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Abstract

As an dternativefor oil-based synthetic polymers (plasties)ot of attention is paid nowagiato
use biodegradablepolymers These polymers can be degraded upon disposal in bioactive
environments bynicroorganismspr by hydrolysis in buffer solutions or seawater
Thebiodegradabilitydepends othe polymer structure antis independentf theorigin of the raw
materials whethersynthetichasedor from naturalresourceld]. These polymers degrade quickly in
the natural environment and are not expected to produce any toxic component during their
manufacture and dispos&éeveralapplicationsof these polymersrein the fields of medicine,
agriculture andpackaging Although studied and tested for decadespwadaysbiodegradable
plastics ("bioplastics" otbiopolymers") are gainingnimportart role in themarket as a potential
replacement afynthetic plastics, especially fpollution problems

However, thebiopolymercommercializations still limited because oftheir fragility, their weak
thermal stability andheir high price

Preparations oblends or composites avadely reported to beraefficient way ofimprovingtheir
performancesTailoring composites with eefsiendly characteristics and specificopertiesncites
researchers and industrials to develop matepi@duced from alternative resources to fossil.fuel
Incorporation of nao scale fillers can significantly enhance the mechanibaltmaland barrier
performance in the biodegradable polyni@is

The most widely used reinforcementrnanclay due to ts natural abundance and iusry high
aspectatio.

The filler dispersiorcan be strongly affected by the type of cléngir pretreatment and the way in
which the polymer the compounding occurs. Tiaure of polymeclay interface plays a very
important role in the properties gdolymer nanocomposites. Being naturally ocagriclays
generally highlyhydrophilic species, they are naturally incompatible with a wide range of polymer
types. Alot of researchebas been conducted onganemodified clays

In this dissertatiorthe processing angerformances of afully biodegradal# and compostablelend
and itsnanocompositehave been investigated.

The specific materials used in the studgludepoly (butylene aghate co-terephthalatelPBAT and
poly(hydroxybutyrateco-hydroxyvaleratePHBV which are both biodegradablgpolymers PBAT

is an aliphatiearomatic cepolyesterandPHBV is a linearaliphatic cepolyestemproduced naturally
by bacteria These biodegradable nanocomposites can be used for packaging

In order to enhance the properties of thidend Halloysite nanotubesa naturally occurring


http://en.wikipedia.org/wiki/Bacteria

aluminosilicatehave been addeas fillers.

In an attempt to improve the dispersion of nanotubes within the polymer paatrixganesilane
has been employed to modifye pristine surface of the clay.

Because of itsunique hollow tubular structureHalloysites can be used as delhyeelease
mechanism for severglurposes [3]. This adds value to the clay, expangiggible uses ahe
systems under investigation.

In fad, besides the protective function, the food packaging materials may extend food shelf life
thanks to the addition of antibacterial, antifungal, antioxidant, antimicrobial constituents in the
packagingapplications [4].

The prepareccompositeshave beerfilmed by melt blowing process he blown film samples have
been characterized in term$ thermal properties by differential scanning calorimetry (DSC) and
thermogravimetry (TGA)Additionally, the crystalline properties databtained from the DSC
study, and the orientation ofthe included nanotubes of clénave beerverified using the Xay
diffraction (XRD). Dynamic shear rheological testewve been conducted using a rotational
rheometer Steady shear rheological datastead,have beerpbtained from botlrotational and
capillary rheometer

Modified Cross model was useddalculatethe zero sheariscosity.

Finally, the mechanical behavior of blown filmenalyzedvia dynamiemechanichanalysis and
tensile testinghas been correlated to the differeniertation ofthe moleculesand/or thehalloysite
nanotubs as well as thesdispersiorwithin the polymer matrix.

Globally, the best performanséavebeen achievedith theuse of modified Halloysite thanks to a
more homogeneous distribution of filler wiith the polymer matrix as confirmed by the
morphological analysithat was carried ouby scanning electron microscope (SEM).
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1.1 General Introduction

Since the advent of synthetic polymer in the early 20th century, polymer and plastic products
havebee wi dely used every day in our | adéea. | n
prophecy thataf fhewe@&sia plasticso . This v
sundry sectors like building, packaging, electronics, transportation, dbcit its
overexploitation constitutes the issue.

The increasingly limited availabilitgnd costs of fossgources and the disposal aftieeir life

cycle are the main issues related to the petroleased plastics.

In the last few years, environmentalg®ncerns related to plastic dispersion into home waste
have increased significantly. The strong and negative effect of the presence of indisposed
plastic on the landscape and on the ecosystem is due to the nature of the plastic itself that
makes it partularly resistant to degradation under normal ambient conditions.

A possible solution could be the recycling or incineration. Both the ways to dispose of waste
plastic have disadvantages: plastics are often cogleunwith organic wastes making
difficult and impracticallierecycing of the underlying polymer without expensive cleaning

and sanitizing procedures. Incineration is a waste treatment that involves the combustion of
organic substances contained in waste materials [1]. The waste is convertashiifformed

by inorganic constituents that can take the form of solid lumps or particulatelsyas and

heat (usable for producing electric power). This waste disposal technique can be dangerous if
hazardous materials are not removed before incioerati

The Year Book 201t Emerging issues in our global environmewit the United Nations
Environment Programmeanalyze the impact of billion of plastic fragments into the oceans.
The majority of plastis are hydrophobic btiabsorb nasty oils like pesiites and herbicides
contained in the farm wastewaterThe consumption of these plastic pieces by marine
organisms as food by mistake begins poison pills in the whole food chain.

For more definitive solutions, it now aims to replace traditional plastitis degradable

plastic. Research in this field is actwerldwidein public and private institutions.
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1.2 Biodegradable Polymer

Biodegradable polymers can be classified on the basikeaf origin, which is naturally

occurring or synthetic. Howeve the so called,i b-plasticso ar e not i n

biodegradable and compostable.

Only some bieplastics, as well as some petrolebased plastics, are compostable; this issue
is often get muddled.

The biodegradability of plassas dependent on thehemical structure of the material and on
the constitution of the final product, but not on the resources used for its production.

The compostability is independent of the resources used as raw materials[2].
Compostable polymerare polymers which can lmnverted by micrarganisms into C®
and HO in industrial composting plants and compiyth standards, e.g. EN3432 in
Europe, ASTMD-640004, 1ISG17088, and DINV-54900. InFigure 1.1the different classes

of bio-polymersare summarizedith some example.

Bio-based Petro-based

4 N 4
Biocompostable
ERCCOpUSEbe Aliphatic/Aromatic polyesters
Starch-based polymers (TPS) | (PBAT)
ey sl Lemeses ik Poly(butylene succinate) (PBS)
Poly{lacticacid) (FLA) Poly{caprolactone) (PCL)
L vy ~
é Non-biocompostable é Non-biocompostable h
Stereo-complex (sc) PLA Poly(ethylene) (PE)
Poly(trimethyl terephthalate) (PTT) Poly(propylene) (PP)
Poly(urethane) (PU) T Poly(styrene) (PS)
Nylon 11 Poly(ethylene terephthalate)
\_ PE, PP from bio-ethanol \ (PET) .

Fig. 1.1 Classification of petroleubased and bibased polymers [3]

10
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In the short and medium term, the demand forgdbastics may be appreciably enhanced if a
positive dialogue among industry and the social movements concerned with theafulgtai
concept is establishe&gmphasizingthe benefits involved in the adoption of plastic
products. Governments at local and national levels can also promote the uspla$ties by
passing legislation encompassing economic incentives to thei@iof bioplastics in the
industrial supply chain, and at the same time enforcing restrictions to the trade of
environmentalunfriendly products[4]. However, some drawbsadk the expansion of the
bio-plastic could be posed by théigh costs, narroywrocessability window, and mechanical
properties relatively inferior tthose ofother conventiongbolymers.

The improvements of these polymers are required in order to obtain more competitive
materials preserving the biodegradability.

Different appraches have been studied to enhance the final materials properties:

o Blends with other suitable biodegradable polymers

0 Introduction into the host matrix of small amounts of nanopatrticle fillers.

1.2.1 Biodegradable polymer blends

Biodegradable polyme can be classified according to their source [5]:

1 polymers fromrenewable resourceuch as the agfpolymers from agr@esources
(e.g., starch, cellulose),

1 polymers obtained by microbial production, e.g., the polyhydroxyalkanoates,

1 polymers chemicallgynthesized using monomers obtained from agsources, e.g.,
the poly(lactic acid),

1 polymers obtained by chemical synthesis from fossil resources.

11
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Starch plastics
Soy-based plastics

Renewable
resource-base Cellulosic plastics
Proteins- Collagen
Polyhydroxyalcanoates
; ; PHA)
Microbial (
i Polyhydoxybutyrateco-

synthesized
valerate (PHBV)

Bacterial cellulose

Biodegradable \
polymers

Polylactides

Chemically

synthesized Poly(lactic acid)

(from bio-resources) (PLA)

o

Polycaprolactone (PCL)
Polyesteramides
Polyvinyl alcohols (PVA)
Aliphatic polyesters (PBSA)
(petroleum-based) Aliphatic-aromatic polyesters (PBAT)

Chemically
synthesized

Fig.1.2 Schematic representation of biodegradable polymers

Polymer blendings a technique tat allows to modify the properties usimagconventional
technology at low cost [6]. Polymer blends can be classified into several categories based on
their miscibility which can be distinguished by their phase morphology and changes in glass
transition terperatures.

Numerous biodegradable polymer blends have been developed in the last years. Today
sever al bi odegradabl e polymers are in the ma
and thermoplastic starch based polymers[7,8].

PLA has beenIbndedwith plasticisers and semarkable numdr of polymerssuch as

p o | -gaprdlactoe) (PCL) [912], polyhydroxy butyrate (PHB)[13,14, poly(butylene

succinate) (PBY)L5], soybean o0il(PS0O)16].

Bl ends with PLA or PCL bring aboutl9am i mpr
polyhydroxy butyrateco-valerate (PHB V) copol ymers that bel ong

12
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modified by blending with many polymers such as poly vinyl chloride [20], poly(propylene
carbonate]21], poly(L-lactic) acid [22], poly(ethylene succinate) [23], polyolefins [24], and
polycaprolactone [25].

TPS (thermoplastic starch used as filler, lowering the price and enhancing the overall
biodegradation rateA completely biocompostable blend is obtained by adding it to PLA or
PHBV[3]. Starchbased blends have been commercialized like Mgit¢26,27] (Novamont
Italy) or Bioplast [28](BiotecGermany) and different published works have shown the
properties of TPS/PCL blengg7,29,30,31].

1.3. Nanocomposites

In contrast with traditional composites, where the reinforcements have dimensitms in
order of micron, nanocomposites represent a new class of materials to which fillers with at
least one of dimensigon the nanescale are added. They have unique properties not shared
by the conventional composites well as theadded value to uskw filler percentages
respect to composites ( up to-80 wt%), enabling easier processability.

The matrix/filler compatibility, the filler dispersion within the matrix and the aspect ratio (i.e.
surface to volume or length to thickness with platelet® eritical aspects to obtain
nanocomposite properties enhancement.

Advantages deriving from nanocompositesod us
[32,33] and flammability [34], increased strength and heat resistance [35], high modulus
[36,37], and ikreased biodegradability of biodegradable polymers [38].

Three types of fillers can be defined according to how many dimeyeienn the nanometric

scale:

1) three dimensional nanoparticles (psewgdierical), all dimensions are in the order of

nanometres

2) bi dimensional nanoparticles (nanotubes or whiskers), with the third dimension larger

than nanometric one
13
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3) monodimensional (shedike) nanoparticles, only one dimension is in the order of

nanometres.

Today the market has focused its attention orodawy fillers[39].

The concept of polyméclay nanocomposites (PCN) was developed in the late 1980s and
have received intense attention since the study published by the Toyota Central Research
Laboratories[40,41].

Several technologies are used for pheparation of PCN and the most common used are:

71 In-situ polymerizationfiller and monomers are mixed to let the monomer enter into
claydés | ayers, than polymerization reactd.i
claybdés gal l er i etep,theDnormoinansgprdadie betméer thensgeets of
the clay and they are attracted for the high polarity of the surfaces of clay platelets.
Then, the polymerization begins using heating, radiation, catalyst or organic
initiator[42-44].

1 Intercalation fromsolution:the nanoclay and and the polymer are dissolved in a polar
organic solvent that has to be able to solubitise polymer and favor the clay
dispersion. Then the solvestraporats or precipitate adding non miscible solvent
enabling layers to besunitedby entangling polymemacromoleculesnto them and
forming an ordered structurelowever, his techniqudas environmentally unfriendly

and economically prohibitive[45,46].

1 Melt blending clays and polymer are mixed in molten condition.
This pracess is of great interest for the industry because it is possible to use it with
conventional technologies as extrusion, which is a cheapm rapid technology.
Furthermore the use of harsh organic solvents is not necessary reducing

environmental impactral economic cost.

It is necessary to consider different parameters that can influence the latter process such as

shear devise, time residence, stress shear and ergamnment of the claysMoreover it is
14
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worth noting thatpolymerclay interaction mechasms (miscibility beween polymer and
clay, hydrogerbonding, electrstatic, coordination, etcdepends on the polarity, molecular

weight, hydrophobicity, reactive groups, etc. of the polymer and clay mineral type [47].
g ydrop y group poly y yp

1.4 Clay minerals

Clay minerés are part of the larger class of silicate minerals: the phyllosilicates. The
phyllosilicates are composédy tetrahedral and octahedral building units dinely arealso

known aslayered silicatesdue to their stacked structure ofnfn silicate sheets wita
variable basal distance [47]. The structure of tetrahedral sheet is made up of individual
tetrahedrons in which one silicon atom is surrounded by four oxygens. The arrangement is a
hexagonal pattern in which the basal oxygens are linked; while tbal apiygens take part in

the adjacent octahedral sheet and they point up/down [48].

Silicon-oxygen Silica sheet
tetrahedral

unit Cl

Q Oxygen o and e Silicon

FIG.1.3 Silica tetrahedron and structure of tetrahedral sheet[49].

The alumina octahedral crystargcture consists obne aluminum atom tied to six oxygens
and octahedral sheere made up of individual octahedrons sharing edges composed of
oxygen and hydroxyl anion groups coordinated by cations as Al, MfaRe Fé" . These

octahedronarearranged in a hexagonal pattern, too.

15
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Alumina Alumina (gibbsite)
octahedral sheet
unit

@ Hydroxyl Q@ Aluminum, iron. magnesium

FIG.1.4 Alumina octahedroand structure of octahedral sheet[49].

There are two varieties of octahedral skegi-octahedrain which the cations are trivalent
(i.e. AP and the cation to oxygen ratio is 1:3 to maintain electric neutrality but one of the
cation sites is vacanWhen cations in octahedral sheet are divalent (+2) (usually Mg'®r Fe
then atri-octahedrakheetis formed In this case the cation to oxygen ratio is 1:2 and every
lattice site is filled [50].

The classification of phyllosilicates is based on tmeémber and the combination of
tetrahedral, diand trioctahedral sheets. This family of clay minerals can be divided in two

classes:
A 1:1 phyllosilicates- one silica tetrahedral sheet and one alumina octahedral sheet

combined to form a layer unit chataxzed by the fact that the apical oxygens of the

tetrahedral sheet are also part of the octahedral sheet (e.g. Kaolinite) (Fig. 1.5 A)

16
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FIG. 1.5A Structure of 1:1 phyllosilicates [51]

A 2:1 phyllosilicates - two silica tetrahedral sheets with a gahtalumina octahedral
sheet (e.g. montmorillonite, saponite, e(Eip.1.5 B)

The layered silicates mainly used in nanocomposites belong to the latter family of
phillosilicates. The crystal structure is made up of two tetrahedral sheets of siidaduzn
edgeshaped octahedral sheet of alumina or magnesia. The length of each layered sheet ranges
from 30 nm to several micron and its thickness is about 1 nm. Layers stacking leads to a
regular Van der Waals gap between the platelets calledtdrtayer or the gallery With the
exception of kaolinite, isomorphic substitutions is very common: a cation can be replaced by

I** in the

ions of lower valence ( &iin the tetrahedral sheet can be replaced £y, Alhile A
octahedral sheet may be replacey Li*, Mg2', F&*, Fe*, zn**, etc.). Isomorphic
substitutions, as well as the presence of vacancies, can induce a negative charged surface of
the clays layers. This negative charged surface is counterbalanced by alkali and alkaline earth

cations ( N4, Ca". K") situated inside the galleries[42].

17
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The inorganic cations located in the galleries lead to an increase of the hydrophilic character

of silicate surface and for this reason miscible with hydrophilic polymers such as
poly(ethylene oxide) (PEQ52] or poly(vinyl alcohol) (PVA) [53].

() Oty @- . [ o,

O and i Siloon, oeesenally iemimem

FIG. 1.5 B Structure of 2:1 phyllosilicates [51]

Thus, in order to make silicates miscible wi
modification of the hydrophilic silicate surface.

18
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SILICATES
Tectosilicates Phyllosilicates ¢
(Framework silicates) (Sheet silicates) Other silicates
+ Zeolites ‘
+ Quartz
+ Feldspars & 'L
1:1 Phyllosilicates 21 Phyllosilicates 21 Inverted ribbans
kaalinite-serpantine * Sepiolite
* Palygorskite (attapulgite)
kaolinite subgroup
* Kaolinite
) gal:{ptvsne Tale-Pyraphyllite Smectites Yermiculites Chlarites Micas
*+ Dickite
* Macrite
Serpentine subgroup Dioctahedral smectites Dioctahedral micas
* Chysatile + Montmorillonite « Muscovite
* Antigorite + Beidellite « illite
* Lizardite . i _
.y Maontronite + Phengite

* el

Trioctahedral smectites Trinctahedral micas

+ Saponite + Biotite
+ Hectorite * etr.
+ Sauconite

Table 1.1. Clasification of clay minerals [54].

1.4.1 Modification of clays

The modification of the silicate surface to render layered silicates misuiltke an
organophilic polymer matrix is necessary to impréveir dispersion into the matrix so as a

nanocompsites can form. There are different procedures to modify the clays among which:

lon-exchange with organic cationsmall moleculs can substitute the cations that are not
strongly bound to the clay surfaceh@ use of primary, secondary, tertiary, an@tgtnary
alkylammonium or alkylphosphonium cations requires varied results; the surface energy of
the clay platelets decreases easing the penetration of polymers or monomers into the clay

galleries and they can provide functional groups that can redctheitpolymer matrix[42].

19
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Ion- exchange

FIG. 1.6 Schematic representation of-exchange method

lon-dipole interaction :The organic polar molecules can be absorbed by mineral clay by the
formation of a coordination bond between the exchangeable cation angdnéanolecules

or by proton transfer from interlayer water to the organic molecules, or vice versa [55].

The partial negative charge of organic molecules allows the interaction with exchangeable
cations by the formation of iedipole bonds. Glycols[56nd amides[57] havdsa been used

as clays modifiex

Silylation reaction The grafting of silane onto clay surfa§g8] have been extensively
investigated. The strategy of silylation is based on creation of covalent bonds between an
organosilane and ¢hhydroxyl groups located on the clay edge; via a condensation reaction
can form siloxane bondSi-O-Si [59]. If a silanol is chosen with a functional group able to
react with the polymer, a covalent bond may be created between the clay filler and the

polymer matrix [60].

R R

| |
(CIHz)s (CIHz)a
Si- 0 -Si

| |
OH OH 0O o)

Silane coupling agent | |

FIG. 17 Reaction between clay hydroxyl groups and organosilane
20
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One of the main issues in preparing nanocomposites with good properties is the uniform
dispersion of the nanoparticles in the polymer matrix. Undoubtedly the possitility
organically modifying clays has partly contributed to overcome this problem.

21
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2.1 Aliphatic copolyesters : Poly(hydroxyalkanoates) (PHAS)
2.1.1 Synthesis

Polyhydroxyalkanoates (PHAs) are synthesized through a fermentation process using
bacteria, which generate the polymipically copolymers, as an energy reserve within the
cell cytoplasm when the concentration of some nutrient, like nitrogen, phosphorous,
magnesium, is limited [1]. The microorganisms will then utilize these storage polymers as
carbon and energy sourcarohg conditions of starvation[2,3,4]. The fermenting step requires
from 30 to 48 hours. The cells are isolated through a drying process, and the PHAs are
usuallyrecovereddy a solvent extraction method using acetone or alcohols [5]. PHAs can be
producel either by feebatch or continuous fermentation; it depends on the type of bacteria.
The mass production of PHAs is influenced by microorganism ability to utilize an
inexpensive carbon source, growth rate, polymer synthesis rate, and the maximum extent of
polymer accumulation[6]. The choose of bacteria and carbon source employed defines the
structure of the final PHA[1,7].

B0
e

FIG.2.1 Microorganism cell containing PHASs granules

In 1926 Maurice Lemoigne discovered that anaerobic degradatBactdfus megteriumled
to the excretion of poh3-hydroxybutyrate (PHB) [8]Ralstonia eutrophigR. eutropha is
used for synthesizing poly3ydroxybutyrate) and-Bydroxybutyrate copolymers [1, 5, 9].
Using glucoseand propionate as the carbon feed source VRtheutropha poly(3
hydroxybutyrateco-3- hydroxyvalerate)(PHBV) is obtainedith a concentration of the-3
hydroxyvaleratg¢hatcan be adjusted by varying the ratio of glucose to propionate in the

feedstock[9]. Thencreasinglyuse of E. coli to producePHB- Poly(3-hydroxybutyrate) is
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due to its ability to synthesize extremely high intracellular levels of PHB, being easy
genetically modifiableand itsability to use seval inexpensive carbon sources. Moreowver
utilization of mutants to metabolicallyngineer strains that produce P(3td83HV)
copolymers [10,11]. PolyfBydroxybutyrate) (3HB) is the typical backbone of PHA
copolymers[1, 8, 12, 13] andepending on the number of methylene group in the backbone
(min figure 2.2) and the length of thee chain in the structureR(in figure 2.2) several

PHASs can be formed.

H. ) 7100-30 000

m=1 R=H Paly(3-hydroxypropionate)) P{3HP)
R=CH, Poly(3-hydroxybutyrate) P(3HB)
R=C;H;  Poly(3-hydroxyvaleraie) P(3HV)
R=C;H, Poly(3-hydroxyhexanoate) P(3HX)
m=2 R=H Paly(4-hydroxybutyrate) Pi4HB)
m=3 R=H Paoly(5-hydroxyvalerate) P{5HV)

FIG 2.2 General structure of polyhydroxyalkanoates [14].

There are four main gene classes involved in the synthesis of PHAS[6, 15].

The most studied pathway is the synthe$i®HB using the bacteriuRalstonia eutrophan
which the condensation of two ace@bA molecules by a betetothiolase produces
acetoacetylCoA. NADPH-dependent acetoacetylCoA reductase then carries out its
conversion to dydroxybutyrylCoA. The firal step isthe polymerization by PHB
synthase[6].

The remaining pathways differ from the first for the catalytic functions carried out by the

other classes of enzymes[16].
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Acetyl-CoA+Aceryl-CoA

Colye__y B-ketothiolase
Acctoacetyl-Cod |

Acetoacetyl-Cod Synthase

Acetpacetate

NADPH — y
Reductas
NADP' f‘: —
NADH
- )-hydroxybutyrvl-Cod ""‘\
(- p-3-hydroxybutyrate
FEHE) NAD --""/ dehydrogenase
PHA Symthase
L
P{3HB b p D(-)}-3-hydroxybutyrate

PHA Depolymerise

FIG.2.3Enzymatic steps of PHB synthesisRneutrophg11]

The propertiesof the extract product can vary depending on the copolymer composition
[1,8,12,13].
The most studied PHAs are Psl&ndtheir copolymer PHBV.

bR P
-0 ?—C-ﬁ-ﬂ ?—C-ﬁ PHBV
CHsH © || CHCH, H Oln
PHB PHY

FIG.2.4 Chemical structure of copolymer PHBV
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2.1.2 PHBYV properties

Pure poly(3HB) is a stiff polymer @uto its high crystallinity (a 680%)[13,17]; thdow rate

of crystallization relted to the low heterogeneous nucleation density entails the growth of
large spherulites that form intepherulitic cracks and cause brittle failure[17,18].

In order to impove the toughness of PHB, peal$-hydroxyvalerate) (HV) or (PHV) units are
incorporated into PHB. A structural characteristic of PHBYhi&sisodimorphism This resins
display a melting temperature minimum for PHV content of 30 mol% araystallization

of the two monomer units in either of the homopolymer crystal lattices of PHB and PHYV,
depending on whether thR)(PHV composition is above or below 40 mol%][6, 19].

The crystallinity of PHBV is about the same of PHB epmdymer however the melting
tempeature is lower depending on the HV content[20] . The crystallinity and mechanical
properties of PHBV can change with the variation of the percentage ratio of the respective
monomers[21].

The rate of crystallization of PHA decreases with increasing tatalccomplexity of the
polymer. The bulky side groups in 3HV preveatystallization due to steric effects[22].
Increasing HV content the melt stability is improved using lower processing temperatures|6,
23, 24]. Poly(3HBco-3HV) has a good & CO,, ard water vapor barrier, antis suitable for
some food packaging applications and containers for cosmetic pr¢siu2E.

The tensile strength of poly(3H&-3HV), on varying HV content, is about 2@ MPa and

the modulus decreases to 82000 MPa withan increasing of elongation at break up te 20
30%[18, 26].

In table 2.1sometypical properties of PHBYV with different HV conteanrte shown

2.1.3 PHBV composites

After the industrial production of PHBV under the trade name BIOPOL by Zeneca Bio
Praduct for this polymer there was an attracting growing interest from researchers[27]. Choi
and his group [28] showed results about PHBV/ Cloisite 30 B nanocomposites, prepared
through a melt intercalation method. An intercalated structure was vetyfeRD and

TEM analyses. The temperature and rate of crystallization of PHBV increased with the
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organaclay acting as nucleating agent. Moreover, the nanocomposites showed significant
increases in tensile strength and thermal stability[28]. The nuateaitect of the
organophilic montmorillonite (OMMT) was studied by Chenal]29].They showed that
OMMT acted as a nucleating agent in the PHBV matrix but the nucleation and the overall

crystallization rate decreased with the increase of clay content.

Wang and his coworkers[30] investigated the properties and the biodegradability of
PHBV/OMMT nanocomposites.

They found that the biodegradability of PHBV/OMMT nanocomposites in soil suspension
decreased with an increase in the amount of OMMT.

A comparisorof morphology , thermal and mechanical properties of PHBV nanocomposites
using two different types of silicates, orgamadified montmorillonite(C30B) and Halloysite
nanotubes (HNTs), was evaluated in the work of @ardil[31].

Although the researchgsincipally concern fillers with lamellar or layered structure for their
availability and versatility, adding of nasparticles in PHBV like zinc oxide [32, 33],
attapulgite [34], hydroxyapatite [35], fumed silica [36] , calcium phosphate [37] or titaniu
dioxide[38] have also been reported. The effect of carbon nanotubes was analyzeetoy Lai
al.[39] and to develop completely biodegradable composites several types of natural fibers
were utilized such as bamboo pulp[40], short abaca[41], jute [42] avad #eers[43].

2.2 Aliphatic-Aromatic copolyesters: Poly(butylene adipateco-terephthalate) (PBAT)

The most important factors for the biodegradable plastics for commercial uses are price,
performance and use of existing plant. In this regard, antlo@gcommercially available
biodegradable polymers, synthetic aliphatic and aromatic biopolyesters such as poly(butylene
adipateco-terephthalate) (PBAT) show good thermal and mechanical properties with the
added advantage of biocompatibility and biodegboditg44].

The introduction of terephthalate units into the main chains of aliphatic polyesters can
mprove the physical as well as biodegradable properties of the polymer[45].

PBAT, was commercialized by BASF under the trade name of Ecoflex® F BX TG4 hn
aliphaticaromatic copolyester based on terephthalic aattipic acid, 1,4 butanediol and

modular unitsasthe statistical copolyester units, including-butanediol and the dicarbonic
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acids, adipic acid and terephthalic acid, are linked.
These modular system involve the incorporation of hydrophilic components of monomers
with branching, leading to chalengthening, and thereby increasing the molecular weight to

yield tailormade products with totally different material properties[46].

7 T q f
‘PC —Q—C-D— {GHEJd_D-]:[_C_ (CHg)y —C=—0— (CHy), —0 +‘.~'
BT unit BA unit

FIG.2.5 Chemical structure of PBAT[47].

Ecofl exE doesnot contain additives for deco
consequences for environmental risk (ecotoxicity) if  introduced into composting

processes[48].

2.2.1 PBAT composites

Up to this time only few articles regarding PBAT/ clay namoposites have been published
Someya et al.[49,50] obtained certain level of clay intercalation and exfoliation in some
compositions of PBATorganicallymodified montmorillonites (OMMT) nanocomptes.

Chivrac et al. [51, 52] used various commercial organoclays as fillers in PBAT matrix by
different preparation processes (i.e., solvent or melt intercalation). The higher intercalation
degrees were obtained by solvent intercalation. The thermamactianical properties of

composites system were also investigated.

Mohanty and Nayak [53] investigated the morphology and the properties of PBAT reinforced
with different types of organoclays such as Cloisite30B (C30B), Cloisite20A (C20A),
Bentonite (B10©). Furthermore, they found an additional improvement of mechanical

properties via functionalization of PBAT matrix upon grafting with maleic anhydride (MA) .
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An interesting study of soy protein concentrate (SPC) blended with poly(butylene amtipate
terephthalate) (PBAT) was performed by CHé8]. Using maleic anhydride grafted PBAT

an overall improvement of the mechanical properties and the formation of percolated SPC
network structure at high SPC concentrations was observed.

Recently, Fukushima and shcoworkers[47] tried to improve the mechanical and thermal
properties of PBAT by adding different types of nanoparticles, such as montmorillonites,
hectorites and sepiolites, into the biodegradable matrix. They concluded that the best thermo
mechanicaland physical properties of all nanocomposites studied were achieved with the
addition of needle like sepiolite .

There is a growing interest in the field of biodegradable composites (biocomposites) ,
obtained by the combination of biodegradable polgrem d bi odegr agl,babl e Yy
l i gnocel | uévera studiesyale based en)biode@adable polyesters matrices[54].

For exampleeomposites of PBAT with natural fiber have been studied.

Wu[55] in his work improved noticeablthe mechanical propées of the neat polymer

making composites with sisal fiteerThe grafting of acrylic acid onto polymer matrix was

carried out in order to enhance the compatibility between the two components.

Averous and F. Le Digabel [56] studied thermal and mechaniopepies of biocomposites

made of Poly(butylene adipateo-terephthalate) (PBATa nd | i gnocel |l ul osi c
The fibers increasethe thermal degradation temperature tbé matrix and although the
cristallinity di dnota nacleainggffect. Thede e bioEompositesr s i r
showed good mechanical properti€se addition of oil palm empty fruit bunch (EFB) fibers,
chemical treated with succinic anhydride, in PBAT matrix improved thermal stability ,
tensile and flexural properties[p7
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2.3 Halloysite nanotubes

2.3.1 Halloysite structure

Deposits of Halloysite are in several countries but most of which contain other clays like
Kaolinite and some impurities. High purity deposits can be found in Utah (USA), in the
Dragon mne, and in New Zealand.

Halloysite is a twedayered (1:1) natural aluminosilicate clay, chemically similar to kaolin,
andwith a stoichiometry A}(OH),SiOsA n,@ where n is 0 or 2 (Figure 2.6) depending on
the two different polymorphs in which Halloysitean occur : the hydrated form (with
interlayer spacing of 10 A) and the anhydrous form (with interlayer spacing of Th&).
intercalated water is weakly bound and can be readily and irreversibly removed[59].
Aluminosilicates can occur in agglomerates, espids, sheets, or in hollow, tubular shapes.
Halloysites exhib a predominantly tubular morphology, but other shapes have been reported

(scroll, gl olmekead,arploat y)o[ns D]n.

Extarnal silazana [$-0-5) surfacs
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FIG. 2.6 Crystalline structure of Halloysite (a) and detail of hareib) [60].

Halloysites have two different basal faces. The first one consist of a tetrahedral silicate

surface SIO-Si while the other basal surface has-adiahedral layer (Al(OH)3) in which
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only 2/3 of the existing octahedral sheet are fillecloyninium[61].

In Halloysites siloxane groups are bonded via only one oxygen atom to gibbsite octahedral
rings at the outer part (figure 2.7), and the apical oxygen of tetrahedra becomes the vertices of
octahedral[62].

According to Bate®t al[63] the cyindrical shape of clay is the effect of strain caused by
mismatch in the two alignment of the tetrahedral sheet of silica bonded to the octahedral sheet
of alumina.

The charge characterists of Halloysite depend on pH value[64]. The clay presentgenegati
charge at pH higher thanddvingto the deprotonation of water and hydroxyl groups bound to
aluminum and silicon at the edges.

The edges are considered to be positively charged at low pH, neutral at the isoeletric point (at
around pH 3), and negativetbharged at higher pH[65]. Halloysitare characterized by
structural imperfections like substitutions of thé"Aly F€*in octahedral layer and “Siin

the tetrahedral sheet is often replaced bY/[B9, 66]. These substitutions entail changes of

the microstructure and the dimensions of tetrahedrons and octahedrons[66].

FIG. 2.7Bonding of silicon atom to ectahedral ring in Halloysite (7 A)[61].

Dimensions of Halloysite particles vary from 50 to 70 nm in external diameter, ca. 15 nm
diameer lumen and-1L.5em length[67].

The Young6s mod u340 GPa,idspendirgtomvthezonientdtidr0of overdap
nanotubs (armchair, zigzag) and the number of layer defects compared to singlled
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ones[68].

Recently, Halloysite nanotubes, typically used in th@nufacture of high quality ceramic
white-ware, have received much attention. In fact, on one side, they have the potential to
provide cheap alternatives to the expensive carbon nanotubes whereas, on the other hand,
given their chemical similarity to lartiar clays as montmorillonites, they have the possibility

to be further intercalated by chemical and/or physical ways[69].

These nanotubes have a wide range of applications considering interesting structure and
properties such as widespread availabilitgrgé aspect ratio, high stiffness and their
biocompatibility was demonstrated by Vergatoal (the nanotubes are not toxic for the
cells)[70].

Their utilization as nanoscale container for the encapsulation of biologically active molecules
(e.g., biodiles, enzymes, and drugs), as a support for immobilization of catalyst molecules,
controlled release, bioimplantsnd for protective coating (e.g., anticorrosion or antimolding)

has been also investigated[59, 70,71,72].

2.3.2 Halloysite/ polymer compsites

Halloysite can be employed as nanofiller into polymer matrices to improve mechanical
properties or fire performance [61].

Thermal stability and flame retardant effect of the Polypropylene/HNTs nanocomposites were
investigated by Det al[73]. Duiing the initial degradation stages of composite formulations,
the degradations products, being entrapped into the lumen of HNTs, are delayed to diffuse
and consequently an increased thermal stability is recorded.

Ye et al. [74] demonstrated that blendigygpxies with an appropriate amount of HNTs could
significantly increase impact strength without sacrificing flexural modulus, strength, and
thermal stability.

Marney et al. [75] reported that nylonh@lloysite composites show an improved fire
behavior bya decrease of some fire properties parameters such as the peak of heat release rate
(PHRR), the total heat released (THR), and the peak of mass loss rate (PMLR) with respect to

the neat matrix by increasing the filler content. Moreover they reported albloetmal
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insulation barrier that is developed at the surface of the composite duribgrthieg acting

as a flame retardant but without stopping the fire front.

Halloysite and ethylene propylene diene monomer (EDPM) nanocompesiteprepared by
Ismal and his ceworkers[76]. The increases in tensile strength, stiffness and ductility of
EPDM/HNT nanocomposites were attributed to interfacial and -totarlar interactions
between HNTs an&PDM, and edg¢o-edge and fac&o-edge interactions between Hibl
(zig-zag structure)[76].

Halloysites can also influence crystallization process of polypropylene as reported bgtNing
al. [77]. They found that HNTs act as nucleating agents and enhance the overall
crystallization rate. The HNTs also act as a nudaapoint in isotactic polypropylene for
bothU-PP andh-iPP, depending on the temperature and the processing conditions[78].

A study about polymorphism of PA6/HNTs nanocomposites was conducted bgt@iio
[79].

2.3.3 Modification of Halloysite nanotubes

In order to improve compatibility bween clay nanotubes and polimer matrix, Hallogsite
have been functionalized with different silanes.

As described by Guet al[80] mechanical properties and heat distortion temperature were
improved with addition of functionalized HNTs into PA6 matiialloysites were modified

with 3-(trimethoxysilyl)propyl methacrylate(MPS).

Pasbakhash et al . -metoadryloikyiprepgl trimdédhbyg/silamei (MPS) to
improve their dispersion in ethylene diene monomer (EPDM). The obtained nanocomposites
showed tensile strength and tensile modulus at 100% elongation higher than those of
EPDM/unmodified HNTs[81].

Halloysites modified with 2-glycidoxypropyltrimethoxy silane @re incorporated into epoxy
resin; the obtained nanocomposites exhibited improved flexural strength due to uniform

dispersion of the nanotubas TEM pointed out[82] .
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A detail ed study on modi ycation -of
aminopropyltriethoxysilane (APTES) was done by Yeaal[83].

Recently, Phenylphosphonic acid (PPA) was used to unroll HNTs[84]. The unfolded and
intercalated Halloysite increase@dture toughness of cured epoxies.
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3.1 The process

The blown film extrusion (film blowing) is an important industrial process to manufacture
thin and biaxially oriented polymierfilms.

This process consists in extruding a polymer melt from an annular die and a biaxial
orientation is achieved by continuously inflating it and axial drawing to form a thin tubular
product. The equipment is provided with air jets to cool down titble. Figure 3.1 shows a

schene of thefilm blowing process.

BASIC BLOWN FILM LINE
Nip Rolls \ / Idler Rall

Collapsing Frame
‘/, Layflat
Bubble ——m= .
Resin Pellets Roll of Film
i1
\
1 Air H\iqg‘
ﬂ e —» o) ’
Hopper 4
A /
Extruder Idler Roll

FIG. 3.1 Schematic of film blowing process[1].

More in details, polymer melt is extruded through an annular slit die, usually vertically, to
form a thin walled tube. The inflation of bubbsactuated by introducing air into the bubble
through a hole in the centre of the die. The tube then is pulled upwards, continually cooling,
towards the nip rollers which seal it to create what is known as -dlatatybe of film.

In the molterstate the film is stretched in two directions.

When air is blown into the tube by the orifice in the annular die the film is being stretched in
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the radial (transverse) direction, while the elongation along the axial (machine) direction is
achieved by camolling the velocity of the nip rollers and the mass flow rate at the die. These
two stretchings occur simultaneously and are controlled by changing the volume of air inside
the bubble and by altering the haul off speed.

Extension of the melt in both thea d i a | and axi al direction st
line) due to the cooling air which is blown outside the bubble and determine the
crystallization of the melt. This is notsharpline but a narrow zone over which solidification
occurs. In fat; the solidification occurs first at the cooled surface, at the-soétt interface,

and then moves away from this surface through the thickness of the film. The height of the
freeze line can be controlled through the air flow rael negligible deformaon occurs
beyond the freeze line in most process[2, 3].

The main advantages in using this processtardollowing

1 Regulation of film width and thickness by control of the volume of air in the bubble, the
output of the extruder and the speed of thd kaff

1 Eliminate end effects such as edge bead trim and non uniform temperature that can result
from flat die film extrusion

1 Very high productivity

1 Permits the combination of a number of different materials and properties

Blown films can be used eithen itube form (e.g. for plastic bags and sacks) or the tube can
be slit to form a sheeflypical applications includendustral packaging (e.g. shrink film,
stretch film,bag film or container liners) onsumer packaging (e.g. packaging film for frozen
proaducts, shrink filmfor transport, food wrap film, packaging bags, or fofith,and seal
packaging film), &minating film (e.g. laminating of aluminium or paper used for packaging

for example milk or coffee),drier film (e.g. film made of raw materialsctuas polyamides

and EVOH acting as an aroma or oxygen barrier used for packaging food, e. g. cold meats and
cheese), films for the packaging of medical prodwgscultural films (e.g. greenhouse film,

crop forcing film, silage film, silage stretch fign

This process is used extensively with polyesterd polyolefins Thesematerials do not get

together, so a multlayer film would delaminate. To overcome this, small layers of special
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adhesive resinbestk n o wn a s 0 @re used inlbetweenr s

The final film dimensions are determined by a numbeprotess variables: he fbl ow u
ratioo (BUR), which is a ratio of the bubbl
and the machine direction draw down ratio (DDR), which is the ratilbenfelocity at the nip

rollers to the velocityf the polymer melt exiting the die.

Typically, theblow up ratio ranges between 1,5 andr'de solidified film is flattened into a
doublelayered sheet by the nip rollers forming an almost airtight seélédop of the bubble.

After the flat film is reeled up under constant tension either as tubular film or after slitting

i nto sheet film. The width of the flattened
p times the final bubble radius.

Rheological properties play a fundamental role in film blowing. They govern the shape and

the stability ofthe bubble and the onset of sharkskin (surface roughness). Because of the
complexity of theinvolved flows, it is generally impossible to establish gila quantitative
correlations between these phenomena and easysured rheological properties.

However, an understanding of how variations in the rheological behavior of melts can affect
the process and the properties of blown films is essential tevachptimum results from this

process.

The objective of the film blowing process is to produce a thin film having a uniform gauge

and good optical and mechanical properties. Since the film is quite thin, it is especially
important to avoid the presencetire extrudate ofinmelted material, gels or foreign matter,

as these will be readily visible in the final product. In order to achieve good mechanical
properties it is often advantageous, particularly in the case of packaging films, to have
molecularoriet ati on in the film that i s asanthuch a
transverse directions.

Ultimate film properties are controlled by molecular orientation and stress induced

crystallization[4].

A stable bubble in the film blowing process iseguirement for the continuous operation of

the process and the production of an acceptable film [5]. In general there are three forms of
instabilities or combinationsf these reported in literature:

1. Axisymmetric periodic variations of the bubble diaengknown as bubble instability (BI).

2. Helical motions of the bubble, described as helical instability (HI).

3. Variations in the position of the frost line height (FLHI).
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Bl and HI have been reported by a number of researchiet9][however, FLHI wa only
reported by Ghanekar d et al . [ 6, 10], after previous
stabled [3] whi ch -depersdentroscilatiena id FL.gResults on btubblen e
stability have generally been qualitative until recently when Sweeheal. [11] utilized a

video analysis system as an effective4gontact, real time device for quantifyingstabilities

during film blowing. Sweeney and his-@workers al. [11] first proposed the diameter range

(Dr) concept for measuring the degree elidal instability.

The average diametdd, and the degree of helical instability (DHI) are then derived from the

following equations:

D=P;-P (3.1.1)
Drmax= Pi maxAPr min, (3.1.2)
Drin = Pt min APr max (3.1.3)
Dr = Dmax ADmin, (3.1.4)
DHI =— 100 (3.1.5)

whereD is the average diameter of the bubble &id the average distance of the bubble

from a reference line.

The subscript r denotes the distance of the right bubble edge and | the distance fof the le
bubble edge from the reference line. The bubble was defined as stable if the DHI was less
than 20%, partially helically stable if the DHI was between 20 and 40% and helically unstable
if the DHI was greater than 40%.

The analysis of bubble stability fim blowing has largely focused on PEs (HDPE, LLDPE

and LDPE), mainly due to their superior melt strength in comparison to other polymers such

as PP. Only recently have been reporeslltson the bubble stability of PP [10]. Ghareh

Fard et al. [10] wdiedthe bubble stability of Pandthey found that these resinkave a
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much smaller stable operating window in comparison to PEs.

3.2 Fundamental film blowing equations

Pearson and Petrie [12,13] first developed in detail the kinematic and idyeguoations
describing fluid flow in film blowing. This was based on the thin shell theory where the
thickness of the bubble was small in comparison to the bubble diameter. The kinematic and
dynamic analysis of the bubble is discussed below and has edovfte theoretical
frameworkfor most subsequent studies.

For the continuous steady state operation of an incompressible fluid, the law of conservation
of mass at any point along the bubble yields the following relationship for volumetric

throughput:

Q=2" a Hwvonstant (3.2.1)

wherevs is the meridional (machine direction) velocity componéntthe total volumetric

flow rate through the dieg the local bubble radius ard the local film thickness. Since the
problem is axisymmet, vt (velocity in the transverse direction) is zero anmdvelocity in

the normal direction) is not exactly zero since the film is changing thickness[14], but is
negligible, similar to fibre spinning and lubricating flows.

The derivative of Eq. (3.2.1yith respect tos, the distance along the film yields a relation

between the deformation rates in film blowing[15]:

— = -0 — (3.2.2)

where —, — —, -0 — represent the rate of stretching alongritechine, normal and

transverse direction, respecitiye
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Considering the thin film bubble membrane[12,13] , a small element of the material is in

equilibrium under a set of membrane forces (Figure 3.2 aand, are the tangential and
meridional stressesespectively.

(b)

FIG.3.2 Film geomiey (a) Element of the film with force and
(b) Curvature of the film[14]

The equilibrium force balance in the normal direction yields

— - — (3.23a

where” and” are te principal radii of curvature in theo directions and is theinternal
pressure measured relative to the external (atmospheric) pressure.
Considering figure 3.2 b
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» J (3.2.3b

” p Q@Qa ¥ (3.2.3¢)

where a is the bubble radius.

A force balance in the direction of the axis of symmedryjelds

0O widH ¢ OOAT-O (3.2.4)

"Ois the (constant) total force on the shell and

AT©6 p — (3.2.4)

In the analysis of Pearson and Petrie [12,13] inertia, gravity, surface teargioair drag

effects are neglected. These are generally realistic assumptions due to the thin film bubble
membrane and the viscous forces dominating the process for polymer melts. The governing
equations can be easily extended to include these effecimcbyporating appropriate
physical data. These equations combined with a rheological constitutive equation, relating the
stresses to the strains or strain rates in the bubble, result in a series of equations which are
solved to yield predictions for varisuilm blowing process characteristics (film temperature,

bubble radius and velocity profiles).
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4.1 Introduction

In recent decades, environmental aspects, especially related to the increasingeaddese

of plastics form several industrial applications, have gained ever more interest as to encourage
research in the study and the developno¢iite so called ecmaterials.

In this context, as witnessed by a large amount of literature, much edfotbden spent to
emphasize potentialities of these resins, often less efficient and more expensive than
traditional ones derived from petroleum, considering also the use of natural fillers as
reinforcement$1-7].

Biodegradable resins can be derived franawable resources, synthesized by microbes or
coming from petroleum but intrinsically biodegradable owing to some specific structural
features which helps their environmental degradation. Among the ones coming from
microbial synthesis, a relevant role ptayed by poly hydroxy alkanoates (PHAs), which
family belongs to polyhydroxy butyrate-valerate (PHBV) copolymers. These materials are
attractive candidates for many applications owing to their biodegradability and
biocompatibility [8, 9] but their uses still limited by some drawbacks such as slow
crystallization rate, relatively difficult processing, low elongation at break, and very high
degree of crystallinity. At this aim, a huge amount of articles report about modification of
PHBV resins by blendg with many polymers such as poly vinyl chloride [10],
poly(propylene carbonate) [11], polyhctic) acid [12], poly(ethylene succinate) [13],
polyolefins [14], and polycaprolactone [15]. In this context, the matrix used in this research,
currently supped by a Chinese firm, involves two biodegradable resins:

PHBYV and poly butylene adipat®-terephtalate (PBAT) in a blend with a weight ratio equal

to 30:70, respectively.

Javadi et al. [16], investigating solid and microcellular components based on PBV/
blends with different weight ratios, demonstrated that an increasing inclusion of PBAT
strongly influence the morphology of microcellular items by increasing the cell sizes and
simultaneously reducing the cell density of foamed products. Moreoverlexant
improvement of mechanical properties, especially in terms of toughness and elongation at
break, and variation of thermal properties by reduction of the degree of crystallinity was

observed in all components with the increase of the PBAT loading.
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Further available results about the same formulations refer to investigations carried out on
composite systems filled with recycled wood fibers (RWF) and nanoclay. Specifically, again
Javadi et al. [17] demonstrated that at constant content of PBAT, i fibers reduces the

size of the cells and increase their density while the clay particles do not seem to have any
effect on this morphological aspect.

Further applications of these blends could be provided in the food packaging field maybe by
improving heir mechanical and/or barrier properties, even by the inclusion of nanofillers. In
this regard, interesting perspectives hdeen proven by composite systems containing
nanoclays as widely reported in the literature Q.

In this frame, in order to vy potential applications of the PHBV/PBAT blends in the
packaging field and with the aim to further enhance the mechanical properties of films based
on, the focus of this research has bdewoted to clay materials with needilee or tubular

like strudure as reinforcement. This filler, best known as halloysites (AlI2Si205(0OH)4 x
nH20), is a twedayered (1:1) natural aluminosilicate clay, chemically similar to kaolin but
exhibiting a predominantly tubular morphology.

From a structural point of view, tubef halloysite (HNTs), naturally available with an aspect
ratio up to almost 100, are characterized by 205aluminosilicate layers rolled in the
multiplayer tubule walls with a layespacing of 0.72 nm for the dehydrated halloysite. In
particular, the 3D, layer is relevant to the outer surface of the tube and it is negatively
charged above pH 4, whereas the@llayer is relevant to the inner lumen surface, resulting

in a positively charged interior of the tubes at pH less than 8.5 [21,22].

Recently, hloysites, typically used in the manufacture of high quality ceramic whgie,

have received much attention. In fact, on one side, they have the potential to provide cheap
alternatives to the expensive carbon nanotubes whereas, on the other handhejiven t
chemical similarity to lamellar clays as montmorillonites, they have the possibility to be
further intercalated by chemical and/ or physical ways [23].

Halloysite nanotubes (HNTs) are a new type of additive for enhancing the mechanical,
thermal andire-retardant performance of polymers{34].

Other potential applications of HNTs, considered by now, regardsddiigery systems [35,

36], nanotemplates or nanoscale reaction vessels instead of carbon nanotubes or boron nitride
nanotubes [3741], andtreatment of contaminated waters by removing of dye$ KW

widely used in various fields.

In this chapter, the influence of inclusions of as received or chemically modified tubular clays
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on thermal behavior and structural aspects of a commercial FHEB\W blend have been
investigated.

Furthermore, in order to simulate the effect of processing conditions on the same thermal and
structural issues, the investigation of any effects related to the application of various cooling

rates has been also considefer all examined film samples.

Experimental

4.2 Materials

A commercial PHBV/PBAT 30/70 wt/wt blend was used as the matrix. This blend, purchased
in pellet form from Ningbo Tianan Biologic Material Co. Ltd. (TirRadBNMAT) (China)

under the tradeaame 6010P, in the following simply coded as Enmat.

About the filler, clay nanotubes best known as halloysites (HNTs) with average sizes equal to:
0.254 nm (length), 30 nm (diameter), and 64 m2/g (surface area) were supplied by Sigma
Aldrich. As will be discussed later,-Ky diffraction analysis confirmed that the halloysite
was in the dehydratestate showing a diffraction signal at 12.138 corresponding to a (001)
basal spacing of approximately 7.3A.

3-(Trimethoxysilylypropyl methacrylate (MPS), chérally 98% pure grade, was purchased
from Sigma Aldrich.

4.2.1 Functionalization of HNTs

For the purpose of modification of Halloysite clay;(t@methoxysilyl) propyl methacrylate
(MPS), was added to an ethanol solution with pH 4.5, obtained idgp@eetic acid and
mildly stirred for 5 min. Halloysite nanotubes were then gradually added into the solution and
stirred for 15 min. The mixture was left at ambient temperature for roughly 2 hours and then

under vacuum at 70° to complete the removatesfidual traces of solvent[33].
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FIG.4.1 Chemical structure of MPS

4.3 Preparation of Nanocomposites and Films

Formulations based on Enmat, containing as received or chemically modified clay nanotubes,
were prepared by melt compounding. The matn® #e fillers, opportunely préried in a
vacuum oven at 70°C for 12 hr, were hantked prior to extrusion. Each formulation was

fed by a hopper to a HAAKE PolyLab twstrew extruder (L/D = 40), employing the
following temperature profile 150155 160 165 165 160/ 160/ 160°C from the hopper to

the die and a screw speed equal to 100 rpm.

All the extruded materials were dried under the same conditions of the starting materials and
processed by the traditional technology of film blowing. At this purpose, lBLDOsingle

screw extruder (25:1 L/D) equipped with a COLLIN TEACH LINE BL50T with a diameter

of 30 mm, a diggap of 0.8 mm was used. The screw rotation speed was 27 rpm and the
temperature profile equal to 1i6r5 175 165 1608C from the hopper to the diEilms
having a thickness approximately equal t o
(BUR) of 3.3 and maintaining the longitudinal draw ratio (DR) of 7. The homogeneity of the
thickness of the film were quantitatively measured by cutting a 1mfilomdgor all materials

and measuring the thickness on at least five positions every 20 cm.
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4.4 Characterization Techniques

4.4.1Fourier Transform Infrared Spectroscopy (FTIR)

The chemical interaction of silane with nanotube surface was verifiedinfrared
spectroscopy.The FTIRATR instrument used was a Nicolet 6700 (Thermo Scientific)
operating in the wavenumber range of 650 to 4000, evith ZnSe crystal, 32 scans and 4

cmi* resolution.

4.4.2Thermogravimetric Analysis (TGA)

TGA was condated under nitrogen atmosphere with TGA Q 5000 by TA Instruments at a
heating rate of 10°C/min from 30°C to 700°C.

Average weight of each sample was about 6 mg. This test was done in order to study changes

in the onset of degradation temperature afteofilder addition.

4.4.3Differential Scanning Calorymetry (DSC)

All tests were made by using a Mettler Differential Scanning Microscopy 1 instrument in
nitrogen atmosphere with a sample weight abaut08mg. For each test, sample was first
heated from 25C to 200° C at a rate of 10°/ min, and kept at the end temperature for 1 min, in
order to erase the thermal history of the samples (I run). The specimen was subsequently
cooled at constant rates of 2, 5, and 10°/min w®®C (Il run) and, finally, rehéed up to

200°C with a heating rate of 10°/min (lll run).

Thermal tests have been performed within 3 days from the film fabrication in order to avoid
that physical ageing phenomena, given the low Tg of the ma&2% ), might influence the
results.The dgree of cristallinity X;) of the PHBV phase and nanocomposites was evaluated

using the following equation:

YO pmm
YO p 0
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where YO is the enthalpy of melting per gram of the 100% crystalline of the single
copolymers 109 J/g and 114 J/g for PHBV and PBAT respectively)[45¥6], is the
measured enthalpy of melting determined from the DSC endothermsy dahd weight
fraction of filler.

4.4.4Wideangle xray diffraction (WAXD)

Wide-angle Xray diffraction (WAXD) measurements were obtained by an automatic Bruker
D8 Advance diffractometer, in reflection, at 35 kV and 40 mA, using the nickel filtered Cu
Ka radiation (1.5418 A). The WAXD patterns were recorded on both film samples and
crystallized DSC specimens f@d values from 5 to 40°, with a step size of 0.007° and an
acquisition time of 1 sec. The observed integral breadihg) (vere determined by a fit with

a Lorentzian function of the intensity corrected diffraction patterns. The instrumental
broadening (bwas also determined by fitting of Lorentzian function to line profiles of a
standard silicon powder 325 mesh (99%). For each observed reflection, the corrected integral
breadths were determined by subtracting the instrumental broadening of the clasest sil
reflection from the observed integral breadtbgs = Bua ' b. The correlation lengths

perpendicular to hkplanesDwg) wer e determined using Scherr

Scherrerdéds constant K = 0.9.
K/
th?=—
bhk?cosqhk?

where k is the wavelength of the incidenta§s andd. the diffraction angle.

WAXD measurements were also obtained with an automaticPhilips powder diffractometer, in
transmission, by using a cylindrical camera (radius = 57.3 mm). The WAXD patterns were
recorded on a BA®S imaging plate (FUJIFILM) and processed with igitdl imaging

reader (FUJIBAS 1800). In particular, to recognize the kind of crystalline orientation present
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in the samples, photographicray diffraction patterns were taken by placing the film sample
parallel to the axis of the cylindrical camera dndsending the ay beam parallel to the

film surface.

4.5 RESULTS AND DISCUSSION

4.5.1 Fourier Transform Infrared Spectroscopy (FTIR)

—— HNTs
04— £-HNTs
08

8 064

C

(4]
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2 044

<
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— T T T T T " T ' T T T
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FIG.4.2 FTIR spectra of as received and modified Halloysite

The infrared spectra of halloysite in the hydidostretching region show two bands at 3690
cm *, which is attributed to the hydroxyl stretching of the inner surface hydroxyl and band at
3619 cm* assigned to the inner hydroxyiShe absorption bands at 1470, 1720 and 2958
cm ‘are attributed to the Chscissoring, €O and GH stretching vibrion while the GC
adsorption band is shown at 1637 cm
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Theincreasing of the intensity ¢fie band at 909 cnffrom HNTs tof-HNTs and the slightly
intensifying of the band at 1110 Erfmay be indicative of # possibility of RSiOi Si and
RSii Oi Al bonds betweerRSii OCH; and RSi OH groups of MPS with $0 groups at the
surface and AIOH groups at the edges of the HNTs[47].

The absorption bands at 1023'ctrelated to SiO-Si stretching bands become sharper due to

some silane groups werelied to the surface of the tubes forming@&iSi bonds.

H NTS In plane str. Y
—— f-HNTs oS

perpendicular str

si-0
Y

T T T T T
1800 1500 1200 o B e

FIG.4.3 Infrared spectra (a) in the 200Q00cm* and (b) in the 1206800cm*

4.5.2 Thermogravimetric Analysis (TGA)

The effect of the clay content on the thermal stabilitfeofmat and its composites were
examined by TGAWeight loss curveand thé& derivative (DTG), figure 441.5, for all the

samples, show two major weight loss steps, attributable to PHBV and PBAT
respectively[48,49].

The initial degradation temperatsrehe maximum degradation rate temperatures obtained by
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DTG, and the ash content at 700°C are reported in Table 4.1.
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FIG.4.4 Weight loss of Enmat and its HNT composites
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FI1G.4.5 Derivative TGA

Results show that the addition of Halloysite nanotulaétect the thermal decomposition
behaviour of the matrix. The thermal stability is increasieel onset temperature of PBAT is
shifted to higher temperatures, indicating a stabilization effect of filier.the first
decomposition step, related to PHBNincreae of onset temperatures occurs, too.

In all cases, the residual weights are close to that of the nominal loadings.

In the composite systenas increase in the tortuosity of gas molecules is less plausible due to
its tubular structure, instead thienited diffusion of degradation products is more likely
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related to extensive molecular interaction between the polymer and thé&@iler|

Another explanation of the increase of thermal stability could be find in the entrapment of
degradation product &de the lumen of nanotubes, as reported byCal[33] in their study

on PP/HNT nanocomposites.

The thermal stability can be partly ascribed to the presence of a relatively low amount of iron
oxides (FgOs) [51] in the HNTSs.

: Initial degradation DTG pak temperature Residue
Filler content ey =0) (%)
(%) PHBV PBAT PHBV PBAT

285

0 273 344 403 2,9
295

3%HNTSs 284 360 409 5,9
295

5%HNTSs 285 363 411 7,4
295

10%HNTSs 283 362 410 10,1
299

3% MmHNTs 288 365 411 5,6
295

5% MmHNTSs 285 368 412 8,1
294

10%mHNTSs 282 376 415 10,8

TAB.4.1 Thermal decomposition ofl @f the formulations
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4.5.3 Differential Scanning Calorymetry (DSC)

Figures 4.6 (a) and (b) compare the DSC heating thermograms of composite film samples
containing neat HNTs and silanized HNTs, respectively, with the thermal behavior of film

samples of the neat matrix. From these picture a slight endothermic signal centered at about
125°C, typical of the PBAT phase, and a strong signal approximately centered at 172°C

relative to the PHBV phase are always detected.

Heat flow (Wig)
Heat flow (W/g)

——3% HNTs f——3% F-HNTs
—5% HNTs 5% FLHNTs
—— 10% HNTs 10% f-HNTs

T T T T T T T T T T T T T T T T T T
20 40 60 80 100 120 140 160 180 200 220 20 40 60 80 100 120 140 160 180 200 220
Temperature (°C) Temperature (°C)

FIG.4.6Comparison of DSC fheating run of composite films containipgre HNTs(a)
and silanized HNTSs (b)

As shown in Table 4.2, the inclusion of the nanotubes of HNTs does not significantly
influence neither the shape nor the position of the weak signal associated to the RBAT ph
On the contrary, although the position of the strongest signal related to the PHBV phase
seems to remain almost unchanged, deformations and broadening effects are always evident.
Moreover, an increase of the melting enthalpies of the PHBV phasergeddndicating the
increase of its degree of crystallinity with the filler loading especially in the presence of

unmodified clay nanotubes.
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Filler content  Tmpgart DH npeaT T mpHBY DH mpHBY
(Wto%) (°C) 8P (°C) (9@
0 125,3 6,1 172,3 18,2
3% HNTg 125,8 6,2 172,8 20,2
5% HNTs 126,4 5,9 172,5 20,3
10% HNTs 126,3 6,2 172,9 211
3% F HNT, 125,4 6,5 172,4 20,6
5% + HNT, 126,2 6,7 172,6 20,8
10% f HNT 126,0 6,5 172,1 20,9

TAB. 4.2 Melting temperatures ¢J) and hentalpiedDH,) of the main phass

constituting the investigated materials

About the cooling step, in order to simulate different processing conditions, the effect of
different crystallization rates (CR) on thermal and structural aspects of the examined systems
has been considered. dietails, the cooling has been performed at 2, 5 and 10 °C/min. As
expected, the increase of the rate of cooling broaden and shifts crystallization signals to lower
temperatures. In fact, the faster is the cooling the greater is the likelihood thals caysta
formed uneven in terms of both size and shape (broadening of the signal). In addition, usually
the macromolecular chains constituting the material, having a mean relaxation rate slower
than the cooling one, starts to crystallize at temperatures lowen as quickly lowers their
temperature.

These results, evident for the neat matrix in Figure 4.7, are enhanced by the filler loading (see
Figure 4.8) but they are significantly reduced, under the same cooling rate, for samples
containing silanized clayanotubes (see Figure 4.9). This behavior may be interpreted
assuming that the uneveness of PHBYV crystals can be reduced by improving the interactions

at the filleematrix interface.
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Enmat
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FIG. 4.7DSC cooling curves of the matrix at various cooling rates
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FIG 4.8DSC cooling curves of nanocomposites containing 3 wt% (a), 5 wt% (b) and 10 wt%

(c) of pure halloysites at various cooling rates
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a 3% f- HNTs

b 5% f-HNTs
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FIG.4.9DSC cooling curves of nanocomposites containing 3 wt% (a), 5 wt% @b) an
10 wt% (c) of modified halloysites at various cooling rates

Figure 4.10 collects heating thermograms of all studied film samples, previously crystallized
at 2 °C/min, taking the neat matrix based films as the reference for each of the two families of
examined composite systems.

In all cases, on the contrary to what observed in the first heating step, it is evident a splitting
of the melting signal of the PHBV phase in a {amperature (L) and a higbmperature
signal (H) and, again, no effect on slght PBAT signal.

Analogous considerations, although with different extent, may be drawn from Figures 4.11
and 4.12 comparing second heating thermograms of samples crystallized at 5 and 10 °/min,
respectively, with respect to the reference sample.

Recently, the existence of a doubieelting signal for PHBV based systems, widely
investigated by calorimetric and diffraction methods, has been explained in different ways.
The behavior is mainly ascribed assuming melting and recrystallization of thimblenst

crystals during the calorimetric scan {52]. Owen et al. [55] attribute the reason of the
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splitting to the HV units acting as defects of the PHB lattice. According to this assumption,
given the reduced cohesion of molecules in the crystals of PhiBVrespect to PHB, HV

units could diffuse out of the crystal during the reorganization, increasing the internal
cohesion of crystals and increasing the melting parameters.

Wang et al. [56], investigating PHBV based films containing montmorillonitesiassd the
presence of two endothermic signals just to the inclusion of lamellar clays. They considered
the lowtemperature peak as the main peak of pure PHBV and they ascribed the high
temperature melting peak to a new polymorphic structure growing orMMe& layers
(heterogeneous nucleation).

As better highlighted from Table 4.3, the peak crystallization temperature decreases with
increasing the cooling rate (CR) while the melting temperatures are only slightly affected by
this variable. Moreover, an irease of the crystallization temperature with the filler content is
always observed at least up to 5% by weight of filler as a sign of a dominant heterogeneous
nucleation on the homogeneous crystallization phenomena of the PHBV phase. This effect,
confirmed by the increase of the overall degree of crystallinity, is reduced in presence of
silanized halloysites for which the improved adhesion at the interface with the matrix could

decrease the filler surface available for heterogeneous nucleation.

Heat flow (W/g)
Heat flow (W/g)

—— Enmat —— Enmat

3% HNTs 3% f-HNTs

——5% HNTs ——5% f-HNTs
10% HNTs 10% f-HNTs

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
60 40 20 0 20 40 60 80 100 120 140 160 180 200 220 60 -40 20 0 20 40 60 80 100 120 140 160 180 200 220
Temperature (°C) Temperature (°C)

FIG. 4.10.Comparison of thermograms of specimens containing as received (a) and modified

(b) halloysites, all crystallized at 2 °C/min
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FIG. 4.11. Comparison of thermograms of specimens containing as received (a) and modified
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FIG. 4.12 Comparison of thermograms of specimens containing as received (a) and modified
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(b) halloysites, all crystallized at 10 °C/min
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CR (*C min™") 2 5 10

Fller content LT, HT, AH, x T. AH. LT, HI, AH, « T. AH LT, HT, AH, x T. AH,
(Wit} ((C) O g @® O dgh O O dg™) @ O (dg™) O O 0gh @ o dg™h
0 1565 1668 175 161 967 239 1650 1733 176 161 7.7 264 1629 1708 181 166 785 252
3 HNTs 167.1 1739 190 180 1000 253 1664 1739 214 202 900 273 1646 1724 223 210 87 206
5 HNTs 1666 1728 189 183 1027 27.0 1653 1735 226 218 927 278 1654 1735 243 235 81 227
10 HNts 1665 1734 173 176 1030 251 1667 1743 216 220 891 275 1651 1729 229 233 854 245
3 £-HNTs 1661 1736 189 179 1012 259 1645 1731 206 195 902 276 1629 1716 208 197 757 254
5 £-HNTs 1651 1728 181 175 1016 264 1659 1733 220 212 913 285 1658 1732 228 220 8001 247
10 f-HNTs 1654 1725 199 203 1019 298 1658 1735 196 200 929 243 1658 1739 213 217 781 24§

TAB. 4.3DSC thermal parameters of all investigatestenials.
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In order to gain further insights into doubteslting behavior, the PHBV endothermic signals
were analyzed remotely using a deconvolution route that, in all cases, allowed the evaluation

of melting enthalpies and some geornteparameters as the Full Width at Medium Height

(FWMH) of both low and hightemperature peaks.
For example, the deconvolution of the doulvelting signal related to composite films

containing 3% by weight of pure HNTs is shown in Fig.4.13.
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Fitting Results
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0,34521 10303,42603 -81,73276

Peak Index  Peak Type Area Intg FWHM
-0,14228 10439,876023 -18.26724

1 Gause ~14,61862 30,78105
2 Gauss -3.26726 21,5721

FIG 413 Example of deconvolution of the melting signals

Results, in terms of enthalpy values (Table 4.4), show that, at the lowest crystallization rate,
composite films, compared with unfilled ones, display higher melting enthalpies and

crystallization tempratures which proved
the crystallizatiorpromoting effect of halloysite. This effect disappears by increasing the

cooling rates probably due to the prevalence of the homogeneous crystallization phenomena.
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CR (°C/min) 2 5 10
Enthalpies (J/g) ogH.  ogHy ogHL ogHs oHL  gHwm
Enmat 8.9 9.1 12.3 7.1 9.7 8.3

3 wt% HNTs 14.6 3.3 135 51 106 8.3
5 wt% HNTSs 15.7 1.8 12.5 5.3 9.2 8.7
10 wt% HNTs 13.1 2.5 120 6.1 9.4 9.0
3 wt% f-HNTs 14.4 3.3 145 5.0 9.3 114
5 wt% f-HNTs 13.4 3.8 139 5.6 9.9 9.4
10wt% f-HNTs  15.1 3.9 110 71 10.1 7.9

TAB.4.4 Enthalpies of lowtemperature (L) and higtemperature (H)

melting signals

Moreover, besidesthe matrix for which i t seems t hwdl-definbddrendfori s ndt
enthalpiesof the signalsat low andhigh temperature with the cooling rate the caseof
nanocomposited is clearthat with increasinghe crystallization ratethe area of thpeak at

low temperaturelecreasewhile the areaf the peak ahightemperaturéncreases

At this regard, itis plausible to assume that the lsmperature signal is related to the
melting of uneven crystals produced by the homogeneous crystallization of the PHBV phase
while hightemperature one is due to the melting of more perfect crystals coming from the
nucleation action of the included filler nanopatrticles. Thus, given the simultaneous occurrence
of both crystallization phenomena in all investigated systems, results show that the higher the
cooling rate the more pronounced is the effect of the heterogemewmiesation. In other
words, given the extremely low crystallization rate of the PHBV phase, at high cooling rates
heterogeneous crystallization phenomena induced by the filler prevail on homogeneous ones
giving rise to more stable films, at least in tewhshermal properties.

As far as the Full Width at Medium Height (FWMH) is concerned, again composite films has
shown narrower melting signals and more symmetrical melting and crystallization curves,
with respect to the neat matrix suggesting a narrowgstalr size distribution in the
nanocomposites then in the pure PHBV. This effect is enhanced by increasing the filler
content. Regarding the influence of cooling rate, instead, under the same filler content, the

increasing of this parameter leads to amaimg of the lowtemperature melting signals and a
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broadening of the higtemperature ones (see Table 4.5). This behavior is in line with the ever
more enhanced effect of heterogeneous nucleation phenomena with respect to homogeneous

one, by increasing &rate at which film samples are cooled.

CR (°C/min) 2 5 10
Sample FWMH_ FWMH, FWMH, FWMH, FWMH_ FWMH,
o) o) o) o) o) o
Enmat 44.3 36.8 40.7 27.5 64.2 31.6

3 wt% HNTs 39.8 21.6 44.4 25.1 59.4 27.1
5 wt% HNTSs 36.0 17.8 42.1 25.9 57.9 31.6
10 wt% HNTs 33.2 11.6 44.9 26.9 51.6 28.6
3 wt% f-HNTs 42.1 22.1 50.9 25.1 61.0 37.9
5 wt% f-HNTs 43.4 23.2 53.6 28.6 49.7 31.0
10 wt% f-HNTs  43.2 22.1 42.8 29.2 56.0 31.6

TAB 4.5 Full Width at Medium Height (FWMH) of lowwiemperature (L) and high

temperature (H) melting signals

4.5.4 XRay Diffraction Analysis

Structural features of both film samples and specimens, crystallized during DSC cooling
scans, have been studied bya¢ diffraction analysis. The diffraction patterns of ENMAT in
pelet (curve A) and in film form (curve B) have been reported in Fig. 4.14 indicating
reflections of PHBV and PBAT phases with filled circles and filled squares, respectively [57
60]. The diffraction pattern B of of Figure 4.14 shows that during the fibwibly process

both PHBV and PBAT phases crystallize.
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ENMAT
PHBV «
PBAT =

Intensity (a.u.)

020« 11\0- 101s

20, .., (deg)
FIG.4.14 Xray diffraction patterns of ENMAT in pellet form (A) and in film form (B):
(filled circles) reflections of PHBV phase; (filled squares) reflections of PBAT phase

Moreover, narrower feections of pattern B with respect to the ones characterizing pattern A,
suggest the presence of more perfect crystals in the film form (e. g. for PHBV orthorhombic
crystalsDopoincreases from 14,5 to 30,1 nm). Diffraction patterns of composites cogtaisi
received and modified HNTs have been reported in Figures 4.15 and 4.16. In both figures the
diffraction patterns of the polymer matrix and the filler have been reported. In these pictures,
reflections characterizing the PHBV and PBAT crystalline phdsve been highlighted with

filled symbols, while reflections of the HNTs crystalline phases have been indicated as empty

triangles [61].
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FIG. 4.15 Xray diffraction patterns for films containing pure HNTSs: (filled symbols)
reflections of PHBV and PAT crystalline phases; (empty triangles) reflections of HNTs
crystalline phase
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FIG.4.16 Xray diffraction patterns for films containing modified HNTs: (filled symbols)

reflections of PHBV and PBAT crystalline phases; (empty triangles) reflectionsedified
HNTSs crystalline phase.

In these cases, in line with calorimetric results, the presence of the filler, although it may alter
the kinetics and mechanisms of crystallization, does not seem to affect the degree of

crystallinity of the PBAT phasé.he intensity ratio between the reflections of the HNTs
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phase is strongly altered icomposite films, while the positions remain unchanged. In
particular, 001 and 002 reflections are much more intense and the 020 reflection is negligible.
This indicates areferred orientation of the HNTs basal planes parallel to the film plane.

Such orientation has been confirmed byay diffraction patterns, taken with beam parallel to

the film plane and collected on a photographic cylindrical camera. In this respect, t
diffraction pattern of the composite film containing 10 %wt. of HNTs, reported in Figure

4.17, shows intense 001 reflection arcs centered on the equatorial line.

001

FIG. 4.17 Xray diffraction patterntaken with beam parallel to the film plane aalected
on a photographic cylindrical camera, for the composite film containing 10 %wt. of HNTSs.

In Figure 4.18 diffraction patterns of specimens containing HElT srystallized at 5 °C/min
during DSC cooling scans, have been compared. For all spegifdaelBV phase crystallizes,
while PBAT phase is essentially amorphous. HNTs basal reflections are only slightly visible
even for composites with 10 %wt. of filler. Such results have been confirmeedny X
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diffraction patterns, collected on a photogriaptylindrical camera, of specimens crystallized

at 5 °C/min during DSC cooling scans. Actually, in the diffraction pattern of the specimen
with 10 %wt. of HNTs the 001 reflection becomes negligible. This behavior can be attributed
to the occurrence of aomplete disorientation of the added halloysissociated with the
polymer melting

Strictly similar results have been obtained for specimens crystallized at cooling rates of 2 and

10 °C/min.

——HNTs
HNTs v Enmat

E:E'IY _ 3% HNTs
. . — 5% HNTs

10% HNTs

v n/\mV

020+
040.

Intensity (a.u.)

020v

001V
v 002v | °J’3V

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

29&“ (deg)

002«

FIG.4.18 Xray diffraction patterns for specimens containkifgTs all crystallized at 5
°C/min: (filled symbols) reflections of PHBV and PBAT phases; (empty triangles) reflections
of HNTs crystalline phase.

Conclusiors

Bio-composites, based on a commercial PHBV/PBAT blend and loaded with natural or
chemicallyfunctionalised halloysite nanotubes, have been analysed and interpreted in terms
of calorimetric and structural tests.

Resultsshowedthe crystallizationof both phasesconstitutingthe matrixwith a dominant
contribution from thecopolymerPHBYV. Suchcrystallinity, improvedby orientations, induced

by the film technologythat may among other thing$acilitatethe formation ofmore perfect
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crystals is not homogeneouslyinfluenced by the inclusion ofhalloysites In particular
although thefiller may influence the kinetics and mechanism®f crystallization the
investigations demonstrated th&br composite films,the slight crystallization of PBAT
remainedunchangedwhile there was an increasé the degree ofrystallinity of the PHBV
phase

The analysisof samplescrystallizedat a controlled ratshowedthe splitting of the PHBV
melting signal attributed tosimultaneousphenomenaof homogeneous crystallizatioand

heterogeneous nucleatiohPHBYV phase
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Chapter V

5.1 Introduction

Today manufactures of plastic products and packagestbhaweet several requests, such

as low cost , improved mechanical and barrier performance. In line with this trend, in the
last decades a huge effort of the research has been focused on the reinforcement of
polymers by the addition of nanofillers sughdakay minerals or carbon nanotube&[d.

An appropriate dispersion, distribution, and compatibility between the nanofillers and the
polymeric matrix are key features to obtain an enhancement on biodegradability [11,12]
and flammability [13,14] beside improvement of mechanical [15,16], thermal [17,18]

and barrier [19,20] properties.

Silicate nanoplatelets, e.g., montmorillondaad carbon nanotubes are the most used
fillers in polymer nanocomposit¢21-23].

However,Halloysite nanotubes (HNTSs), raaturally occurring clay mineral, is attracting
interest for fabrication of high performance materials based on polymers.
Hall oysite(Al 2Si 205( OH) 4AnH20) , i s a mi ne
exhibiting a predominantly tubular morphology.

This clayconsists of hollow tubes with dimensions tganerally vary from 50 to 70 nm

in external diameter, @. 15nm diameter lumen, and 0.5 t@f in length [24].

HNT nanotubes represent an alternative to carbon nanotubes(CNT) because its costs
competitiveness, natural availability and biocompatibility.

HNTs are a new type of additive for enhancing the mechanical properties, thermal
stability and antiflammability characteristics of polymer matrid@s-29].

Recently HNTs have been incorporated into various biopolyme&JB0

In recent decades, a large amount of researches have been made on biodegradable
polymers to overcome environmentaloblems associated with conventional plastic
waste.

Aliphatic polyesters suclas poly(-hydroxybutyrateco-hydroxybutyrate) PHBV, which

have higher flexibility and lower processing temperatures than the -polpmer
Poly(3-hydroxybutyrate) (PHB), are atttace candidates for many applications owing to

their biodegradability and biocompatibility[33,34]. However the use of PHBV is still
limited by some drawbacks such as slow crystallization rate, relatively difficult

processing, low elongation at break, aedy high degree of crystallinity. Blending
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PHBV with other biodegradable polymers such as PLA[35] ,PCL,[36] or cellulose and
starch derivatives [37,38] is way of obtaining new materials with improved properties,
which can overcome the drawbacks of Bt¢BV.

Poly- (butyleneadipateo-terephthalate) (PBAT) is an aliphattomatic cepolyester

with high toughness but it is also biodegradable and compostable. Accordingly, PBAT is
an excellent candidate for toughening PHBV.

The matrix used in this researaurrently supplied by a Chinese firm, involtagsetwo
biodegradable resins:

PHBV and PBAT in a blend with a weight ratio equal to 30:70, respectively.

There are few research reports showing properties of this bleA8]3%ut HNTs
reinforced PBAT/ PIBV nanocomposites have never been reported.

Polymer nanocomposites with functional propertigacluding biocompatibility,
compostability, and mechanical properties may be designed by using HNTs as filler in
PBAT/PHBV matrix.

The investigation of the efé¢ of Halloysite nanotubes loading, nanotubes
functionalization and temperature on the rheological behavior of the nanocomposites was

the main objective of this chapter.

Experimental section

5.2 Materials and surface modification of the clay.

A blend of PBAT/PHBV with 70:30 weight ratio, was supplied, in pellet form, from
Ningbo Tianan Biologic Material Co. Ltd. (Tian&NMAT) (China) under commercial

name 6010P and in this study denoted as Enmat. Halloysite nanotubes (HNTS), used as
filler, with average sizes equal to: 0-25m (length), 30 nm (diameter), 64/m(surface

area) and a specific gravity 2.53 gfowere provided by Sigmaldrich.

As confirmed by Xray diffraction analysis Halloysite was in the dehydrated state s
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showing a diffration signal at 12.138 corresponding to a (001) basal spacing of
approximately 7.3A.

Modification of Halloysite claywas made according to well established procedure
reported elsewher@6)

The successful functionalization of Halloysite particles wasfiedriby ATRFTIR
spectroscopy.

The pellet(Enmat) and the clay nanotubes , unmodified (HNTs) and chemically modified
(f-HNTs) were dried under vacuum at 70°C for at least 12 hrs prior to use.

5.3 Processing of biodegradable nanocomposites

The nanocomosites of Enmat with Halloysite ,as received and modified, were prepared
using melt compounding technique in a-rotating twin screw extruder (HAAKE
PolyLab, L/D=40).

The biopolymer were melt mixed with the filler at different weight percentages, (30

wt%) maintaining the processing temperature at-1%9160165165160-160-160 °C

from feed to die zone of extruder and setting the screw speed at 100 rpm. Pure Enmat
was also extruded under the same conditions to use as reference ngubsjuently

the extruded materials was pelletized to granafesdried overnight at 70 °C to remove

the water absorbed after extrusion.

Systematic thermogravimetric measurements, shown in previous chapter , confirmed a

good agreement between nominal andadiller contents.
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Formulation Abbrevation
PBAT/PHBV Enmat
PBAT/PHBV+3% Halloysite 3%HNTSs
PBAT/PHBV+5%Halloysite 5%HNTSs
PBAT/PHBV+10%Halloysite 10%HNTSs
PBAT/PHBV+3% silanized Halloysite 3% FHNTs
PBAT/PHBV+5% silanized Halloysite 5% FHNTs
PBAT/PHBV+10%silanized Halloysite 10% £HNTs

5.4 Characterization Techniques

5.4.1Fourier Transform Infrared Spectroscopy (FTIR)

To confirm the chemical interaction of silane with nanotube surface the naolesart
were analyzed by infrared spectroscopiie FTIRATR instrument used was a Nicolet
6700 (Thermo Scientific) operating in the wavenumber range of 650 to 40)Qvitm

ZnSe crystal, 32 scans and 4 tresolution.

5.4.2Rheological characteration

Shear rheology of the polymer melt is a useful tool to characterize the materials and to
determine their processing performance.
There are two techniques normally utilized to determine the shear rheological behavior of
a material:

1 Dynamic shear rhdogy

1 Steady shear rheology

Shear rheological techniques are used to determine the flow behavior and structure

evolution of a material under the influence of a stestdye deformation.
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Dynamic rheology is a structural analysis tool because it uses eefi®gexcitation
method to determine the moleculavel structure of a polymeric system[43].

Small strain dynamic shear rheological properties are generally considered to obtain the
elastic and viscous response of the materials, while the processingtipsopee
estimated analyzing rheological behavior at high frequencies.

In order to verify the processability of nanocomposite samples and to establish the
nanodispersion structure, capillary and parallel plate rheometers have been considered in
this study to characterize the rheological properties of the investigated nanocomposite

systems.
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5.4.30scillatory measurements

Dynamic and steadgtate tests were carried out on a controlled stress rheo@R&0Q ,
Rheometric Scierfic) equipped with a parallel plate geometry (25 mm diameter, gap ~1
mm) at 160°, 170° and 180°C. The samples were directly melted for 5 min between
preheated parallel plates to erase thermal history and to avoid any further rearrangement
and/or failue of brittle clay nanotubes. The dynamic experiments were run setting an
angular frequency from 0,01 to 100 rad/s under a constant amplitude of 5%. In advance
a strain sweep test were performed to assure that the tests were in the linear
viscoelasticityregion. All measurements were conducted under a nitrogen atmosphere to

minimize oxidative degradation of matrix.

25mm

¢ 1mm

FIG.5.1Schematic of a parallel plate rheometer
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5.4.4Steady shear capillary measurements

All the investigated compoundsdithe neat matrix, taken as the reference material, were
subjected to capillary extrusion. At this purpose an instruff@@ER 2000, Rheometric
Scientific)having a barrel diameter of 20 mm and a capillary die (D=InuAD=30) was
used.

Measurements on @dried pellets were conducted at 160, 170 and 180°C.

Results reported as viscosity vs shear rate, on the rand€’3@*, were corrected

according to the MoonfRabinovitch approach but neglecting Bagley corrections.

FIG 5.2Schematic of capillarsheometer
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5.4 Results and discussion

5.4.1 Fourier Transform Infrared Spectroscopy (FTIR)

As discussed in chapter I¥he absorption bands at 1720 and 1635 ane associated to

the stretching vibrations of-@ and G C groups.

The band at 14Y is attributed to deformation vibrations of i€ in CH2 bonds . The
asymmetric and symmetric stretching vibrations of O®©f

Ci Oi C bonds are attributed to bands at 1320 and 1296 cm_1, respectively. All those
bands are related with the nbgdrolyzablepart of the MPS molecule [44]. In fact the
first step of the silanization process was hydrolysis of the silane in ethanol under stirring
at room temperature.

This process can be represented:

i R-Si-( OR 6> R-Si-(OH)s

A

-

FIG. 5.3 Molecular struatre of MPS

—— HNTs |
104 FHNTy |

0,8
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FIG.5.4 FTIR spectra of as received and modified Halloysite
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5.4.2 Rheological characterization

5.4.2.1 Dynamic tests

The linear viscoelastic response as measured by theestoragn d | oss modul i (
for systens containing as meeived Halloysite and silanized one, at 160°, 170° and 180°C

are shown in fig 55.8.

Goband GO0 represent the el asti s respectively.i scou:
However, when nanocomposites with functionalized Halloysite were testeg, th
displayed an extremely high viscosity at 160°C, beyond the equipment limit. Therefore it

was impossible to carry out the test at this temperature.

T=160°C T=170°C
10° —=—Enmat Untreated Halloysite 10° 4—=—Enmat Untreated Halloysite
—8—23% HNTs 3—e—3% HNTs
—&— 5% HNTs J—4—5% HNTs
v—10% HNTs / 1+ 10%HNTs

g 10" 4 g 10°
© )
10° 4 10° o
10" L ) S S
10° 10° 10* 10" 10° 10’ 10°
o (rad/s) o (rad/s)
T=180°C
10° 4—®— Enmat R
3% HNTs Untreated Halloysite
{—A—5% HNTs
]—¥—10% HNTs

o (rad/s)

FIG. 5.5 Storage moduli of Enmat/HNTSs as function of frequency at

different temperatures
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= °
T=170°C T=180°C
s _|—8— Enmat ilani i S =
0 e Silanized Halloysite 10° = Enmat Silanized Halloysite
b —8—3% HNTs
]—4—5% HNTs

- —A— 5% HNTs

10T e 10% HNTs

10° 3

10 4

10° 10° 10" 10° 10' 10° 10° 10° 10" 10° 10’ 10°
o (rad/s) o (rad/s)

FIG. 5.6 Storage moduli of EnmatHNTs as function of frequency at different

temperatures

The rheological behaviour of polymer composites depea®ng other thinggn the

material microstructure, the fillers dispersion, the aspect ratio and orientditidwe

fillers, the interaction polyméiller interaction and as well as fillefiller
interactions|[ 45, 46] . The t e mp gentiestouthee c an
matrix changinghe particéi particle interactions and tiveettability of the fillers with the

matrix [46].

Analyzing the curves in fig.5:5.6 , it can be seethatthe incorporation of halloysise

induces an increase of the storage modulus of the neat matrix all over the considered
range of oscillation frequency. This effect is not monotonous with the filler content with

a trend varying wh the testing temperature probably for the occurrence of different level

of filler distribution leading different extent of interaction with the surrounding matrix. .

It is clearly seen that silanized Halloysite i n ptleestorage modulus and this effect is
pronouncedespeciallyat low frequencies.

The sl opes of GO6(¥) curves in the terminal
5.2. With the inclusion of clay nanotubes, a slight increase of the stipé® low
frequency region of GO0 is observed, as | i
to the occurrence of microstructural changes, seems to reach the maximum extent at the

temperature of 170 °C.

Moreover, even at the largest fillera€tion so far investigated, no indication of a solid
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|l i ke behavior (pl ateau of Go6 at l ow fregq
percolating network can be attributed to the low initial aspect ratio of the halloysiste

nanotubes, usually further reddday shear in melt processing steps.

Sample Low-f requency sl op o
160 °C 170 °C 180 °C
Pure Enmat 0.87 0.82 0.90
Enmat/3 wt% HNTs 0.92 0.99 0.96
Enmat/5 wt% HNTs 0.91 0.93 0.75
Enmat/10 wt% HNTSs 0.92 0.89 0.96

TAB.5.1 terminal slop of GNjt different temperatures for different

amounts of HNTs loadings

But it can be also seen from table 5.2 that, when modified halloysite is thged,
nanocomposites have smaller ldmgquency slope of storage modul@3d ver sus

frequency ~¥.

Sample Low-f requency sl op
170 °C 180 °C
Pure Enmat 0.82 0.90
Enmat/3 wt% Silanized HNTs 0.78 0.79
Enmat/5 wt% SilanizedHNTs 0.57 0.67
Enmat/10 wt% SilanizedHNTSs 0.31 0.35

TAB.5.2 terminal slope o&ENgt different temperatures foifigrent
amounts of +HNTs loadings

The dependence@ on ¥ at | ow frequencies becomes
Nevertheless no indication ofaselidi ke behavior (plateau of G

be observed.

At this regard, it isvell know that for nanetructured systemssvo critical concentrations

95



Chapter V

accounting for structural transitions of nanodispersions with increasing nanofiller content
are verified. These latter are best known flagculation thresholdand percolation

thresholdand describeds follows:

1. The rheological flocculation threshold expresses the critical nanafdlerentration,
where the shoitange connectivity of the nanofiller particles becomes significant
resulting in flocculation. The fractal floccules consist of near uniform néeofil

agglomerates penetrated with a matrix polymer.
2. The rheological percolation threshold represents the-rlmmge connectivity of the

fractal flocs within the polymer matrix, resulting in the formation of a taligeensional

(network) supramolecularntsicture[47].

AN
;H’A,, B

Flocculation threshold Percolation threshold

In light of the aboveconsiderations, for systems containing silanized clay nanotubes the

occurrence oflocculation rather than percolation phenomena can be assumed.

Figures 5.7 and 5.8 r ep measEemat adtcbngositeo s s

containingas received and silafieeatedHNTS, respectively.

The trend of the loss modulus can not indicate more useful information. As expected, it

can only show, also in this case, values of the slopes of the curves at low frequencies
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T=170°C

Untreated Halloysite

T=160°C
10° —=— Enmat Untreated Halloysite 10° J—=—Enmat
—8—3% HNTs —8— 3% HNTs
|—&—5% HNTs —A— 5% HNTs
¥—10% HNTs ¥—10% HNTs
10" 4 10" 4
10° é‘; 10" 4
o
10° 4 10° 4
10’
10' et B T A oy o 1;2
10° 10° 10" 10° 10’ 10°
o (rad/s)

o (rad/s)

10° 4—=— Enmat

—e—3% HNTs
—A—5% HNTs
v—10% HNTs

Untreated Halloysite

o (rad/s)

FIG.5.7 The variation in loss modulus with frequency for

Enmat/HNTs nanocomposites at different temperatures.
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T=170°C T=180°C
—&— Enmat T : o o
s | Silanized Halloysite s _|—®—Enmat Silanized Halloysite
10° 4 —e— 3% HNTs 10" 3o 3% HNTs i
—&—5/: HNTs —A—5% HNTs
1—%—10% HNTs ¥—10% HNTs
10* 4 10° 4
§ 10° 4 g 10° 4
o o
10 10° 4
, 10"
10" 4
10° 10° 10" 10° 10' 10° 10° 10? 10" 10° 10’ 10°
o (rad/s) o (rad/s)

FIG.5.8 The variation in loss modulusth frequency for

Enmat/ fHNTs nanocomposites at different temperatures.

In fig. 5.9 comparisons of investigated materials in termess modulus are depicted.
As expected, the loss tangetamti, where U i s the pha®e angl

very sensitive to the structural change of the materials.
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T=160°C

T=170°C

—&— Enmat

[=®— 3% HNTs
== 5% HNTs
w= 10% HNTs

Tan s

Untreated Halloysite

== Enmat

—e— 3% HNTs
T=d— 5% HNTs
—v— 10% HNTs

Tan s

Untreated Halloysite

FIG. 5.9tan U

Tan s

T=180°C

o (rad/s)

[—=— Enmat

~e—3% HNTs
J=—d—5% HNTs
I—¥—10% HNTs

Untreated Halloysite

o (rad/s)

HNTs

different temperatures

of

nanocomposites

as

The damping intensity is lowered by increasing the clay nanotube concentvdtican

effect further emphasized by increasing the temperature of the test.

funct

This behavior confirms that the nanocomposites are more elastic than the reference

extruded matrix over all frequency range at molten state and that both energy dissipation

and elaxation of the matrix chains are increasingly hindered as the filler loading

increases.

The influence of the temperature may be explained assuming the achievement of different

filler distribution and, consequentlygy the enable oWarious extent of fikkr matrix

interactions.
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As highlighted in fig.5.10,e above mentioned effects are further enhanced with the

improvement of the fillematrix interface.

5 T=170°C T=180°C
5
[—&— Enmat ilani i —=— Enmat ilani i
| e— 3% HNTS Silanized Halloysite i Silanized Halloysite
14— 5% HNTs 14— 5% HNTs
10% HNTs 10% HNTs

Tan é
Tan &

o (rad/s) o (rad/s)

FIG.5.10tani o f nanocomposites containing func
the frequency at different temperatures

The peaks occur at the frequency of about 10 rad/s and almost disappear with increasing

nanotube content, showing that the material becomes more elastic.

The change in complex viscosity of the neat Enmat and Enmat/HNibsaraposites is

shown in figures 5.11.

All materials containing untreated halloysishow a shear thinning behavior over all the
analyzed oscillation frequency range.

An increase of the complex viscosity is verified for formulations including HNTs with
respect to the reference matrix.

The extent of this effect varies with the testing temperature and the filler content.

For systems with inproved interfacial regions(Fig. 5.12) a slight drift of the viscosity
curve is observed for the highest filler contenthe low frequency zone: behavior in line

with the assumed occurrence of flocculation phenomena.
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The interesting thing to note is thatnlike the previous caséhe complex viscosity
increases with the addition of modified nanotubes to the pure blend as better endphasize
in graphs 5.13 and 5.14. In these pliits complex viscosity as function of the filler
content at vaous frequencies is reported.

The complex viscosity clearly depends on the filler content especially at low frequencies
as well as on the testing tperature.

The effect, essentially related to the predominance at low frequencies of physical filler
filler and/or filler-matrix interactions, is emphasized by reducing the testing temperature.
In other words, as expected, the wettability of clay nanotbethe hosting matrix is
reduced by increasing temperature.

The effect of the filler loading on the viscosity of the matrix becomes, as expected,
particularly marked at low frequencies if the interface is improved by adequate pre
treatments of the includeparticles.

Clearly at 170 ° C there is an increase of an order of magnitude of the viscosity at 0.01
Hz: effect reduced by about 50% at 180 °C due to the increased mobility of
macromolecules constituting the matrix and, consequently, to the lower Nitgttab

included clay nanotubes.
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T=160°C T=170°C
35000 +—m—0,01 radis Untreated Halloysite 35000 —m—0,01 radis Untreated Halloysite
—m—0,1 radis (~l—0.1 rad/s
1-m—1 radis 1 rads
—m—10 rad/s (~l—10 rad/s
280004 " 100 racs 28000 100 radis
21000 __ 21000
(7))
©
=
14000 + :_ 14000
L ]
7000 - ./ 7000
e —— u
AT et - = .
—— 1 = —_—l——
0 , ; ; : 0 .él:!—__‘
o 8 10 . HNTs ISading (wt %) 10
HNTSs loading (wt %)
T=180°C
35000 u—0,01 rad/s Untreated Halloysite
(—m—0,1 rad/s
T=—1 radis
[-®—10 rad/s
280004 w100 rad/s
21000
b
©
e,
% 14000 |
=
7000
/I
—n B
04 —_— =
0 5 10
HNTSs loading (wt %)
FIG 5.13 Complex viscositly*: effect of HNTs content at
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FIG 5.14 Complex viscositly*: effect of silanized HNTs content at
various frequencies
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In order to understand theffect of temperature on the rheological propertthe
AndradeEyring equation defined for the complex viscog4@] has been employed in

which:

E,

B+ = BGRT

E, is the flow activation energy arilis the universal gas constant equal to 8.314 J/n K.
In the case ohanocomposites,E; can be related to the interactions between polymer
chains and fillers. The value & thus depends on the ease with which the fillers move
through the polymer chains. The plot(fig. 585 16 ) o f t K @etevnanedu e s
at 1 mad/s) as a function of BT makesto estimate the activation energy of the
nanocomposites,given by the slope of this curve. Table 5.3 and 5.4 report the values of

Eafor different nanotube loadings.

Untreated Halloysite

201w swinTs =5 4593
10% HNTs
8,5
2 Filler B (Pas) Ea (IIn)
T gl a(J/n
s content 10°
E o7 : 7 3w 525 7,17
704 5 wt% 0,16 8,46
65- - 10wt% 0,048 8,95
I 2%5 I 2.I70 I 2.%’5 ‘ 2,80
10%RT
FIG.5.15 Linearized Andradgyring TAB.5.3 Activation energy values
relationship for systems containing pure HNTs

The activation energy increases with the clay nanotube loading. The influence is
explainable assuming thdtethigher filler concentrations, the more constrained is the

flow of compound melts.
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Although in the case of organmodified fillers it isimproper to speak about data fitting
because, given the particularly high viscosity of the system at 160 °C, there are only two
points(fig. 5.16), it seems that in this case the activation energy values are higher than
those evaluated for analogous matksrcontaining as received clay nanotubes.

In other words, as expected, the improvement of the-fitlatrix interface induces further

constraints to the flow of the host matrix macromolecules.

Silanizeded Halloysite
b4 B 3%HNTs ! 14,833
01 W 5%HNTs 6,500x-36,48 7
10% HNTs Filler

851 content

A

/ X 3 wt% 0,37 8,33
75 0)
: 5 wt% °0 16,50

B (Pas) 16 Ea (J/n)

s (Pa.s)

In1]*|”

T 10 wt% 0,092 9,80
6,54
2‘I55 Z‘l:'ﬂ 2‘I75 2,80
10°RT
FIG.5.15 Linearized Andradgyring TAB.5.3 Activation energy values of
relationship systems containing modified HNTs

The steady shear behaviof polymer/clay nanocomposites usually allows to obtain
useful information on processability of the material [49]

In Fig. 5.16 the steadghear rheological behavior of neat Enmat and its nanocomposites
with Halloysite are reported.

Each powshowstwo distinct regions: the first oneith sHear viscosity almost
constant with thehear ratéat low shegrratesandthe second one at higher shear rates
wherethe shear viscosity decreases with an increasing shear rate. There is a transition
from a Newbnian region to a powdaw region.

To investigate the dependence of the viscosity on the shear rate, CarredjS®pdas
empl oyed t-Newtpnian visbosity cutven(square symbols) for neat Enmat and

its nanocomposites, as shown in Figure 5.17 (solid lines).
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The equation used to fit this model to experimental resultgiveai®llowing:

® _J O I

where— i s the zero shear rate viscosity, @& I

onset point of shear thinning), ands the poweidlaw index.Table 5.4 summarizethe

collected rheologicgbarameters  hn, a; )

i T=170°C i T=170°C
Untreated Halloysite Silanized Halloysite
10° 5 10* 3
i Ve Y—Y—y—y V—y—y—y— v —
g Yy v—
S T NSE-0n-om_ N
10° 4 B “":‘I'Aﬂ;:% 10° 5 A—iaieh
R w
g g
: 10° 4 ~ 10°4
. |—=—Enmat . |—"—Enmat
10" _e—3% HNTs 10'3—e—3% HNTs
]—A—5% HNTs —A—5% HNTs
1—v—10% HNTs v—10% HNTs
10° ——r T T —— 10" e
10° 10°% 10° 10° 10’ 10° 10° 10% 10" 10° 10’ 10°
(") v(s"
- o = o]
- T=180°C i T=180°C .
1 Silanized Halloysite E Untreated Halloysite
10° 4 10*—E
. m Yoy
_ e D UZHEQ%—"—J -
® 1004 Y © 10" e g oAy
o MM L TN,
E=3 =~ { ]
=
10° 4 —m— Enmat 102-5 —u—Enmat
1—e—3% HNTs Z==3% DHNEs
1—a—5% HNTs {—a—5% HNTs
1—v—10% HNTs 1—v—10% HNTs
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i PO ST P P T 10° 16'2 ﬂIJ" 16" 121‘ 1:J2
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FIG.5.16 Steady shear viscosity of the nanocomposites at different temperatures.
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1,E+04

16403 - ®

1 (Pa=s)

1,6402 -

+ Experimental
1,E401
Carreau Model

1,E+00 + ; ; .
1,603 1,E-02 1,E-01 1,E400 1,E401 1,E+02
Shearrate (s -1)

FIG.5.17 Example of comparison of the Carreau model fit to the

experimental data

170°C 180°C

dox10° & dox10° &
Sample (Pas) (5 1 Sample Pas) () .

a.s) (s i a.s S [

(sY (sY)

Enmat 19 59 082 016 Enmat 087 45 0,84 0,11
3%HNTs 2,1 7,5 0,77 0,13 | 3%HNTs 11 71 0,84 0,14
5%HNTs 1,7 84 0,83 0,12 | 5%HNTs 1,3 88 084 0,11
10% 10%

3,3 13,6 0,73 0,07 1,6 11,1 0,83 0,09
HNTs HNTs
3%f- 3%f-

2,0 30,2 0,80 0,03 083 30 082 0,12
HNTs HNTs
5%f- 5%f-

1,5 20, 0,80 0,05 081 40 082 0,25
HNTs HNTs
10%fF 10%f

34 18,1 0,75 0,05 2,1 10 0,70 0,1
HNTs HNTs

TAB. 5.4Parameters in Carreau model
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Clearlyat 170° the degree of shear thinningf@dand & i ncreases with
the critical shearrato;i s deyned as t h-<hinrong sa@dtionamis nt o f
approximately equaltothenver se of o[ 51]

Hence, considering the values in table 5.4, the addition ofstidtg the transition from

the Newtonian plateau region to sh#a@nning region occurring at lower critical shear

rate with increasing the clay concentration. This might suggest that the fillers are ease of
orientation in response to externally applied stress.

Regarding results at 180° for systems containing surface modified clay nanotubes
significant benefits are shown only by the 10% by weight loaded system. Probably this
decrease in viscosity is caused by thermal degradation of the material that occurs during
the testing . However, the parameter & de
decrease in relaxation time with increasing temperature is due to the increased mobility of
the polymer chainsand the lower wettability of included clay nanotubes. The tueian

plateau is extended at higher frequencies.

5.4.2.2 Steady shear capillary measurements

Capillary experiments allow to determine the flow properties at large share rates. Shear

rate in an extrusion can be determined by the following equatipn[51

r 1Y ¢ bom
O Yip 1t

whereuv is the screw speed in RPM, H is of the order of one tenth of the barrel Rdius(

the angul ar vel®Ocity ¥ in rad/s is 2

Therefore, to verify theextrudaility of the investigated nanocomposite systerttree
temperatures were selected for each set measure, each of them including the range
temperature used during extrusion.

Figures 5.18 and 5.19 present the results of the capillary measurements of the studied
samples at the three different temperatures.
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10° 5

10" 4

10°

Shear Viscosity (Pa.s)

—&— Enmat

—8— 3% HNTs

—A—5% HNTs
¥— 10% HNTs

T=160°C

T=170°C

Untreated Halloysite

Shear Viscosity (Pa.s)
3
d

10° {—m— Enmat

—8— 3% HNTs

—h— 5% HNTs
¥— 10% HNTs

Untreated Halloysite

FIG.5.18 Comparison of viscosities of Enmat/HNTs composites

Nanocomposites show a flow behavior, at high share rate,

T T
10° 10°

Shear rate (s)

T=180°C 7

T
10°
Shear rate (s”)

10°

Shear Viscosity (Pa.s)

10" 4 @ Enmat

—@— 3% HNTs
—&— 5% HNTs
—¥— 10% HNTs

10

Untreated Halloysite

10’

T T
10° 10°
Shear rate (s")

presence of filler with respect to the reference pure matrix even

filler-matrix interface (fig.5.19).

10°

not influenced by the

in case of improved

The viscosity of nanocomposites does not increase with the content of nanotubes but it is

within the order of magnitude of polymer matrix.

The processability of nanocomposites is not altered also with functionalized halloysite,

so nanocomgsites could be still processed in the same way as the raw materials.
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FIG.5.19 Comparison of viscosities of Enmadii Ts composites
Conclusiors

Completely biodegradable systems based on a commercial PHBV/PBAT blend and
natural clay nanotubesvere prepared by melt blending and investigated from a
rheological point of view at 160, 170 and 180 °C.

The effects of filler on viscoelastic behavior of composite systems are emphasized by
improving the fillermatrix interface. In particular, in presenof the highest loading of

silanized halloysite incipient flocculation phenomena seems to occur.
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The inclusion of halloysigeresult in increases of both the elastic modulus and the
complex viscosity even if no perdeding phenomena seems to ocourthe filler loading

range considered so far.

Regardless the surface treatment of nanoclay, the filler does not appear to alter the
extrudability of the hosting matrix, remaining the measured viscosity in the same order of
magnitude of pure Enmat.

The chace of processing temperature may be exclusively related to the level of filler
distribution able to ensure optimal viscoelastic behavior of the melts.
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Mechanical ,DynamieMechanical properties
and morphological issues of PHBYV based
blown films containing Halloysite
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6.1 Introduction

Today manufacturers of productsdapackages have to meet several requests, such as
lowering costs, improving performance and enhancing environmental attributes. Plastic films
comprise a wide category of materialgth different properties depending on application to
which they are assmpd. Polymeric flms may be used in combination with other materials,
such as aluminum or paper, in order to impart special properties[1].

Although the employment of plastic films substantially reduce the amount of material needed
to make a product or pkage, there are, however, environmental issues associated with the
production and disposal of plastics.

Composting of mixed organics is a potential strategy for recovering large quantities of waste.
Compostable plastics can replace the-degradableone, making composting a significant

tool to divert large amounts of otherwise non recoverable waste from landfills. Compostable
plastics combine the utility of plastics with the ability to completely biodegrade in a compost
facility without separating themdm organic wastes, enabling composting of a much larger
amount of solid waste.

In the last decade, polyhydraadkanoates (PHA) have attractadspecial attention due to
their full biodegradability, biocompatibility and natural origin. Among resins invoinddis

family, several research efforts have been focused on poly(hydroxybtgrate
hydroxyvalerate) PHBV copolymers having performances very similar to those of polyolefins
and thus being a potential substitute to petrodased materials. In partieul investigations

have been performed to overcome specific drawbacks such as its fragility, thermal
degradability at temperature not far above the melting point, and its high price by their
blending with polymers [2,3]or by including opportune inorgaiilers [4] respectively. At

this regard , with the awereness that the type of filler surface treatment plays a key role in the
mechanical performances of products, several studies about the influence of chemical
functionalization of fillers have been cad out. Based on this features the aim of this study
was to manufacture and investigate the performances of blown films of a biodegradable
polymer blend filled with Halloysite nanotubeiNTs (alluminosilicates). The choice of the

film preparation methodfilm blowing) derives by the possibility of a good alignment or
straightening of the high aspect ratio particles in films made by this process rather than by
technigues such as compression molding.

The selected matrix was a blend of two copolymers : YidBd PBAT (30:70 wt %) which

are both biodegradable and compostable. PBAT(poly (butylene adipédecphthalate) is a
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biodegradable, statistical, aliphaticomatic copolyester having propertiesimilar to low

density polyethylene (LDPE) because ofritgh molecular weight and its branched molecular
structure [5]. Halloysite nanotubes, untreated and chemically modified, were added to
polymer matrix with the aim of improvingheir me c hani c al Hallaysiepday t i e s .
enhances biodegradable and biopatible nanocomposites, increases strength and provides
new capabilities for consumer prBechuse dfjts pacKk
unique hollow tubular structure, HNTs can be used as a carrier for the controlled release of
special addives in order to obtain biodegradable films widlmtibacterial, antifungal,

antioxidant, antimicrobigbroperties for food packaging applications.

Experimental section

6.2 Materials

A commercially available grade of PBAT/PHBV blend, Enmat 601QNigbo Tianan
Biologic Material Co. Ltd.),with 70:30 weight ratiowas used in this study. Halloysite
nanotubes (HNTSs), used as filler, with average sizes equal to40n2% (length), 30 nm
(diameter), 64 rilg (surface area) and a specific gravity 208 were provided by Sigma
Aldrich.

As confirmed by Xray diffraction analysis Halloysite was in the dehydrated state showing a
diffraction signal at 12.138 corresponding to a (001) basal spacing of approximately 7.3A.

In an attempt to improve the deggion of nanotubes within the polymer matrix an
organosilane has been employed to modify the pristine surface of the<ldgscribed in

the previous chapter.

The ATR_FTIR analysis confirmed the success of the surface chemical modification [8] by
the appearance of characteristic absorption band4@0, 1637 and 1726m™ attributed to

CHj; scissoring, @C andC-O stretching vibration respectively.
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6.3 Preparation of biocnanocomposites

The bienanocomposite of Enmat with various organicallydified and natural HNTs was
prepared using melt blending technique in aratating twin screw extruderHAAKE
PolyLah L/D=40). The matrix was melt mixed with nanoclays at different weight percentage
(3, 5, 10 wt%) at a temperature difference from feedie zone between 150 °C and 165 °C
and screw speed of 100 rpm. The matergpgportunely predried in a vacuum oven at 70°C
for 12 hr, were prenixed by tumblinghem in a closed plastic container.

Pure Enmat was also extruded under the same camsliticuse as reference material.
Systematic thermogravimetric measurements, shown in chapter IV , confihr@edood
agreement between nominal and actual filler contents.

Table 6.1 summarizes the compositions of composites and the abbreviation usied in t

work.

Formulation Abbrevation
PBAT/PHBV Enmat
PBAT/PHBV+3% Halloysite 3%HNTs
PBAT/PHBV+5%Halloysite 5%HNTs
PBAT/PHBV+10%Halloysite 10%HNTSs
PBAT/PHBV+3% silanized Halloysite 3% FHNTs
PBAT/PHBV+5% silanized Halloysite 5% HNTs
PBAT/PHBV+10%silareed Halloysite 10% #HNTSs

TAB. 6.1 Enmat/HNTs nanocomposite systems

6.4 Preparation of blown films

Film blowing of all extruded materials was accomplished using COLLIN single screw
extruder (25:1 D) with three individually controlled temperature zones. The extruder was
equipped with a COLLIN TEACH LINE BL50T with a diameter die of 30 mm, and-a die

gap of 0.8 mm was used. The velocity of the taKerolls and the pressure inside the film

00 blueodd were adjusted in order to awaltedeve
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film impossible to separate after passage through the take up roll (blocking). The screw
rotation speed was 27 rpm and the temperature profile equal 1d72%075 165 160°C

from the hopper to the die. Films having a
manufactured with a blow up ratio (BUR) of 3.3 and maintaining the longitudinal draw ratio
(DR) of 7. The homogeneity of the thickness of the film were quantitgtivelasured by

cutting a 1m long film for all materials and measuring the thickness on at least five positions
every 20 cm.

Optically the clarity of the films was not compromised by the addition of the fillers both
untreated and modified ones(Fig.6.1).

FIG.6.2 Film samples at different percentages of Halloysites
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6.5 Characterization Techniques

6.5.1 Tensile test

Tensile tests were performed at room conditions using a 5 kN load cellTbersometer

2020 Alpha Technologie#ll measurements were carried out according to the ASTM D882
02. Tensile specimens, rectangular strips, were cut both in the flow direction of the extruder
(MD) and in the perpendicular direction (TD). The gauge length was set at 50 mm and the
deformation 6 specimens waset to a double speed, 25 mm/min for the determination of
modulus and then 200 mm/min. At least five samples were tested forireastigated
materiab. Results reported in terms densile strength, yield stress, elongation at bk

tensile modulus weralways averaged on at least five tests.

10 mm

25 mm

100 mm

25 mm

FIG 6.3 Shape of the tensile test sample.
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6.5.2 DynamieMechanical Analysis (DMA)

Dynamic mechanical analysis were assessed usinpMA TRITEC 2000 over the
temperature rage from-80°C to 100°C ( heating rate 4°C/min) at an applied frequency of

1 Hz and strain amplitude of 0,01 mm.

A strain amplitude sweep test at 1 Hz frequeweg carried outo assure that the tests were

in the linear viscoelasticity region

Thet ensi on mode met hod was used to measur e
and tan U0 parameter of each sampl e.

The effective specimen size was 5x10x0,035 *mfnpretension of 1 N was applied on the

specimesto avoid its slackening during the viion.

] L

FIG.6.4 lllustration of a tension mode clamp in DMA

6.6 Morphological analysis
Morphological feautures of films were highlighted by using a Scanning Electron Microscope
(Philiphs XL 20 Serieswith anaccelerating voltagef 30.0 kV)

121



6.7 Results and discussion

6.7.1 Tensile test

Figures 6.5 and 6.6 report typical strssimin curves of all composite blown films stretched

Chapter VI

along machine (MD) and transverse (TD) direction, respectively.

Machine direction

. b
15 4 15 4
=T 104 T 10
s =
5 54 Enmat 5 54
3% HNTs
5% HNTs
10% HNTs = Enmat
——3% HNTs
0 0 ——5% HNTs
Wy s 10% HNTs
T 7A T T ® Ll T T T 74 T T T T T T T
0 200 300 500 600 200 300 500 600
Strain(%) Strain(%)
FIG.6.5 Representative curves of iémgest in MD of composite films
containing a) as received and b) modified Halloysite
Transverse direction
a| | b
—_~ 84 —_ 81
[+] [y
o o
s s
2 2
e 4] e L
& &
Enmat . Enmat
0 / —— 3% HNTs 0+ / ——3% HNTs
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FIG.6.6 Representative curves of tensile test in MD of composite films
containing a) as received and b) modified Halloysite
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MD stressi strain curves showedreecking behavior which gradually propagates until all the
material is cold drown. Finally, the stress increased until failure takes place and a strain
hardening was observed .

About TD tests, instead, the necking disappeared, except in the specimemnsragpiiado

HNTs and 3%4HNTs.

It is evident that the inclusion of clay nanotubes induces an increase of the stress at yield,
especially in presence of functionalized fillers. Analogously, an increase of the tensile
strengh and negligible effects on thel@ngation at brealare observed forthe composite
systemswith respectto the neat film. In particulay focusing the attention on samples
containing untreated HNTS, the increase of yield stress verifigdemddition of 5 wt% of
nanotubes seems to bet further enhanced by increasing the filler loading (10 wt%). This
behaviour has been attributed to probable agglomerations of nanotubes, reducing the effective
surface area which can undergo fillaatrix interactions.

In terms of stiffness, as cleartyghlighted by expanding the lestrain region of thetress

strain curve as expected, the inclusion of rigid nanofillers resinitan increasing of the
tensile modulus ofhe composite film samples. Thisffectis not strictly proportional to the

clay nanotubes content arnidessentially occusrwithout detrimentakffectson the ultimate
mechanical properties. In general, thelusion of nanotubes up to 10% leads tstiiness
increaseof thefilm samplesespecially in presence dfilanized onedn particular, in MD, at
equal filler c¢ont e nthecompokite filmsavithnfupdienalized IANT$ u s
was increased approximately 60% with respect to the neat matrix, while in TD this benefit
was more restrained. At this regard, considetirag preliminary calorimetric investigations
(chapter IV) have shown a negligible influence thie clay nanotubes on the hosting matrix
crystallinity, the improvement dhe tensile strength and modulusithout a significantloss

in ductility, has been ssentially ascribed to a satisfactory adhesion between the clay
nanotubes and the matrix and the occurrence of an adequate distribution of the inorganic
phase.As a consequencegn efficient stress transfer at the mafiller interface is obtained.
Mechanical properties are higher in the MD than in the TD. This is attributable to orientation
of the clay in the plane of the film (as confirmed by XRD analysikemchapter 4).

Figures 6.7 and 6.8 show the evolution of the yield sieissd Y o u n gsddetermmiced u |
from the initial slope of the stres$rain curvep as a function of the halloysite content

comparing systems containing untreaa@dfunctionalized nanotubes.
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FIG. 6.7 Modulus as function of HNTs loading in machine
(MD) and transverse (TD) direction

FIG. 6.7 Stress at yield as function of HNTs loading in machine
(MD) and transverse (TD) direction
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