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{ǳƳƳŀǊȅ 

Objectives of D4.1. in the framework of WP4 
The general objective of WP4 is to investigate the suitability of packaging materials developed in 
WP3 as food contact materials (FCM). The structural, physical-chemical and 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 conditions. Potential physico-chemical and microbial material degradation as well as 
breakdown products and contaminants migration could occur during the contact of the 
materials with the food. Because of the complex behaviour of biodegradable packaging, 
knowledge is missing on the dependency of the chemical safety with the structural and physico-
chemical stability of the material. If moisture, temperature and mechanical stress are well-
known parameters, other ones such as food acidity, water activity or fat content are also able to 
ƘŀǾŜ ŀƴ ƛƴŦƭǳŜƴŎŜ ƻƴ ōƛƻŘŜƎǊŀŘŀōƭŜ ƳŀǘŜǊƛŀƭǎΩ ǇǊƻǇŜǊǘƛŜǎ ŀƴŘ ǎǘŀōƛƭƛǘȅ. In this context, the 
objective of the present deliverable (D4.1.) is to bring new and necessary insights and 
understanding into the structural and physico-chemical stability of PHBV-based materials with 
respect to the targeted food packaging application, i.e. 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 D4.1 main results 
 
The physical-chemical stability of selected packaging materials developed by each partner in 
task 3.1. of WP3 (PHBV/wheat straw fibers composites, nanocomposite monolayers and PHBV-
based multilayers) has been evaluated by studying the influence of severe but yet realistic 
conditions of storage (water activity, storage time, light exposition) and food contact (fatty and 
acid liquid media, solid model foods) on the evolution of the mechanical, thermal and mass 
transfer properties. The physical-chemical stability has been linked to the evolution of the 
morphology and the structure at different scales (macroscopic to molecular) of the materials. At 
the macroscopic scale, structural changes were evaluated by SEM observations of the 
appearance of films (presence or not of holes at 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 focusing 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 (LMWFs) (using FTIR).  
 
The influence of storage conditions (water activity, storage time, light exposition) on the 
structural and physical-chemical stability of selected packaging PHBV-based materials is 
presented in the first part of the deliverable 4.1. As regards the pure PHBV matrix, it was 
demonstrated that the relative humidity (from 0 to 100% RH) had no significant impact on the 
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 PHB. It was shown that pure PHBV 
matrices become more britlle after 3 months of storage, which was ascribed to the increase in 
the degree of crystallinity of materials. An exposition under light (10 000 lux) during 15 days led 
to the decrease in both the strain and  the stress at break of PHBV films, with no further change 
over 90 days, which was ascribed to the degradation of the polymer also revealed by a decrease 
in the melting temperature. The stability of PHBV-based materials was affected by the 
introduction of nanoparticles or wheat straw fibers, either positively or negatively. For example, 



EcoBioCAP 265669ς Deliverable D4.1 

Page 6 of 25 
 

 

the introduction of wheat straw fibers results in unstable materials at high relative humidity, 
due to the swelling of hydrophilic fibers. However,  the presence of wheat straw fibers allowed 
to stabilize the materials towards light exposition since no signicant change in thermal and 
mechanical properties was observed during 90 days of light exposition. 
 
The second part is devoted to the study of the structural and physical-chemical stability upon 
food contact conditions, i.e. in contact with food simulant liquids (FSL) (water, acetic acid 3%, 
ethanol 20% and ethanol 95%) and solid food simulants (FSS). It was shown that mechanical 
properties and water vapour permeability of PHBV3 films were very stable in all simulants 
except in ethanol 95% where a swelling of the material, a plasticizing effect (decrease of stress 
ŀǘ ōǊŜŀƪ ŀƴŘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ ƛƴŎǊŜŀǎŜ ƛƴ ŜƭƻƴƎŀǘƛƻƴ). A decrease in melting and crystallisation 
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 evaluation. PHBV3 films were stable after contact with all solid 
food simulants tested. As already presented in WP3, the presence of wheat straw fibers results 
ƛƴ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ǳƭǘƛƳŀǘŜ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ǿƘŜǊŜŀǎ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ǊŜƳŀƛƴŜŘ 
unchanged. After contact with FSL, ultimate properties remained unchanged, whereas a 
ǎƛƎƴƛŦƛŎŀƴǘ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ǿŀǎ ƻōǎŜǊǾŜŘΣ Ǉrobably due the swelling of the 
fibers and further decrease in their intrinsec rigidity. In the case of contact with FSS, results 
show that the solid texture has no positive effect on the stability of materials since changes in 
mechanical properties were also observed after contact with high aw solid simulants. What 
seems to be of particularly importance is the water activity of simulants. 
 

Teams involved 
5 teams are involved in WP4 : INRA, 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) (Table 1). 24.5 P/M are devoted for task 4.1., with INRA, CSIC and UMINHO 
mainly involved. 
 

Table 1. Repartition of P/M per team involved in WP4 
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wŜǎǳƭǘǎ ŀƴŘ ŘƛǎŎǳǎǎƛƻƴ 
 

1. Structural and physical-chemical stability of selected materials upon 
storage conditions  

1.1. Influence of relative humidity and ageing time 

1.1.1. Materials and methods 

Materials. The influence of relative humidity and ageing time has been studied on two different 
PHBV (PHBV3 and PHBV12) as well as on selected nanocomposites (PHBV3/ 3wt%BCNW and 
PHBV12/10 or 50wt% of feather fibers), multilayer structures (PHBV3/Zein/PHBV3, 
PHBV3+PEG/Zein/PHBV3+PEG, PHB/Zein/PHB) and biocomposites (PHBV3 films reinforced with 
20wt% of impact milled wheat straw fibers, noted PHBV3/20%WSF).  
 
Two PHBV matrices have been chosen for the preparation of nanocomposite films: (i) PHBV 
produced by Tianan (with 3% of valerate, notes PHBV3) since it seems to be a good candidate 
for large-scale production due to its relatively easy processability and (ii) in PHBV containing 
12% of valerate (noted PHBV12) (Goodfellow Cambridge Limited, Huntingdon, England). First 
nancomposites were obtained by incorporating 3 wt% of bacterial cellulose nanowhiskers 
(BCNW) into PHBV3 by melt compounding. A second type of nanocomposites was obtained by 
introducing feather fibers (10 and 50 wt%) in PHBV12 ( Martínez-Sanz, et al., 2013, Pardo et al., 
2013). Multilayer structures were prepared by CSIC with plasticized PHBV3 (with 
Polyethyleneglycol 900 (PEG) SigmaςAldrich, Madrid, Spain) and non-plasticized PHB provided 
by Tianan and Biomer, respectively. To this end, once electrospun hydrocolloid zein interlayer 
was collected onto PHBV3-PEG 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 equilibrating samples in desiccators at four 
different relative humidities (0, 53, 75 and 100%) at 25°C by using, respectively, silicagel, 
oversaturated solutions of Mg(NO3)2, NaCl and distillated water for one 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 analyzed at different 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 project. In the case of nanocomposite films, only the evolution of the crystallinity 
as a function of relative humidity and ageing time was 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. DSC analysis was used to evaluate the degree of crystallinity of 
materials DSC analysis using a Perkin Elmer, DSC 7 (USA) Each sample was first heated to 200°C, 
then cooled at 10°C/min until temperature reaches -40°C, and finally heated from -40°C to 
200°C at a heating rate of 10°C min-1. The 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 (146.6 J g-1 Naoyuki & Doi, 1996). Mechaninal 
ǇǊƻǇŜǊǘƛŜǎ όǳƭǘƛƳŀǘŜ ǇǊƻǇŜǊǘƛŜǎΣ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ ŜƴŜǊƎȅ ŀǘ ōǊŜŀƪύ ǿŜǊe evaluated using tensile 
tests with an Instron 4400 Universal Tester equipment and a cross-head speed of 10mm/min. 
The water vapour permeability of films was evaluated at 0-85% 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., Minneapolis, MN, US) at 80% of relative humidity and 25°C. 
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1.2.2. Results and discussion 

The crystallinity of pure PHBV3 and pure PHBV12 was not significantly affected by the relative 
humidity or by the aging time (Figures 1 and 2). For the nanocomposites, the crystallization 
process was hindered (ca. 11%) at 100 %RH in films containing BCNW, although the samples 
were able to fully crystallize after 1 month of aging (Figure 5). The crystallinity of PHBV12 was 
significantly reduced by the addition of feather fibers. The 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 makes difficult the 
rearrangement of polymer chains. The relative humidity did not modify significantly the 
crystallinity of these PHBV12-based nanocomposite films (Figure 2) probably due to the high 
valerate content of this PHBV together with the presence of fillers which avoids the 
arrangement of polymer chains. 
 

 
Figure 1. Degree of cristallinity of composite PHBV12 films with feather fibers. 

 

0 10 20 30 40 50 60

5

10

15

20

25

30

35

 
 

0
%

 R
H

 X
c
 (

%
) 

t (days)

 PHBV12

 PHBV12+10FF

 PHBV12+50FF

0 10 20 30 40 50 60

5

10

15

20

25

30

35

 

 

5
3

%
 R

H
 X

c
 (

%
)

t (days)

 PHBV12

 PHBV12+10FF

 PHBV12+50FF

0 10 20 30 40 50 60

5

10

15

20

25

30

35

 

 

7
5

 %
 R

H
 X

c
 (

%
)

t (days)

 PHBV12

 PHBV12+10FF

 PHBV12+50FF

0 10 20 30 40 50 60

5

10

15

20

25

30

35

 

 

1
0

0
%

 R
H

 X
c
 (

%
)

t (days)

 PHBV12

 PHBV12+10FF

 PHBV12+50FF

yeast



EcoBioCAP 265669ς Deliverable D4.1 

Page 9 of 25 
 

 

 
Figure 2. Degree of cristallinity of composite PHBV3 films with BNCW. 

 
In newly prepared multilayer films (intial time), the relative humidity had a major effect on the 
degree of crystallinity of PHBV3-PEG multilayer systems although not significant differences 
were observed for PHB-based films. So, crystallinity index of PHBV3-PEG films decrased as the 
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ones.  
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Figure 3. Degree of cristallinity of PHBV3, PHBV3-PEG and PHB based multilayer films. 
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aged samples only exhibited a slight increase in overall degree of crystallinity. Similarly to our 
results, no significant variations in TS values were observed after 70 or 168 days of storage. 
 
 
Table 2. 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) multilayer 
structures. Mean value (standard deviation). 

Multilayer 

structure 
HR (%) 

E (MPa) TS (MPa) EB (%) 

Initial Final Initial Final Initial Final 

PHBV3-

PEG 

0 1624 (175)a1 1413 (201)a1 39.0 (6.1)a1 25.5 (6.5)a1 3.4 (0.6)a1 3.0 (0.6)a1 

53 1616 (134)a1 1863 (118)ab2 38.3 (1.9)a1 27.0 (4.1)a2 4.2 (0.3)a1 2.0 (0.5)a2 

75 1651 (41)a1 2075 (61)b2 32.7 (5.9)a1 29.0 (4.4)a1 3.7 (0.6)a1 1.8 (0.4)a2 

100 1359 (87)b1 1975 (105)b2 35.8 (0.3)a1 28.3 (5.1)a1 4.0 (0.4)a1 2.3 (0.4)a2 

PHBV3-

PEG-zein 

0 1633 (48)a1 1777 (64)b1 32.5 (3.4)a1 30.4 (5.4)a1 3.5 (0.7)a1 2.7 (0.8)a1 

53 1429 (132)ab1 1875 (57)b2 29.4 (2.6)a1 31.8 (2.4)a1 3.3 (0.3)a1 2.5 (0.3)a2 

75 1387 (69)b1 2099 (221)b2 31.4 (2.3)a1 33.5 (4.2)a1 3.8 (0.5)a1 2.2 (0.2)a2 

100 1214 (87)b1 1808 (85)b2 32.3 (4.2)a1 27.2 (3.3)a1 3.7 (0.8)a1 2.1 (0.4)a2 

PHB 

0 533 (36)c1 1010 (37)c2 24.6 (1.4)b1 25.8 (1.7)a1 8.2 (1.2)b1 6.7 (0.4)b2 

53 525 (27)c1 1004 (50)c2 26.5 (2.6)ab1 21.5 (3.1)a1 10.5 (1.8)b1 4.7 (0.9)b2 

75 545 (17)c1 1031 (35)c2 24.5 (1.4)b1 23.4 (0.7)a1 7.6 (1.7)b1 5.9 (0.8)b1 

100 504 (52)c1 1022 (14)c2 24.6 (0.9)b1 22.3 (2.3)a1 7.3 (0.7)b1 4.4 (0.6)b2 

PHB-zein 

0 633 (63)cd1 974 (67)c2 26.7 (0.9)ab1 21.4 (3.3)a1 7.2 (0.7)b1 4.5 (1.5)b2 

53 650 (27)d1 940 (35)c2 26.5 (1.7)ab1 21.5 (1.9)a1 7.3 (1.4)b1 4.9 (0.6)b2 

75 581 (57)cd1 976 (68)c2 25.8 (2.2)ab1 19.2 (4.0)a1 6.6 (0.9)b1 3.8 (1.7)b1 

100 604 (23)cd1 1025 (39)c2 24.5 (3.0)ab1 23.0 (2.3)a1 5.9 (0.8)b1 5.2 (0.8)b1 

a-d: Different superscripts within the same column indicate significant differences among multilayer structures and relative humidity 

(p < 0.05). 

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

 

Although some changes in water vapour and oxygen permeability values could be expected due 
to molecular rearrangement during ageing. Results presented in Table 3 show that storage time 
(3 months at 0%RH) did not modify significantly WVP values of PHBV3-PEG or PHB multilayer 
films (p<0.05).   
 

Table 3. Water vapour and oxygen permeability values of newly prepared (initial) and stored at 0%RH 
(final) multilayer structures. Mean value (standard deviation). 

Multilayer structure 

WVP · 1015 (Kg· m· Pa-1· s-1·m-2) 

(measured at 0-84% HR) 

O2 perm. · 1019 (m3·m ·m-2·s-1·Pa-1) 

(measured at 80% HR) 

Initial Initial Final Final 

PHBV3-PEG 5.89 (0.9)a1 5.3 (0.5)a1 2.55 (0.22)a1 1.63 (0.54)a2 

PHBV3-PEG-zein 4.0 (0.8)b1 3.9 (0.5)b1 1.33 (0.14)b1 2.54 (0.80)a1 

PHB 8.2 (0.5)c1 7.2 (0.9)c1 22.07 (1.10)c1 25.95 (1.82)b1 

PHB-zein 9.0 (0.8)c1 7.9 (0.7)c1 20.70 (1.51)d1 24.28 (2.51)b1 

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

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

 

The stability of mechanical properties of virgin PHA-based 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 humidȅ ƭŜŀŘǎ ǘƻ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ¸ƻǳƴƎΩǎ 
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 for other lignocellulosic fibers. 
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Table 4. Influence of RH on the tensile parameters (E: Elastic Modulus, TS: Tensile Strength and EB: 

Elongation at Break) of PHBV3 and PHBV3/20%WSF biocomposites. Mean value (standard deviation). 

 

 HR(%) E (MPa) TS (MPa) EB (%) 

PHBV3 

0 1598 (24) 39.5 (3.3) 3.09 (0.59) 

53 1588 (66) 40.1 (1.7) 3.09 (0.22) 

75 1550 (23) 39.1 (3.9) 3.23 (0.34) 

100 1537 (108) 43.4 (0.7) 3.39 (0.51) 

PHBV3/20%WSF 

0 1418 (6) 20.4 (1.9) 2.05 (0.13) 

53 1519 (146) 22.0 (0.5) 2.31 (0.16) 

75 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 affected by the RH or by 
the aging time. On the one hand, for the nanocomposites incorporating BCNW, the 
crystallization process was hindered at 100%RH. On the other hand, the addition of feather 
fibres decreased the crystallinity (between 25 and 65%) of PHBV12. However, the relative 
humidity did not modify significantly the crystallinity of these PHBV12-based 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 PHBV3-PEG 
multilayer systems although 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 PHBV3-PEG. The impact that RH had on newly prepared PHBV3-PEG multilayer 
films, disappeared in stored ones. Storage time (3 months) did not significantly modify optical 
and barrier properties of PHBV3-PEG or PHB multilayer films (p<0.05) although stored multilayer 
films were stiffer and less deformable.  

 

1.2. Influence of light exposition  

1.2.1. Materials and methods used 

Materials. The influence of light exposition (10 000 lux) was studied by INRA on pure PHBV3 
films from Tianan, and PHBV3 films reinforced with 20wt% of impact milled wheat straw fibers 
(PHBV/20%WSF).  Details of preparation are given in the deliverable 3.1. of EcoBioCAP project.  
 
To study the effect of light exposition was evaluated by putting PHBV-based 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 (Figure 4). Films were removed after 15, 30, 60 and 90 
days  for further characterization. Changes in mechanical properties were related to changes in 
thermal properties. 
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Figure 4 : Simulation of light exposition 

 
 
Methods of characterization. Mechaninal properties όǳƭǘƛƳŀǘŜ ǇǊƻǇŜǊǘƛŜǎΣ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ 
energy at break) were evaluated using tensile tests performed with a Zwick device was used by 
INRA (study of the impact of light exposition or food contact) at a cross-head speed of 
10mm/min. DSC analysis was used to evaluate the thermal transition (melting and cristallization) 
temperatures as well as the degree of crystallinity of materials. DSC analysis was carried out 
using  a thermo-modulated calorimeter (Q200 modulated DSC, TA Instruments, New Castle, 
USA) (for experiments performed by INRA) thermal analysis system. Each sample was first 
heated to 200°C, then cooled at 10°C/min until temperature reaches -40°C, and finally heated 
from -40°C to 200°C at a heating rate of 10°C min-1. The 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 (146.6 J g-1 Naoyuki & Doi, 1996). 
 
 

1.2.2. Results and discussion 

Thermal properties. Light exposition results in a continuous decrease in the melting 
temperature of unfilled PHBV3 films over 90 days, wheares no change in the degree of 
crystallinity was observed (Figure 5). This could be due to the photodegradation of the polymer 
under light inducing a decrease in the molecular wieght. In the case of composite materials, no 
significant change in thermal properties was observed under light exposition. 
 

 
Figure 5. Evolution of melting temperature and degree of crystallinity of neat PHBV3 films and PHBV3 
films filled with 20wt% of wheat straw fibers (PHBV3/20%WSF) during 90 days under 10 000 lux light 
exposition. 

 
Mechanical properties. Light exposition results in a significant decrease of the ultimate 
mechanical properties (stress at break and strain at break) and thus the energy at break of 
unfilled PHBVbased films, whereas the Young modulus remained unchanged (Figure 6). Changes 
were observed after 15 days of exposition, with no further modification over the whole 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 polymer, i.e. to a degradation of the polymer. However, 
the stabilization of the mechanical properties can not be correlated to the continuous decrease 
in the melting temperature. In the case of composite materials, no significant change in 
mechanical properties was observed under light exposition. 

 

 
Figure 6. Evolution of the mechanical properties of neat PHBV3 films and PHBV3 films filled with 20wt% of 

wheat straw fibers (PHBV3/20%WSF) during 90 days under 10 000 lux light exposition. 

 

1.2.3. Conclusions 

Light exposition under 10 000 lux affects the mechanical and the thermal properties of PHBV 
films after only 15 days of exposition, whereas it had no impact on the properties of films 
reinforced with 20% of wheat straw fibers, which was ascribed to a degradation of the polymer. 
The presence of wheat straw fibers allowed to stabilize the materials since no signicant change 
in thermal and mechanical properties was observed during 90 days of light exposition. 

2. Structural and physical-chemical stability of selected materials upon 
food contact conditions 

2.1. Contact with Food Simulant Liquids  

2.1.1. Materials and methods used 

Materials. The influence of food contact with liquid simulants was studied by INRA on pure 
PHBV films from Tianan, and PHBV3 films reinforced with 20wt% of wheat straw fibers obtained 
by impact milling (notes PHBV/20%WSF). 5 liquid food simulants ( SL) have been chosen: water, 
acetic acid 3% (w/v), ethanol 20% (v/v), ethanol 95% (v/v) and iso-octane. Acetic acid 3% (w/v) 
and ethanol 20% (v/v) were chosen in accordance with the plastics Directive 10/2011/EC1 
whereas as ethanol 95% (v/v) and iso-octane 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 physic-chemical 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 heating up to 100°C for up to 15 minutes and 
storage times of up to 6 months at room temperature. 
 

                                                           
1
 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 characterization. At the macroscopic scale, structural changes were evaluated by 
SEM observations of the appearance of films (presence or not of holes at 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 focusing 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 (LMWFs) (using FTIR).  

2.1.2. Results and discussion 

Sorption of FSL. The evaluation of the weight uptake after immersion during 10 days at 40°C 
with each FSL enables to evaluate the respective affinity of PHBV-based materials with each FSL. 
Results show that unfilled materials sorb all FSLs, except iso-octane, which was the most apolar 
solvent (Figure 7). PHBV materials displayed the highest affinity with ethanol 95% (v/v). The high 
sensitivity of polyesters towards ethanol 95% has already been demonstrated for PET (Kim and 
Lee, 2012). Composite materials were more sensitive to FSLs than the unfilled matrix, with 
sorption values of about 80mg.dm-2 for all polar FSLs. The sorption of iso-octane was also very 
low. The high sensitivity of PHBV/20wt%WSF with polar FSLs is ascribed to the presence of 
hydrophilic wheat straw fibers in the materials. 
 

 
Figure 7. Swelling of neat PHBV3 films and PHBV3 films filled with 20wt% of wheat straw fibers 

(PHBV3/20%WSF) after 10 days of immersion in 5 different FSL : water, acetic acid 3% (w/v), ethanol 20% 
(v/v), ethanol 95% (v/v) and iso-octane. 

 
 
Thermal properties. The melting temperature of PHBV3 was decreased after contact during 10 
days at 40°C with all FSLs, except with ethanol 20% (v/v) and ico-octane for which no significant 
change was noted after contact (Figure 8). The decrease in the melting temperature was even 
more pronounced in the order water, acetic acid 3% (w/v) and ethanol 95% (v/v). The 
crystallization temperature was also significantly decreased after contact with water and 
ethanol 95% (v/v). This could be due to a degradation of the polymer, i.e. a decrese in the 
molecular weight (Mw) of the polymer. In the case of composite materials, no significant change 
in both the melting or crystallization temperatures was noted. However, the degree of 
crystallinity of materials was not reduced by contact with all water-based and polar FSLs (Figure 
9).  
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Figure 8. Evolution of melting and crystallization temperatures of of neat PHBV3 films and PHBV3 films 
filled with 20wt% of wheat straw fibers (PHBV3/20%WSF) after 10 days of immersion in 5 different FSL : 

water, acetic acid 3% (w/v), ethanol 20% (v/v), ethanol 95% (v/v) or iso-octane. 

 

 

 

Figure 9. Evolution of the degree of crystallinity of of neat PHBV3 films and PHBV3 films filled with 20wt% 
of wheat straw fibers (PHBV3/20%WSF) after 10 days of immersion in 4 different FSL : water, acetic acid 

3% (w/v), ethanol 20% (v/v), ethanol 95% (v/v) or iso-octane. 

 
Molecular weight. The degradation of the polymer after contact with ethanol 95% (v/v) is 
confirmed by the decrease in the molecular weight from about 200,000 to about 150,000, in the 
case of both unfilled and filled materials (Figure 10). Further experiments are currently on 
progress for materials put in contact with other FSLs. 

 

Figure 10. Evolution of molecular weight of of neat PHBV3 films and PHBV3 films filled with 20wt% of 
wheat straw fibers (PHBV3/20%WSF) films after 10 days of immersion in water or ethanol 95% (v/v). 

 
Mechanical properties. As already presented in deliverable 3.1., the introduction of wheat straw 
fibers leads to the degradation of the ultimate mechanical properties of PHBV (decrease in both 
the elongation and the stǊŜƴƎǘƘ ŀǘ ōǊŜŀƪύ ǿƘŜǊŜŀǎ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ was not affected. This 
was mainly ascribed to the poor fiber/matrix interfacial adhesion.  
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In the case of the neat PHBV3 films, mechanical properties were stable over 10 days of contact 
with water, acetic acid 3% (w/v) and ethanol 20% (v/v), but not with ethanol 95% (v/v) (Figure 
14). After contact with ethanol 95%(v/v), a plasticizing effect was noted, which was reflected by 
a decrease in the strength at break (from 28.8 to 22.6 atŀύ ŀƴŘ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ όŦǊƻƳ 2.66 
to 1.74 GPa), and an increase in the strain at break (from 2.3 to 3.6%), but with no significant 
change in the energy at break. This may result from the high swelling phenomenon observed in 
this solvent and also from the decrease in the molecular weight. 
In the case of composite materials, ultimate properties and energy at break were not affected 
by contact with FSLs (Figure 11). hƴƭȅ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ǿŀǎ ƴƻǘŜŘΣ ǿƘƛŎƘ Ƴŀȅ 
probably be ascribed to the decrease in the intrinsec rigidity of the fibers due to water swelling 
or to a decrease in the Mw of the polymer chains in the case of ethanol 95%. 

 

Figure 11. Evolution of mechanical properties of of neat PHBV3 films and PHBV3 films filled with 20wt% of 
wheat straw fibers (PHBV3/20%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). 

 

Water vapour permeability. Structural changes occurring in after 10 days of contact with 
ethanol 95% (v/v) or water had no significant impact on the water wapour permeability of 
PHBV3 films and PHBV3/20%WSF composites (Figure 12). 

 

Figure 12. Evolution of water vapour permeability of neat PHBV3 films and PHBV3 films filled with 20wt% 
of wheat straw fibers (PHBV3/20%WSF) after 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 cross-section of films were 
performed after contact with FSLs to study the impact on the morphology of materials (Figures 
13 and 14). White crystals of several micrometers are observed on all pictures 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/v) for which small holes were observed on the surface of 
the PHBV films. Furthermore, it seems that some crystals of boron nitride were pulled out from 
the cross-section (Figure 13).  In the presence of wheat straw fibres, heterogeneities 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 migrations. The pictures of the cross-
section, which enable the observation of the fibre/matrix interface, were similar for all 
materials. No signicant change in the fibre/matrix interface was observed (Figure 14). 
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Figure 13. SEM observations of the surface and cross-section of neat PHBV3 films after 10 days of 

immersion in different FSLs. 
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Figure 14. SEM observations of the surface and cross-section of PHBV3/20%WSF composite films after 10 
days of immersion in different FSLs. 

 

FTIR analysis. Stability of PHBV3 and PHBV3/20%WSF was investigated through modifications of 
spectral fingerprint in the range of the middle infrared. After 10 days contact with the different 
FSL, principal composant analysis did not allow to generate classification of samples while the 
screeening included no-treated samples. This statement was respectivelly evidenced for PHBV 
and PHBV3/20%WSF. Although FTIR analysis proved to be suitable for following degradation of 
some other polyesters (PET, PLA), the conditions of test applied in this study appeared too little 
drastic to induce detectable hydrolyse reaction of ester bond. 
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