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Figurel. Degree of cristallinity of composite PHBV12 films ¥a#ther fibers.

Figure2. Degree of crystallinity of composite PHBV3 films with BNCW.

Figure3. Degree of cristallinity of PHBV3, PHBRESS and PHB based multilayer films.

Figure4: Simulation of light exposition.

Figure5. Evolution of melting temperatw and degree of crystallinity of neat PHBV films and PHBYV films
filled with 20wt% of wheat straw fibers (PHBV/20%W&Fing 90 days under 10 000 lux light exposition.
Figure6. Evolution of themechanical properties of neat PHBV films and PHBYV fillex$ with 20wt% of
wheat straw fibers (PHBV/20%WS$E)ing 90 days under 10 000 lux light exposition.

Figure7. Swelling of neat PHBV films and PHBYV films filled with 20wt% of wheat straw fibers
(PHBV/20%WSBjter 10 days of immersion in 5 different FSitater, acetic acid 3% (w/v), ethanol 20%

(v/v), ethanol 95% (v/v) and isactane.

Figure8. Evolution of melting and crystallization temperatures of of neat PHBV films and PHBV films filled
with 20wt% of wheat straw fibers (PHBV/20%WSF) after 10 daiysnoérsion in5 different FSL : water,
acetic acid 3% (w/v), ethanol 20% (v/edhanol 95% (v/vand iscoctane

Figure9. Evolution of the degree of crystallinity of of neat PHBV films and PHBYV films filled with 20wt% of
wheat straw fibers (PHBV/20%WSF) after 10 days of immerstdifferent FSL : water, acetic acid 3%

(w/v), ethanol 20% (v/vethanol 95% (v/vand iseoctane

Figure D. Evolution of molecular weight of of neat PHBYV films and PHBV films filled with 20wt% of wheat
straw fibers (PHBV/20%WSF) films after 10 days of immersion in water or ethanol 95% (v/v).

Figure 1. Evolution of mechanical properties of néat PHBV films and PHBYV films filled with 20wt% of
wheat straw fibers (PHBV/20%WSF) after 10 days of immersion in 4 different FSL : water, acetic acid 3%
(w/v), ethanol 20% (v/v) or ethanol 95% (v/v).

Figure 2. Evolution of water vapour permeability oéat PHBV films and PHBYV films filled with 20wt% of
wheat straw fibers (PHBV/20%WSF) after 10 days of immersion in water or ethanol 95% (v/v).

Figure B. SEM observations of the surface and crssstion of neat PHBV films after 10 days of

immersion in diférent FSLs.

Figure B. SEM observations of the surface and crssstion of PHBV/20%WSF composite films after 10
days of immersion in different FSLs.

Figurel5: Testing device with FSS

LYRSEOR $4

Tablel. Repartition of P/M per team involved WP4.

Table2. Impact of food contact (either with food simulant lisuids (FSL) or food simulant solids (FSS)) on
the structural and physicohemical stability of PHBYased materials: Overview of the materials used and
the characterizations performed.

Table3. Tensile parameters (E: Elastic Modulus, TS: Tensile Strength and EB: Elongation at Break) of newly
prepared (initial) and stored during three months at different relative humidities (final) multifagble7.

Water vapour and oxygen permeability values of newly prepared (initial) and stored at 0%RH (final)
multilayer structures. Mean value (standard deviation).

Table 4. Influence of RH on theehsile parameters (E: Elastic Modulus, TS: Tensile Strength and EB:
Elongation at Brealgf PHBV3 and PHBV3/20%WSF biocompoditean value (standard deviation).

Table5. Development of Food Simulant Solids.
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AMF : Anhydrous Milkfat

BCNW : bacterial cellulose nanowhiskers

EcoBioCAP: ECOefficient BIOdegradable Composite Advanced Packaging
GPC Gel Permeation Chromatography

DMA: Dynamic Mechanical Analysis

DSC Differential Scanning Calorimetry

LAOS Large Amplitude Oscillatory Shear

FCM: Food Contact Materials

FSL : Food Simulantguids

FSS : Food Simulants Solids

FTR Fourier Transform Rheology

IM-WSF : Impact milled wheat straw fibers

LMWEF : Low Molecular Weight Fractions

M,, : Molecular weight

PEG : Polyethylene glycol

PHA : poly(hydroxy alcanoate)

PHB: poly(3-hydroxybutyrate)

PHBV. poly(3-hydroxybutyrate-co-3-valerate)

PHBV3 poly(3-hydroxybutyrate-co-3-valerate) with 3% valerate content
PHBV12 poly(3-hydroxybutyrate-co-3-valerate) with 12% valerate content
POz2: oxygen permeability

RH : relative humidity

SEM: Scanning Electron Microscopy

TGA: Thermogravimetric analysis

WVP: water vapour permeability

WSF : Wheat straw fibers
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Objectives of D4.1. in the frameworlof WP4

Thegeneralobjective of WP4sto investigate the suitability of packaging materials developed in
WP3 as food contact material&CM) The structural,physicalchemicaland microbiological
stability of packaging materials under the whole life cycle of packaging materials are the first
keys to ensure their ability to preserve food safety within defined limits and recommended
usage conditionsPotential physicechemical and microbial material degradation as well as
breakdown products and contaminants migration could occur during the contd the
materials with the food.Because of the complex behaviour of biodegradable packaging,
knowledge is missing on the dependency of the chemical safety withttbetural andphysico
chemical stability of the materiallf moisture, temperature and ethanical stress are well
known parameters, other ones such as food acidity, water activity or fat content are also able to
KFE@3S |y AyFtdzSyOS 2y 0A2RS3NI RIndtisSontext,theS NA I £ & C
objective of the present deliverable @1.) is to bring new and necessaryinsights and
understanding into the structuradnd physicechemical stabilityof PHBWased materialsvith
respect tothe targeted food packaging applicatiphe. by studying the influence of severe yet
realistic conditions of storage and food contact on the evolution of their mechanical, thermal
and barrier properties, in relation to the evolution of their structure at different scales

Overview of D4.1main results

The physicathemical stability of selectedagkaging materials developed by each partner in
task 3.1. oWP3(PHBV/wheat straw fibers composites, nanocomposite monolayers and-PHBV
based multilayershas been evaluated by studyirige influence of severe but yet realistic
conditions of storage (wategctivity, storage time, light exposition) and food contéfetity and

acid liquid media, solid model foods) ¢ime evolution of the mechanical, thermal and mass
transfer properties. The physieehemicalstability has beerlinked to the evolution of the
morphology and the structure at different scales (macroscopic to molecular) of the matéiials.

the macroscopic scale, structural changes were evaluated by SEM observations of the
appearance of films (presence or not of éwlat the surface of films) and FSL sorption
measurements. The struture at the micro/nanometric scale was characterized by the degree of
cristallinity, which was evaluated by DSC. The structural stability was mainly evaluated at the
molecular scale by fosing on the thermal transition (melting and crystallization) temperatures
(evaluated by DSC), the thermal degradation temperature (evaluated by TGA), the molecular
weight of polymer chains (evaluated by GPC), and the formation of low molecular weight
fractions (LMWEFs) (using FTIR).

The influence ofstorage conditions(water activity, storage time, lightxgosition) on the
structural and physicathemical stability of selected packaging PHMBSed materials is
presented in thefirst part of the deliverable4.1. As regards the pure PHBV matnk,was
demonstrated bhat the relative humidity(from 0 to 100% RH) had no significant impactios
crystallinity of pure PHB and PHBV (either PHBV containing 3 or 12% of valerate), neither on the
tensile properties, water vapour and oxygen permeability of RtiBas shown that pure PHBV
matricesbecome more britlle afteB months of storagewhichwas ascribed to the increase in
the degree of crystallinity of material&n exposition under ligh{10 000 lux) during 15 days led
to the decrease in both the strain and tk&ess at break of PHBV films, with no further change
over 90 days, which was@tbed to the degradation of the polymer also revealedaliecrease

in the melting temperature.The stability of PHBWased materials was affected by the
introduction of nanoparticles or wheat straw fibemsither positively or negativelyror example,
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the introduction of wheat straw fibers results in unstable materials at high relative humidity,
due to the swelling of hydrophilic fibers. Howevahe presence of wheat straw fibers allowed
to stabilize the materialdowards light expositiorsince no sigeant change in thermal and
mechanical properties was observed during 90 days of light exposition.

Thesecond partis devoted to the study of the structural and physichémical stabilityupon

food contact conditionsi.e. in contactwith food simulantliquids (FSL) (water, acetic acid 3%,

ethanol 20% and ethanol 95%d solid food simulants (FS8)was shown that mechanical

properties and water vapour permeability of PHBW#ms were very stable in all simulants

except in ethanol 95% where a swelliofjthe material, a plasticizing effealdcrease of stress

Fd oNBF]l FYyR | 2dzy3Qa Y)2ARdxfredse I maltifigadddrystdlisafioff St 2y
temperatures as well as in the degree of crystallinity was observed for all FSL, and even more
pronounced in the case of ethanol 95%. This could be linked to a degradation of the polymer

that should be confirmed by Mw evaluatioRHBV3 films were stable after contact with all solid

food simulants testedAs already presented M/P3, the presence afhea straw fibers resuls

Ay I RSONBFIrasS Ay GKS dzZ GAYFGS YSOKIFYyAOFf LINERL
unchanged. After contact with FSL, ultimate properties remained unchanged, whereas a
AAAYATFTAOLIYl RSONBIaS Ay G kdably qudzthed@edling iR dzf dza &
fibers and further decreas@n their intrinsec rigidity In the case of contact with FS®sults

showthat the solid texture has no positive effect on the stability of matersatee changes in

mechanical properties were also observed after contact with highsaid simulants What

seems to be of particularly importance is the water activity of simulants.

Teams involved

5 teams are involved in WP4NRA, Fraunhofer, UNIROMA, UMINHO and CSIC, with 60.9 P/M
for the whole WP (ending at 30 months for T4.1 and at 32, 36 and 42 months for T4.2, T4.3 and
T4.4, respectively) (Tablg. 24.5 P/M are devoted for task 4.1., withRKX, CSIC and UMINHO
mainly involved.

Tablel. Repartition of P/M per team involved in WP4

Participant number ' Participant short name "' Person-months per participant
11 INRA 24.00
2 | Fraunhofer 5.00
5] UNIROMA 8.00
7 | UMINHO 15.00
9|CsIC 8.90
Total 60.90
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1. Structural and physicathemical stability of selected materials upon
storage conditions

1.1. Influence of relative humidityand ageing time
1.1.1. Materialsand methods

Materials. The influence of relativeumidity and ageing time has been studied two different
PHBV (PHBV3 and PHBV12) as webnaselectednanocompositesRHBV3/ 3wt%BCNW and
PHBV12/10 or 50wt% of featheribérg), multilayer structures PHBV3/Zein/PHBV3,
PHBV3+PEG/Zein/PHBV3+PEG, PHB/Zenhé#PdBiocomposites PHB\3 films reinforced with
20wt% of impact milled wheat straw fibensoted PHBV3/20%WSF)

Two PHBV matrices have been chosen for the preparaifonanocomposite films(i) PHBV
produced by Tianan (with 3% of valerate, notes PHBV3) since it seems to be a good candidate
for largescale production due to its relatively easy processabditgd (ii)in PHBV containing
12% of valerate (noted PHBV1Zo(dfellow Cambridge Limited, Huntingdon, Englardjst
nancomposites were obtained by incorporatirgy wt% of bacterial cellulose nanowhiskers
(BCNW) into PHBV3 by melt compoundiAgsecond type of nhanocomposites was obtained by
introducingfeather fibeis (10 and 50nt%) in PHBY2 ( MartinezSanz, et al., 2013, Pardo et al.,
2013). Multilayer structures were prepared by CSIC with plasticized PHBV3 (with
Polyethyleneglycol 900 (PEG) Sigidrich, Madrid, Spain) and neplasticized PHB provided

by Tianan ad Biomer, respectively. To this end, once electrospun hydrocolloid zein interlayer
was collected onto PHBMREG or PHB films, they were covered with another similarly prepared
film. The resulting system was compressed in a hot press at 160°C for 1 min.

The effect of relative humifity was evaluated by equililmgt samplesin desiccators at four
different relative humidities (0, 53, 75 and 100%) at 25°C by using, respectively, silicagel,
oversaturated solutions of Mg(NJ, NaCl and distillated water fane week when the first
series of analyses were carried out. One part of the different samples was stored under the
same conditions for three months in order to perform the second series of analysis. The degree
of crystallinity of materials was analyzetidifferent times (0, 15, 30, 45, 60 and 90 days). The
testing period (three months) was chosen to cover the lifetime of the food products selected in
the EcoBioCAP projedh the case of nanocomposite films, only the evolution of the crystallinity
as a @inction of relative humidityand ageing timewas evaluated. A more extensive study
(crystallinity, tensile and barrier properties) was performed for multilayer films since they are
the best candidates for scaling up.

Methods of characterization DSCanalysis was usetb evaluate the degree of crystallinity of
materialsDSC analysissing a Perkin Elmer, DSC 7 (US#h sample was first heated to 200°C,
then cooled at 10°C/min until temperature reache®°C, and finally heated from0°C to

200°C ata heating rate of 10°C nilnThe crystallinity (%) was estimated from the corrected
enthalpy for biopolymer content in the samples, using the ratio between the enthalpy of the
studied material and the enthalpy of a perfect PHB (146:6Napyuki & D0i1996).Mechaninal

LINP LISNIASa odzf GAYIlI GS LINE LISNI A 8§ évaluatecRudinygy Fefisile Y 2 R dzt
tests with an Instron 4400 Universal Tester equipmeard a crosshead speed of 10mm/min.

The water vapour permeability of films was evaluat®d0-85% relative humidity and 25°C, by
using the ASTM 2011 gravimetric method using Payne permeability cups of 3.5 cm diameter.
The oxygen permeability of the films (OP) was measured in duplicate by using an Oxtran 100
equipment (Modern Control Inc., Mireapolis, MN, US) at 80% of relative humidity and 25°C.

ECOB “ CAD Page7 of 25 3 "*.
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1.2.2. Resultand discussion

The crystallinity opure PHBV3 and pure PHBV12 was significantly affected by the relative
humidity or by the aging tim€Figuresl and 2). For the nanocomposites, the crystallization
process was hinderetta. 11%xyt 100 %RH in films containing BCNW, although the samples
were able to fully crystallize after 1 month of agifiagure . The crystallinity of PHBV12 was
significantly reduced ythe addition of feather fibersThe decrease in the crystallinity ranged
between 25 and 65% depending on the concentration used, 10% and 50% wt, respectively. This
is probably due to the discontinuities introduced in the polymer matrix which makesudtitie
rearrangement of polymer chainsThe relative humidity did not modify signifidhn the
crystallinity of thesePHBV1asednanccompositefilms (Figure2) probably due to the high
valerate content of this PHBV together with the presence of filledsich avoids the
arrangement of polymer chains.
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Figurel. Degree of cristallinitpf composite PHBV12 films with feather fibers.
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Figure2. Degree otristallinityof composite PHBVS3 films with BNCW.

In newly prepared multilayer films (intial timaje relative humidity had a major effect on the
degree of crystallinity of PHB\FEG multilayer systems although not significant differences
were observed for PHBased films. So, crystallinity index of PHBAEG films decrased as the
RH increased. It maye noted that the degree of crystallinity of nguasticized PHBV3 (without
PEG) did not vary significantly due to the effect of relative humidity. Thus, the crystallization
phenomenon was largely influenced by the presence of the plasticizer (Pig&e8). Storage

time did not alter the degree of crystallinity of PHB/PHBV3 multilayer structures. However, a
slight increase was observed in multilayer films prepared with PHHERG. The impact that
relative humidity had on newly prepared PHBRBG multilagr films, disappeared in stored
ones.
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Figure3. Degree of cristallinitpf PHBV3, PHBVREG and PHB based multilayer films.

The effect of relative humidity and ageing on tensile parameters of multilayer RAB&3and

PHB systems was also analyz&dhle2). Pure PHB is wetlocumented to be more crystalline,
mechanical stiffer, stronger and less ductile than its copolymers (PHBV) (Reinsch and Kelley,
1997). However, in this case, lower elongation at break was observed in the multilayer films of
PHB\8-PEG, which were also more rigid and resistant to break (greater E and TS values) than
PHB material, in agreement with the higher crystallinity values found in these films. As
previously commented, a possible explanation to this behaviour could be relaitdthe
presence of plasticizers in commercial PHB pellets supplied by Biomer, which was apparently
greater than the one usk for the PHBV3 material (5 %t PEG)In general, the mechanical
properties of the systems containing PHB or PHBEG were not tgely affected by the relative
humidity, except the elastic modulus, which was seen to decrease with increasing RH for the
systems with PHBWBEG. These changes can be related with the crystallization behaviour. As
above mentioned, crystallinity degree sificantly decreased in multilayer PHBREG films
analyzed at 53, 75 and 100 %Rdeing multilayer structures for three months induced changes

in flm’s mechanical behaviour. Whereas elongation at break decreased in every case , elastic
modulus significatly increased (except in PHBYEG films stored at 0% RH) and, TS did not
vary significantly. These changes can be related, on the one hand, with the higher crystallinity
index observed in PHB\REG (with and without zein).

Correet al. (2012 and Srubaet al. (2013 also observed that storing commercially available
PHA’s films led to greater elastic modulus values. However, calorimetric results showed that
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aged samples only exhibited a slight increase in overall degree of crystallinitiarigito our
results, no significant variations in TS values were observed after 70 or 168 days of storage.

Table2. Tensile parameters (E: Elastic Modulus, TS: Tensile Strength and EB: Elongation at Break) of newly
prepared (initial) and storeduring three months at different relative humiditi¢gnal) multilayer
structures. Mean value (standard deviation).
Multilayer E (MPa) TS (MPa) EB (%)

HR (%) — - — - — -
structure Initial Final Initial Final Initial Final

0 1624 (1753 1413 (2013 39.0(6.13* 25.5(6.5* 3.4 (0.6}* 3.0 (0.6§*
PHBV3 53 1616 (1343* 1863 (1181 38.3 (1.9 27.0(4.1¥ 4.2 (0.3 2.0 (0.5§2

PEG 75 1651 (41%* 2075 (612  32.7 (5.9 29.0 (443 3.7 (0.6} 1.8 (0.4%°
100 1359 (87)* 1975 (105§ 35.8 (0.3 28.3(5.1f* 4.0 (0.4%* 2.3 (0.4§2
0 1633 (48f* 1777 (64 325 (3.4% 304 (5.4%  3.5(0.7% 2.7 (0.8§*

PHBV3- 53 1429 (1329t 1875 (57  29.4 (2.6 31.8 (24§ 3.3 (0.3} 2.5(0.3%2
PEGzein 75 1387 (69 2099 (221%* 31.4 (2.3} 335@4.2f+ 3.8 (0.5 2.2 (0.2§2
100 1214 (87} 1808 (85y°  32.3 (4.2 27.2(3.3}* 3.7 (0.8} 2.1 (0.4%2

0 533 (36 1010 (37§  24.6 (1.4y* 258 (L.7% 8.2 (1.2} 6.7 (0.4%?

PHB 53 525 (271 1004 (50§  26.5 (2.69"* 21.5(3.1f* 10.5(1.8f* 4.7 (0.9%°
75 545 (17§ 1031 (35§ 245 1.4y 234 0.7% 7.6 (.7 5.9 (0.8%*

100 504 (525 1022 (145  24.6 (0.9 223 (2.3% 7.3 (0.7} 4.4 (0.6%2

0 633 (63§ 974 (677  26.7 (0.9 21.4(3.3f%  7.2(0.7%* 4.5(1.5f2

1 2 bl 1 1 2

PHB.z6in 53 650 (27} 940 (35§ 26.5 (1.7 21.5(1.9% 7.3 (1.4% 4.9 (0.6%

75 581 (57§ 976 (68§>  25.8 (2.29" 19.2 (4.0} 6.6 (0.9%* 3.8 (.79

100 604 (23§ 1025 (39  24.5 (3.0 23.0(2.3f 5.9 (0.8} 5.2 (0.8%*

a-d: Different superscripts within the same column indicate significant differences among multilayer structures and relatitye humid
(p<0.05).

1-2: Different superscripts within the same line indicate significant differences among non stored and stdagyemstriticturesp(<
0.05).

Although some changes in water vapour and oxygen permeability values could be expected due
to molecular rearrangement during ageirigesultspresentedin Table3 show that storage time

(3 monthsat 0%RW did not modify significantly WVP values of PHB¥& or PHB multilayer
films (p<0.05).

Table3. Water vapour and oxygen permeability values of newly prepared (initial) and séb@hRH
(final) multilayer structures. Mean value (standard deviation).

WVP - 10° (Kg- m- Pa* st.m?) 0, perm. - 16° (m*m -m*.s*.Pa?)
Multilayer structure (measured at-84% HR) (measured at 80% HR)
Initial Initial Final Final
PHBV3-PEG 5.89 (0.9} 5.3 (0.5§* 2.55 (0.22%"* 1.63 (0.54%
PHBV3-PEGzein 4.0 (0.8%* 3.9 (0.5%* 1.33 (0.14%* 2.54 (0.80%"*
PHB 8.2 (0.5§* 7.2 (0.9§* 22.07 (1.10% 25.95 (1.8
PHB-zein 9.0 (0.8§* 7.9 (0.7%* 20.70 (1.51% 24.28 (2.51%

a-c: Different superscripts within the same column indicate significant differences among multilayer strpct0e5].
1-2: Different superscripts within the same line indicate significant differences among non stored and stored multilayes(@ract
0.05).

The stability of mechanical properties of virgin Pbé&ed films upon different relative

humidities (up to 100%) was confirmed for PHBV3 (Table 4). In the case of materials reinforced

with wheat straw fibers, an increase in the relative huénid f S Ra G2 | RSONXSI &as$s
modulus, with no significant change in the ultimate tensile properties. This can be ascribed to

the swelling of the wheat straw fibers, resulting in a decrease in the rigidity of the particles, as
already highlighted foother lignocellulosic fibers.
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Table4. Influence of RH on theetisile parameters (E: Elastic Modulus, TS: Tensile Strength and EB:
Elongation at Brealgf PHBV3 and PHBV3/20%WSF biocompoditean value (standard deviation).

HR(%) E(MPa) TS (MPa) EB (%)
0 1598 (24) 39.5(3.3) 3.09 (0.59)
53  1588(66) 40.1(1.7) 3.09 (0.22)

PHBV3
75 1550 (23) 39.1(3.9) 3.23(0.34)
100 1537 (108) 43.4(0.7) 3.39 (0.51)
0 1418 (6)  20.4 (1.9) 2.05 (0.13)
1519 (146) 22.0 (0.5) 2.31(0.16)
PHBV3/20%WSF

1578 (27) 21.7(1.2) 2.27(0.13)
100 1097 (147) 17.3(1.6) 2.12(0.13)

1.1.3. Conclusion

The crystallinity of pure PHBV3 and pure PHBV12 were not significantly affectedmildhéy

the aging time.On the one hand,for the nanocompositesincorporating BCNW, the
crystallization process was hindered at 100%RH. On the other hand, the addition of feather
fibres decreased the crystallinitfpbetween 25 and 65%) of PHBV12. However, the relative
humidity did not modify significantly the crystailiy of these PHBV1Based composite films.

In the newly prepared (initial time) multilayer systems conditioned under different relative
humidities (RH), it was observed that the RH modified the degree of crystallinity of FHEE/3
multilayer systems althagh not significant differences were observed for multilayer systems
prepared with PHB. Storage time did not alter the degree of crystallinity of PHB or PHBV3
(wihtout PEG) multilayer structures. However, a slight increase was observed in multilayer films
prepared with PHBVBEG. The impact that RH had on newly prepared PIPBEE multilayer
films, disappeared in stored ones. Storage time (3 months) did not significantly modify optical
and barrier properties of PHBVEEG or PHB multilayer films (p<0.05) @ligh stored multilayer

films were stiffer and less deformable.

1.2. Influence of light exposition
1.2.1. Materialsand methods used

Materials. The influence of light expositiofl0 000 lux)was studied by INRA on pure PHBV
films from Tianan, and PHB¥iIIms reinforced with 20wt% ofnpact milledwheat straw fibers
(PHBV/20%WSFDetails of preparation are given the deliverable 3.1. of EcoBioCAP project.

To study theeffect of light exposition was evaluated bputting PHBWased films (about
15x15cm) in a controlled atmosphere (20°C, 53%RH) under a 10,000 lux light source. Only one
side of the films was exposed to the light (FigdyeFilms were removed after 15, 30, 60 and 90
days for further characterizatiolChangs in mechanical properties were related to changes in
thermal properties.
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20°C, 53%RH

10,000 lux light

— ] [ J<}— Films (about 300pm thickness)

Figure4 : Simulation of light exposition

Methods of characterization Mechaninal propertiesd dzf G A Y S LINPLISNIASAZ
energy at break) werevaluated using tensile tests performed wahZwick device was used by
INRA (study of the impact of light exposition or food contamt)a crosshead speed of
10mm/min.DSC analysis was ugecevaluate the thermal transition (melting and cristallization)
temperatures as well as the degree of crystallinity of materiBISC analysis was carried out
using a thermo-modulated calorimeter (Q200 modulated DSC, TA Instruments, New Castle,
USA)(for experiments performed by INRA) thermal analysis systeéath sample was first
heated to 200°C, then cooled at 10°C/min until temperature reach68C, and finally heated
from -40°C to 200°C at a heating rate of 10°Cnilthe crystallinity (%) wasstimated from the
corrected enthalpy for biopolymer content in the samples, using the ratio between the enthalpy
of the studied material and the enthalpy of a perfect PHB (146 8Nhgyuki & Doi, 1996).

5

1.2.2. Resultsind discussion

Thermal properties. Light exposition results in aontinuous decrease in the melting
temperature of unfilled PHB3/films over 90 days wheares no change in the degree of
crystallinity was observed (Figug. This could be due to the photodegradation of the polymer
under light inducing a decrease in the molecular wieghtthe case of composite materials, no
significant change in thermal properties was observed under light exposition.

174 ~

[ R e
172 - o STy
170 + - Control 2 Control
=
168 +- - "i5days T " 15 days
g g
,§ 166 + - 30days 5 30days
I 60days © 60 days
o =90 d @ =90d
1. ays = lays
162 8
160 -
PHBV PHBV/ 2099V S PHBV PHBV/ 2099V S

Figure5. Evolution of melting temperature and degree of crystallinity of neat F3f8vis and PHBY
films filled with 20wt% of wheat straw fibers (PHER0%WSFHuring 90 days under 10 000 lux light
exposition.

Mechanical properties.Light exposition results in a significant decrease loé wltimate
mechanicalproperties (stress at break and strain at break) and tthes energy at brealof
unfilled PHBWasedfilms, whereas the Young modulus remained unchandgegufe6). Changes
were observed after 15 days of exposition, with further modification over the whe period

of testing (90 days)The decrease in the ultimate properties could be linked to the decrease in
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the melting temperature of the exposed polymeg.to a degradation of the polymer. However,
the stabilization of the mechanical properties can betcorrelated to the continuous decrease
in the melting temperature.In the case of composite materials, no significant change
mechanical propertiesas observed under light exposition.
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Figure6. Evolution of themechanical properties of neat PHBf#ms and PHBYfilms filled with 20wt% of
wheat straw fibers (PHEBY20%WSFJuring 90 days under 10 000 lux light exposition.

1.2.3. Conclusios

Light exposition under 10 000 lux affects the mechanical and the thermal properties of PHBV
films after only1l5 days of exposition, whereas it had no impact on the properties of films
reinforced with 20% of wheat straw fiberghich was ascribed to a degradation of the polymer
The presence of wheat straw fibers allowed to stabilize the materials since ncasigoi@nge

in thermal and mechanical properties was observed during 90 days of light exposition.

2. Structural and physicathemical stability of selected materials upon
food contact conditions

2.1. Contact with Food Simulant Liquids
2.1.1. Materialsand methodsused

Materials. The influence of food contact with liquid simulants was studied by INRA on pure
PHBYV films from Tianan, and PRBBAMms reinforced with 20wt% of wheat straw fibers obtained

by impact millingnotes PHBV/20%WSHB)liquid foodsimulants ( SL) have been chosen: water,
acetic acid 3% (w/v), ethanol 20% (v/v), ethanol 95% (v/v) andasme. Acetic acid 3% (w/v)

and ethanol 20% (v/v) were chosen in accordance with the plastics Directive 10/2Q11/EC
whereas as ethanol 95% (v/v)disooctane were as worse cases to substitute vegetal oil. Same
conditions as those specified for the evaluation of the overall migration was used for the study.
Changes in structure and physisemical properties were evaluated after 10 days of immersion

of a strip of material in a volume of FSL and stored at 40°C, with respect to a ratio of 6 dm2 to
1000 mL of FSL. These conditions simulate all storage times at refrigerated and frozen conditions
including heating up to 70°C for up to 2 hours, or heatipgo 100°C for up to 15 minutes and
storage times of up to 6 months at room temperature.

! EC Commission Regulation (EC) No 10/2011 of 14 January 2011 on plastic materials and articles intended
to come into contact with food.
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Methods of characterizationAt the macroscopic scale, structural changes were evaluated by
SEM observations of the appearance of films (presence or not of holkbe surface of films)

and FSL sorption measurements. The struture at the micro/nanometric scale was characterized
by the degree of cristallinity, which was evaluated by DSC. The structural stability was mainly
evaluated at the molecular scale by focusing the thermal transition (melting and
crystallization) temperatures (evaluated by DSC), the thermal degradation temperature
(evaluated by TGA), the molecular weight of polymer chains (evaluated by GPC), and the
formation of low molecular weight fractionE MWFs) (using FTIR).

2.1.2. Resultsind discussion

Sorption of FSLThe evaluation of thaveight uptake after immersion during 10 dagts 40°C
with each FSknables to evaluate the respective affinity of PHi¢ed materials with each FSL.
Results shovthat unfilled materials sorb all FSLs, exceptdstane, which was the most apolar
solvent(Figure7). PHBV materials displayed the highest affinity with ethanol 95% {Mie) high
sensitivity of polyesters towards ethanol 95% has already been demoedtfat PET (Kim and
Lee, 2012)Composite materials were more sensitive to FSLs than the unfilled matrix, with
sorption values of about 80mg.dfrfor all polar FSLs. The sorption of-tstiane wasalso very

low. The high sensitivity of PHBV/20wt%WSF withap FSLs is ascribed to the presence of
hydroplhilic wheat straw fibers in the materials.

100 T--===-mmm oo s
I

&
) - - I S
£ 80 N Water
°
o L
,E_ 60 b B Acetic acid 3wt%
S = Ethanol 20wt%
F-]
R EEEEEE i hhbbbbi @ B EEERL Ethanol 95wt%
2
n I M |sooctane
— 1l _______ 7B ______ B e
Qe 20 T

N — N

PHBV PHBV/20%WSF

Figure7. Swellingof neat PHB¥films and PHBY/films filled with 20wt% of wheat straw fibers
(PHBY2/20%WSFafter 10 days of immersion in 5 different FStater, acetic acid 3% (w/v), ethanol 20%
(v/v), ethanol 95% (v/v) and isactane.

Thermal properties.The melting temperature of PHBWas decreasedfter contactduring 10
days at 40°@vith all FSLs, exceptith ethanol 20% (v/vand iceoctanefor which no significant
change was noted after contadFigure8). The decrease in the melting temperature was even
more pronounced in the order water, acetic acid 3% (w/v) and ethanol 95% ([Ths.
crystallization temperature was also significantly decreasegrafontact with water and
ethanol 95% (v/v)This could be due to a degradation thie polymer i.e.a decrese irthe
molecular weight (M) of the polymerln the case of composite materials, no significant change
in both the melting or crystallizationtemperatures was noted. However the degree of
crystallinity of materials was noeducedby contact withall waterbased and polaFSLsKHigure

9).
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Figure8. Evolution of melting and crystallization temperatures of of neat PHibvis and PHB3/films
filled with 20wt% of wheat straw fibers (PHBR0%WSF) after 10 days of immersiorbidifferent FSL :
water, acetic acid 3% (w/v), ethanol 20% (ya&thanol 95% (v/vdr isc-octane
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Figure9. Evolution of the degree of crystallinity of of nd2tiB\3 films and PHBY/films filled with 20wt%
of wheat straw fibers (PHBY20%WSF) after 10 days of immersion in 4 different FSL : water, acetic acid
3% (w/v), ethanol 20% (v/v@thanol 95% (v/vdr isooctane

Molecular weight. The degradation othe polymer after contact with #hanol 95% (v/v) is
confirmed by the decrease in the molecular weiffioim about 200,000 to about 150,000, in the
case of both unfilled and filled materia(&igure D). Further experiments are currently on
progress for material put in contact with other FSLs.
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Figure D. Evolution of molecular weight of of neat PHBfifms and PHBY/ilms filled with 20wt% of
wheat straw fibers (PHEB{20%WSF) films after 10 days of immersion in water or ethanol 95% (v/v).

Mechanicalproperties. As already presented in deliverable 3.1., the introduction of wheat straw

fibers lead to the degradation of the ultimate mechanical properties of PHBV (decrease in both

the elongation and the 885y 3G K G o NBI 10 ¢ K SvudShot affediedl Bhis, 2 dzy 3 Q
was mainly ascribed to the poor fiber/matrix interfacial adhesion.

g
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In the case of the neat PHBWIms, mechanical proprties were stable ovetO days of contact

with water, aceic acid 3% (w/v) and ethanol 20 (v/v) but not with ethaml 95% (v/v) Kigure

14). After contact with ethanol 95%(v/v), a plasticizing effect was noted, which was reflected by

a decrease in the strength at breakafin 28.8t022.&at | 0 YR (GKS |, 2dp@Qa Y2F
to 1.74GPa), and an increase in the strait break {rom 2.3 to 3.6% but with no significant

change in theenergy at breakThis may result from the high swelling phenomenon observed in

this solventand also from the decrease in the molecular weight.

In the case of composite materialdfimate properties and energy at break were not affected

by contact with FSL&igure 1).hyft @ | RSONBI &S Ay GKS  2dzy3aQa Y
probably be ascribetb the decrease in the intrinsec rigidity of the fibers due to water swelling

or to a decrease in the lylof the polymer chain the case of ethanol 95%
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Figure 1. Evolution ofmechanical properties a¥f neat PHB¥films and PHBY/films filled with 2@vt% of
wheat straw fibers (PHE20%NSH after 10 days of immersion in 4 differeRGL : water, acetic acB%
(w/v), ethanol 20% (v/v) oethanol 95% (v/v).

Water vapour permeability. Strucural changes occurringn after 10 days of contact with
ethanol 95% (v/vlor water had no significant impact on the water wapour permeability of
PHB\3 films and PHBY20%WSF compositeBifure P).
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Figure 2. Evolution of water vapour permeability of neat PE3B\ms and PHBY/films filled with 2@vt%
of wheat straw fibers (PHBY20%WSJrafter 10 days of immersion in water or ethanol 95% (v/v).
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Morphology of films.SEM observations of both the surface and the cisesstion of films were
performed after contact with FSLs to study the impact on the morphology of matéfFigisrés

13 and M4). White crystals of several micrometers are observedabmictures of the cross
section of materials. They should correspond to crystals of boron nitride initially present in the
raw pellets. In the case of the unfilled matrix, no evident changes are observed after contact
with FSLs, except with ethanol 95%v] for whichsmall holesvere observedn the surface of

the PHBYV filmg-urthermore, it seems that some crystals of boron nitride were pulled out from
the crosssection(Figure B). In the presence oivheat straw fibresheterogeneities and fissures
were observed on the surface of the materials, with no signicant change after contact with FSLs
These heterogeneities may be in favour of increased migratidiee pictures of the cross
section, which enable the observation of the fibre/matrix interfaceerev similar for all
materials. No signicant change in the fibre/matrix interface was obseg(fvigdire 4).
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Figure B. SEM observations of the surface and crssstion of neat PHB/films after 10 days of
immersion indifferent FSLs
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Figure 3. SEM observations of the surface and crssstion of PHBY20%WSF composite films after 10

days of immersion in different FSLs.

FTIR analysisStability of PHBYand PHB®/20%WSF was investigated through modification
spectral fingerprint in the range of the middle infrared. After 10 days contact with the different
FSLprincipal composant analysis did not allow to generate classification of samige the
screeening included ntieated samplesThis statement wa respectivelly evidenced for PHBV
and PHB®/20%WSFAIlthough FTIR analysis proved toswtable for following degradatioof
some other polyesters (PET, PLA), the conditions of test applied in this study appoeali¢te

drastic to induce detectableyllrolyse reaction of ester bond.
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