393 1.0 159 2.0
7ET6-3C 259 1.9 270 1.4 155 1.8
8ET6-2G 369 1.1 374 0.6 154 1.0
5ET6-2G-3C 245 1.8 275 1.8 153 1.6
75ET6-1G-15C 276 1.0 280 1.4 152 14
85ET6-15C 279 1.3 283 1.3 151 1.6
6ET6-1G-3C 285 1.8 282 1.7 141 2.0
65ET6-2G-15C 281 1.0 279 1.3 157 1.1
9ET6-1G 370 1.1 384 1.2 151 0.1

AT, is the decomposition temperature defined at 1 wif%eight loss an®Rgq is
the residual weight of polymer blends at 800°C.

Table 3.55. TGA data of PE-Biopar-prodegradant composite agesbaC

for 60 days?

Sample od 20d 57d

Tq Rsoo T4 Rsoo Tq Rsoo

(°C)  (wt-%) (°C)  (wt-%) (°C)  (wt-%)
ET6 394 0.8 393 1.0 159 2.0
7ET6-3B 176 1.1 147 1.1 146 1.2
8ET6-2G 369 1.1 374 0.6 154 1.0
5ET6-2G-3B 164 0.7 179 1.3 163 1.4
75ET6-1G-15B 195 0.9 195 1.2 166 0.9
85ET6-15B 216 1.2 224 1.3 162 1.0
6ET6-1G-3B 176 1.4 213 1.1 160 0.8
65ET6-2G-15B 206 0.9 212 1.0 167 0.8
9ET6-1G 370 1.1 384 1.2 151 0.1

AT, is the decomposition temperature defined at 1 waf%eight loss an@gq is
the residual weight of polymer blends at 800°C.
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A way to confirm the oxidation of films is throughe assessment of
decomposition temperature djTof degraded samples. In Tables 3.54 — 3.55
are shown the grand the residue at 800 °Cgfg of PE-starch-prodegradant
based materials. In general, all composites predeat decrease in the
thermal stability with aging time. This decreasd gmlso confirms that even
if low weight gain was observed during aging (F882), samples were
oxidated. Moreover, o of samples remained almost unchanged after 57
days of temperature exposure.
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CONCLUSIONS

Compatibilization of Poly(ethylene)-Poly(3-hydroxybutyrate) Based
Blends

A study of PE-PHB blends compatibilization was perfed following

a mixture statistical design. The independent e were the proportion
between the three blend components and the tym®rapatibilizer, which
were EVA, EGMA and EMAC. PE-PHB based blends wéraracterized by
using SEM, TGA, DSC, DMTA, WAXS, FTIR and tensilests. The main
conclusions of this work are summarised below.

From SEM analysis it was seen that the compatdsiliEGMA
promoted a better dispersion and interfacial adimebetween both PE
and PHB than EVA or EMAC. Moreover, better resulere obtained
for blends with PE as matrix than those with PHBradrix.

Thermal stability of ternary blends with PE as nxatwas not
significantly influenced by EVA and EGMA compatiliérs. When
PHB was used as matrix, the thermal stability ahaey blends
formulated with both EVA and EGMA compatibilizersas slightly
improved in relation to that of the binary blendB25E. On the other
hand, the presence of EMAC reduced the thermailisyaddf all ternary
blends regardless of the matrix used, PE or PHBreb\er, the
additive rule applied to the TGA traces was ancedfit tool to infer
about which phase dispersion plays the predomieff@tt in the blend
thermo-degradation.

DSC traces of binary and ternary PE-PHB blends @teited with
compatibilizers showed two endothermic peaks assigio PE and
PHB. In addition, the PE J value remained practically invariable
while that of PHB decreased at each DSC heatingsuggesting a
thermo-degradation of the PHB at each DSC cycle TREalues of
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ternary blends taken from the first heating remaiequal to that of
pristine PE when EVA and EGMA were used as compiati. On the
other hand, an increase of the PEVRlue ofca. 4 °C was verified for
formulations with EMAC. This was probably due toetlphase
separation present in the blends containing thimpatdibilizer. The
phase separation could cause constrain in the PH8sep and
consequently reduce the melting entropy.

The type of used compatibilizer did not affect Bte crystalline content
as measured by DSC. The crystalline content of R&hged as a
function of its amount in the blend. Decreasing &Bount in the
blends caused an increase in PE crystallinity, ridgss of the
compatibilizer used (EVA, EGMA or EMAC). On the ethhand, the
PHB crystalline content remained practically unae in all the
composition range studied, with values of abou¥65

DMTA analysis showed that the blends containing E¥Asented a T
(the temperature at which the modulus starts deedse) 12 °C higher
than the pristine components while blends formdlatéh EGMA and
EMAC had a less significant increase in {ta. 7 °C). Moreover,
blends compatibilized with EVA and EMAC did not pesit changes in
the Ty of PE. However, the jTof PE of all ternary blends formulated
with EGMA increased to values around 12 °C, denratisg that some
partial compatibility between PE and PHB occurrdtew EGMA was
used as compatibilizer.

WAXS diffraction patterns of all blends were chaeaistic of semi-
crystalline materials. Furthermore, the positiord antensities of the
diffraction peaks remained unchanged when PE-PHE wexed with
EVA and EGMA compatibilizers. However, when EMAC svenixed
with PHB, the intensities of diffraction peaks dsssed and a small
shift in the peaks position to higher values waseobed. In this way it
was demonstrated that EMAC disturb the crystalirabf PHB.
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* The analyses of the tensile tests showed that Mev¥s influenced by
both matrix used (PE or PHB) and by the amountoohatibilizer in
the blend. For formulations with PE as matrix, W of binary and
ternary blends remained in the same range of thatd for pristine PE
(YM < 300 MPa). On the other hand, for PHB as matihe YM of
binary and ternary blends lied between that of P¥ (MPa) and PHB
(2060 MPa). In addition, an increase in compatbiiamount caused a
decrease in the YM values of formulations with bgiblymers
matrices.

The multi technique analysis carried out in PE-PHBms
compatibilized with EVA, EGMA and EMAC demonstratdtat these
copolymers promoted some compatibility between R& RHB. The order
for the decreasing of compatibilization was EGMAWYA > EMAC.

PE-PHB-EGMA blends formulated with prodegradants

Plastic materials should not present significanges in their physical
and mechanical properties during their service. lifowever, after the
material has served to its primary purpose, rapidddgradation and
disintegration should occur. A study about PE-PHBMA blends
containing prodegradants was carried out followsngcentral composite
design (CCD) where the independent variables wereamounts of both the
biodegradable polymer PHB and of prodegradant aegditT6é and/or T7.
This study was divided in three sections: the fose was related to the
characterization of PE-PHB-prodegradant films otstdi by melt blow
extrusion. The second section regards the oxiddisimaviour of PE-PHB-
prodegradant blends. Finally, the third sectiorardg the assessment of films
biodegradability. These studies together can bel wse a model for the
prediction of the behaviour of oxo-biodegradabletanals, where both
lifetime and mineralization time can be determinElde main conclusions of
this work are summarised below.
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The amount of PHB added in the formulations wage@rtonal to the
amount of the polar comonomer of compatibilizernéts the blends
did not show phase separation and presented gaodathristics to be
processed and used as packaging materials. TheoMffle samples
were lower than 1.36 g/10min. The mechanical proggeiYM, ST and
SB remained invariable in relation to the valuesasweed for PEL
(YM: 147-200 MPa, ST: 15-20 MPa and SB: 222-356 )e lower
thermal stability was found for the samples contgnthe highest
amount of additives (2B3T63T6). These samples ptedea T value
of 239 °C, which is higher than the temperaturesiug PE processing.
All samples showed theylvalue of approximately 108 °C.

In the aging study, it was observed that even whete small amounts
of prodegradants (3 wt-%) were added in the bldadsaulations, they
were effective in promoting the degradation of tiaterials. The
values of Ea were significantly different depending on the lien
composition, measured by the rate of thermal degi@a of the
samples at three temperatures. The presence of tgtBficantly
decreased thEa of the blends. ThEavalues could be used to estimate
the lifetime (or service life) of the films in indo conditions. On the
molecular level, the abiotic oxidation resultedsignificant changes in
both scission and crosslink concentrations of #mages measured by
GPC and gel content. These results indicated thstrang thermal
degradation occurred in all blends containing pgodéants along with
a decrease in the MW of the samples and the inttaxu of polar
groups such as carboxylic acids. In this way, tkidation left the films
more vulnerable to microbial attack. The TGA meaments showed a
decrease in the thermal stability of the films esqm to thermo-
oxidation as a consequence of the reduction inMN€ of polymer
chains. In addition, the DSC results demonstratednarease in the
crystallinity with the aging time, which was attied to chain scission
and secondary crystallization. Finally, the mecbalnperformance (ST
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and SB) was reduced and an increase in the YMeog#imples was in
good agreement with the chemical degradation of nheterials,
followed through the formation of carbonyl groups.

» Biodegradation studies had shown the presence afoorganisms in
the PE surface after biodegradation in aquatic emeNievertheless,
microbial growth was not detected in soil buriedmpées. This
suggested that the microorganisms were leachedfroot the film
surfaces during the washing step carried out onpkesmbefore the
characterization. In addition, the mineralizatioh pristine PE-PHB
films did not occur to any significant extent dginncubation in
aquatic media or soil burial. The highest minegrtlan values were
obtained through the assimilation of the low molacuweight
oxidation product as they were present in pre-aeidisamples. The
decomposition temperature of the thermo aged sanipbeeased after
both 125 days in aquatic media and 6 months ofbatan in soil.
These results suggested that during biodegradatiperiments these
samples undergo some crosslinking and this effext more evident
for samples containing T7 than T6 prodegradant.

The most important finding of this study was that &ll the blends,
films containing prodegradants were unique to ach@n advanced state of
embrittlement after 45 days aging. The disintegrainto small fragments
provides a potential solution to the problems afuai pollution by plastic
litter commonly abandoned in the environment. Mesp the
biodegradation experiments showed that the oxidafwocess is the
determining step in the oxo-biodegradation of P&elablends containing or
not PHB, once biodegradation of pre-oxidized filmsi®@rts without any
induction period.
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PE-Starch based composites

PE-Starch based composites are a promising farhityaterials, which
have been commercially available since the 1970wever, the
incompatibility between the two components is il important aspect. In
this work, a screening experiment consisting of aatdrial Z design
combined or not with a mixture design was perforneetbrmulate PE based
blends containing starches in order to assess Hi&t&ch compatibility.
Subsequently, new families of PE materials conmtgnistarch and
prodegradants were formulated and characterized.nt&in conclusions of
this work are reported below.

« The best level of compatibility was detected for B&mMposites
containing 20 wt-% of granular corn-starch and EGMd#s
compatibilizer. The tensile testes showed satisfgctYM and ST
values, obtained when PE-CS were compatibilizedh wiGMA (PE-
CS-EGMA). On the other hand, the other familie?&CS presented
lower mechanical performance.

* In PE-CS composites containing prodegradants, tesepce of corn-
starch in the ET6 matrix reduced the MFI of samp{@s the other
hand, composites containing 15 wt-% of Biopar pnesg: an increase
in the MFI in relation to ET6 matrix. Nonetheleskis value is still
appropriate for blow moulding, generally applied packaging
manufacture of containers for food and food appbee.

* Tensile tests performed on all the samples denetestrthat films
formulated with CS presented higher values of YManththose
formulated with Biopar. On the other hand, the SBP&-Biopar
samples was higher compared to that of PE-CS. iadaily, both
families of materials (CS or Biopar in concentraiaup to 15 wt-%)
showed satisfactory ST.
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« The effective oxidation of PE-CS and PE-Biopar sampwas
confirmed by the amount of extractable oxidizedctias and the
decrease in thegylof all films.

An acceptable mechanical performance was obtainednwPE-CS
composites were formulated using EGMA copolymer campatibilizer.
Moreover, thermo-oxidation was effective in filmsntaining T6 and starch
based additives. However, considering the KE rsstiie thermo-oxidation
was not improved by the addition of starch.
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