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Abstract
This paper aims at investigating the potential of vine shoots (ViSh) upcycling as fillers in novel poly(3-hydroxybutyrate-
3-hydroxyvalerate) (PHBV) based biocomposites. ViSh particles of around 50 µm (apparent median diameter) were obtained 
combining dry grinding processes, and mixed with PHBV using melt extrusion. Thermal stability and elongation at break 
of biocomposites were reduced with increasing contents of ViSh particles (10, 20 and 30 wt%), while Young’s modulus and 
water vapor permeability were increased. It was shown that a surface gas-phase esterification allowed to significantly increase 
the hydrophobicity of ViSh particles (increase of water contact angles from 59° to 114°), leading to a reduction of 27% in 
the water vapor permeability of the biocomposite filled with 30 wt% of ViSh. The overall mechanical performance was not 
impacted by gas-phase esterification, demonstrating that the interfacial adhesion between the virgin ViSh particles and the 
PHBV matrix was already good and that such filler surface treatment was not required in that case. It was concluded that ViSh 
particles can be interestingly used as low cost fillers in PHBV-based biocomposites to decrease the overall cost of materials.

Keywords  Biocomposite · Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) · Natural fibers · Surface properties · 
Permeability

Introduction

Biocomposite materials have attained a growing trend, 
with a large potential for applications from automotive to 
packaging. The incorporation of lignocellulosic fillers into 
biosourced and biodegradable polymer matrices can offer 
economic and environmental benefits of a more ‘circular’ 

approach [1]. Two main categories of lignocellulosic bio-
mass can be distinguished for the production of fillers, i.e. 
natural fibers grown or extracted for their high mechanical 
properties (e.g. hemp, flax, kenaf) and fillers derived from 
residues from agricultural, forestry or food industries. The 
first type of fibers is the most commonly used as reinforc-
ing agents. The second category allows value addition to 
residues while producing sustainable composites. Their 
mechanical performances are usually lower than dedicated 
grown plants but they can perfectly suit for applications that 
do not have very demanding specifications.

In the viticulture sector, huge amounts of waste and by-
products are generated each year including, among organic 
solid residues, vine shoots, stalks and wine pomaces. Vine 
shoots (ViSh) correspond to the woody stems that are 
obtained after vine pruning that is essential to the vine cul-
tivation. They are one of the most important primary agri-
cultural residues being annually produced in large quantity 
(around 2 tons/ha/year) in wine regions [2]. Currently, these 
ViSh follow different fates depending on the region: they 
can either be collected and burnt, ground and left on the 
vineyards as soil amendment [2, 3], or to a lesser extent col-
lected and valorized for the extraction of polyphenols [4–6], 
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the production of heating wood [7] or compost [8]. Given the 
biochemical and histological composition of ViSh, one other 
potential route could be their upcycling for biocomposites 
applications, as already investigated for other agricultural 
residues such as bagasse, wheat straw or corn stem [9–12]. 
However, very few papers deal with the use of ViSh as fillers 
in composites. ViSh were investigated as a raw materials to 
obtain a pulp potentially useable in composites [13]. In the 
study of Girones et al. [14], ViSh (filler content of 30 wt%) 
were incorporated in LDPE and PP matrices. It was con-
cluded that composites displayed lower mechanical proper-
ties than neat matrices or composites reinforced with long 
technical fibers such as flax. This reduction was attributed 
to the low aspect ratio (1.8) of the ViSh fragments obtained 
by grinding in a granulator equipped with a 2.5 mm sieve. In 
another paper, Kilinc et al. [15] studied HDPE-based com-
posites filled with 5, 10 and 20 wt% of ViSh powder display-
ing a volume median apparent diameter (d50) of 13.6 µm. 
Materials containing 10 wt% of ViSh exhibited the highest 
tensile strength and flexural strength. The addition of ViSh 
delayed the onset of thermal decomposition of HDPE.

It was shown that successive dry milling processes could 
be successfully used to obtain lignocellulosic fractions with 
controlled size [12]. As an example, cut milling of native 
wheat straw produced coarse fillers of around 0.5 mm (d50), 
that could be further ground to give fine particles with d50 
around 100–150 µm particles and finally ground using ball 
milling to reach ultra-fine particles with a size of 20–10 µm 
[11, 12]. In case of PHBV-based composites, Berthet et al. 
[11] showed that decreasing wheat straw filler size resulted 
in improved material processability and higher filler contents 
due to a better filler dispersion within the polymer matrix 
and an improved filler/matrix adhesion. Indeed, it was shown 
that grinding resulted in an increased hydrophobicity of the 
particle surface [12]. Besides, the best mechanical properties 
were obtained with ultra-fine particles (d50 of 20 µm). The 
thermal stability decreased with an increase in filler content.

Among polymer matrices, poly(3-hydroxybutyrate-3-hy-
droxyvalerate) (PHBV) has been reported to be bio-sourced 
and fully biodegradable [16–18]. This thermoplastic has 
physical properties close to conventional polymers. How-
ever, PHBV has some limitations, such as lower crystalliza-
tion rate and higher production cost. High production cost of 
the PHBV-based materials can be minimized by incorporat-
ing the lignocellulose residues into the matrix [19].

The quality of the filler/matrix interface play an impor-
tant role in the functional properties of composite mate-
rials [20]. Lignocellulosic materials (comprising cellu-
lose, hemicelluloses or lignin) are hydrophilic in nature 
because of their high content of hydroxyl groups. Most 
of the matrices used are mostly hydrophobic, including 
PHBV, and interfacial adhesion between such polymeric 
matrices and hydrophilic natural fibers are very poor [20, 

21]. Besides, the hydrophilic character of natural fibers 
makes them sensitive to moisture uptake which induces 
reduced mechanical properties. For these reasons, natu-
ral fillers are generally subjected to surface modifications 
in order to achieve maximum compatibility and therefore 
good adhesion in the composite [21]. There are many dif-
ferent physical and chemical strategies described in the lit-
erature to enhance the filler/matrix adhesion [21–24], even 
genetic modifications of flax fibers have been explored 
[25, 26]. Esterification, which is a classical approach to 
produce biodegradable cellulose esters plastics [27, 28], is 
a potential way to obtain reinforcing materials for biocom-
posites [29–31]. Most of these esterification treatments 
are implemented with solvents in homogeneous [32, 33] 
or heterogeneous phase [34–36]. In a previous study on 
PHBV-based composites, a gas-phase esterification with 
palmitoyl chloride gave recently promising results on cel-
lulose fillers [37]. This solvent-free treatment improved 
surface hydrophobicity significantly, resulting in a better 
affinity between cellulose particles and the PHBV matrix. 
It substantially limited the negative effects observed for 
the incorporation of virgin cellulose into the composite. 
Furthermore, a low degree of substitution did not change 
the biodegradability of the esterified substrate [38]. Thie-
baud and Borredon [39] explored esterification of saw-
dust without organic solvents using fatty acid chlorides 
to improve thermoplastic properties of wood. The reagent 
was in fact the solvent and the treatment was performed 
on low amount of wood. But to the best of our knowledge, 
such gas-phase esterification treatment has never been car-
ried out on lignocellulosic particles targeting composite 
applications.

The objective of the present study was to assess the poten-
tial of a low-value agricultural residue from viticulture as 
reinforcing agents in fully biocomposite materials. In order 
to suit with the food packaging constraints, the ViSh were 
ground using the successive milling process until reaching 
an average size of 50 µm. This relative low size of fillers will 
increase the ductility which has been identified as bottleneck 
for PHBV-based composite (low strain at break). It was cho-
sen to keep all the fractions obtained after dry grinding to 
valorize all the vine shoots without by-product and without 
solvent. In addition, the gas-phase esterification was applied 
for the first time on lignocellulosic particles to attempt to 
improve interfacial adhesion with the matrix. It would 
allow the comparison with grafted cellulose from the previ-
ous study [37]. For the first time, the structure-properties 
relationships in PHBV/ViSh composites were studied. The 
present paper focused on tensile properties and water vapor 
permeability. The functional performance of composites 
depending largely on interfacial filler/matrix interactions, 
a gas-phase esterification of ViSh particles was performed 
and its effect on filler and composite properties was studied.
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Materials and Methods

Materials

Vine shoots (ViSh) were kindly provided by INRA Pech 
Rouge (Gruissan, France). The vine species was Syrah, 
which is the most common in France. The average com-
position of dry vine-shoots was 38% of cellulose, 23% 
of hemicellulose, 24% of lignin, 3% of ashes and the rest 
includes a group of large molecules of different chemical 
families [2, 40]. The shoots were first air dried outdoors 
during 2 months to get a moisture content of 20% (w.b) 
then dried 48 hours in oven at 60 °C to reach 5% (w.b.). 
Successive dry grinding steps were carried to get particles 
displaying an apparent median diameter of about 50 µm. 
A first coarse milling using a shredder (AXT 22D, Bosch, 
Germany) gave fragments of about 5 cm that were then 
ground with a knife mill (SM 300, Retch, Germany) using 
successively grids of 4 and 2 mm. Thereafter, an impact 
mill (Fine Impact Mill UPZ, Germany) equipped with a 
0.3 mm grid was used at 18,000 rpm. Finally, resulting 
particles were ground in a ball mill (Faure Equipments, 
France) during 10 hours in jars filled with 3 kg of steel 
balls (25% of the internal volume) displaying diameters 
of 1.2, 1.6 and 2.6 cm diameter (ratio 1:1:1). 150 g of 
biomass were milled by batch and the speed was set at 
50 rpm to avoid centrifugation. Once milled, ViSh parti-
cles were stored in a hermetic drum in presence of silica 
gel (around 0% RH) at room temperature. ViSh particles 
were used as they were for the preparation of composites, 
with no sieving.

A commercial poly(3-hydroxybutyrate-3-hydroxyvaler-
ate) (PHBV) containing around 3% of valerate was pur-
chased from NaturePlast (PHI002 grade). As reported by 
the manufacturer, it had a true density of 1.24 g cm−3 and 
a melt flow index between 5 and 10 (190 °C; 2.16 kg). The 
polymer pellets were stored away from air and light as well 
as from source of heat.

Gas‑Phase Esterification of ViSh Particles

Approximately 100 g of ViSh particles previously dried 
overnight at 60 °C were subjected to a gas-phase esterifica-
tion treatment using palmitoyl chloride (Sigma-Aldrich), 
as described by David et al. [41]. The experimental set-up 
used in this study was developed at CERMAV laboratory 
(Grenoble) [42]. The reaction was conducted in a 2 L reac-
tor at 100 °C and 2 mbar during 15 h. ViSh particles were 
introduced in nylon mesh bags, which were positioned on 
a Teflon grid above the liquid reagent to avoid direct con-
tact. The reagent was used in excess compared to surface 

hydroxyl groups (20 g). A constant nitrogen flow was used 
to evacuate the reaction by-products that were vacuum-
pumped. At the end of the reaction time, grafted ViSh 
were purified by Soxhlet extraction with acetone reflux 
for 6 h. The final products were then oven dried at 60 °C 
overnight to remove any acetone leftover.

The same protocol was followed without reagent to obtain 
a control. Virgin, control and grafted ViSh particles were 
noted respectively ViSh-V, ViSh-C and ViSh-G.

Preparation of Composite Materials

Composite compounds were first produced with a lab-scale 
twin screw extruder, with a L/D ratio of 40 and a screw 
diameter of 16 mm (Eurolab, Thermo Scientific, Karlsruhe, 
Germany). It was equipped with a rod die of 3 mm of diame-
ter and a pelletizer to produce granules. The screw speed was 
300 rpm and the flow rate was 1.0 kg h−1. The temperature 
profile from the feeding to the die varied from 80 to 180 °C 
(80–160–160–160–160–170–170–180–180–160 °C). Virgin 
PHBV pellets and ViSh particles (either virgin or grafted) 
were previously dried at 60 °C before compounding. Four 
filler contents were used, i.e. 5, 10, 20 and 30 wt%. Com-
posite films displaying a thickness of 300 µm were then pre-
pared using a heated hydraulic press (20T, Pinette Emidecau 
Industries, Chalon-sur-Saône, France) from compounds pre-
viously produced by melt extrusion. Compounds were dried 
overnight at 60 °C before processing. Compounds were first 
heated during 5 min at 178 °C by putting the heating plates 
at the contact of granules and then compressed between two 
Teflon-coated plates (Taconic, France) for 4 min at 178 °C 
by increasing gradually the pressure from 20 bar to 150 bars. 
Films were then allowed to cool between the two Teflon-
coated plates at room temperature for 5 min under a weight 
(around 1 kg). All composite films were stored in a hermetic 
drum with silica gel (around 0%RH) at room temperature.

Solid‑State 13C NMR

Solid-state 13C NMR experiments were performed with a 
Bruker Avance DSX 400 MHz spectrometer operating at 
100.6 MHz, using the combination of cross-polarization, 
high-power proton decoupling and magic angle spinning 
(CP/MAS). Standard conditions were 2000 scans with 2 ms 
of contact and 2 s of recycle delay. The acquisition time was 
35 ms and the sweep width was 29,400 Hz.

Laser Granulometry

Particle size distribution was determined from 0.01 to 
10,000 µm using a Mastersizer 2000 laser granulometer in 
wet mode (Malvern Instruments Ltd., United Kingdom). 
Particles were suspended in ethanol 95% (v/v). Three values 
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were identified to characterize the sample and allow com-
parison. The value of d10 represents the particle size diam-
eter for which 10% of particles (in volume or number) have 
a diameter less than that. Similarly, d50 represents de median 
and d90 the diameter from where the cumulative distribution 
of particles is 90%. Measurements were done with at least 
5 repetitions.

Scanning Electron Microscope (SEM)

The samples were examined with a Hitachi S4800 Scanning 
electron microscope (Technology platform of IEM Labo-
ratory of the Balard Chemistry pole) with an acceleration 
voltage of 2 kV after a coating with Pt by cathode pulveriza-
tion using a SC7620 sputter coater (Quorum Technologies, 
Laughton, England). Observation were realized by the help 
of Didier Cot (IEM, Montpellier). In case of cryo-fractured 
section observations, the specimens were frozen in liquid 
nitrogen then fractured before coating.

The aspect ratio of particles after milling was determined 
with a AZ100 macroscope (Nikon, JP). Images were treated 
using the Image J software that viewed each particle as an 
ellipse and measured major and minor axes. Average aspect 
ratio values (ratio between the major axis and the minor 
axis) were calculated from both the number and the volume 
distributions.

Surface Free Energy

ViSh particles surface free energies were assessed by contact 
angle measurements, as already described by David et al. 
[41]. The dispersive (γd) and polar (γp) components were 
evaluated by applying the Owens–Wendt approach [43] by 
using five reference liquids, namely distillated water, ethyl-
ene glycol, diiodomethane, formamide and glycerol.

Dynamic Vapor Sorption

Water vapor sorption was measured at 20 °C using a con-
trolled atmosphere micro-balance (DVS, Surface Measure-
ment System Ltd., London, UK). A Cahn D-200 micro-
balance, with a precision of 0.1 µg, recorded the mass 
evolution of the materials according to the relative humidity. 
A pre-drying step was first run at 60 °C in an oven during 
24 h, then the sample was placed in the DVS equipment 
at 0% RH for until reaching the equilibrium at 20 °C. In 
the case of cellulose, 1 mg of cellulose was deposited in an 
aluminum pan (DSC Tzero® pans provided by TA Instru-
ments), which was placed in the DVS nacelle. Water vapor 
sorption isotherms were determined from the equilibrium 
moisture contents at each RH step. Tests were performed at 
least in duplicate.

Differential Scanning Calorimetry (DSC)

The thermal properties of composites were investigated 
using a thermo-modulated calorimeter (Q200 modulated 
DSC, TA Instruments, New Castle, USA). Approximately 
10 mg of sample were analyzed in hermetically sealed alu-
minium pans (Tzero Aluminium Hermetic pan, TA Instru-
ments, New Castle, USA). Analyses were performed in 
triplicate. The purge gas was nitrogen, with a flow rate of 
50 mL min−1. Each sample was first heated up to 200 °C 
at 10 °C min−1, then cooled at 10 °C min−1 until tem-
peratures reached − 30 °C, and finally heated again from 
− 30 to 200 °C at a heating rate of 10 °C min−1. From the 
resultant thermogram, crystallization temperature (Tc), 
melting temperature (Tm) and melting enthalpy (ΔHm) 
were measured. The polymer crystallinity was calculated 
as follows (1):

where ∆H0
m was the enthalpy of melting 100% crystalline 

polymer, (146 J g−1 for PHBV [44]), and %wt was the weight 
fraction of the filler in the composite.

Thermogravimetric Analysis (TGA)

TGA under nitrogen flow (50 mL min−1) was carried out 
using a Mettler TGA2 apparatus (Schwerzebbach, Switzer-
land) equipped with a XP5U balance. The samples were 
heated at 10 °C min−1 from 25 to 600 °C. The results were 
analyzed using STARe software. The maximum degradation 
temperature (Tdeg) corresponded to the temperature at which 
the degradation rate was maximum. The onset and offset 
degradation temperatures (Tonset and Toffset, respectively) 
were measured respectively when the first derivative of the 
weight loss became higher than 0.1% C−1 and lower than 
0.1% C−1. Analyses were done in triplicate.

Tensile Tests

Mechanical properties were evaluated through tensile tests 
conducted at 23 °C by a tensile tester (Zwick BZ2.5/TN1S, 
Metz, France) on dog-bone shaped film specimens (width 
of 4 mm and gauge length of 45 mm). The specimens had 
been cut in 300 µm composite films previously produced 
by thermopressing. Composite specimens were kept in a 
conditioned room at 23 °C and 50% humidity for at least 
24 h before testing. Young’s modulus (E), nominal stress at 
break (σ), nominal strain at break (ε) and energy at break 
were determined from stress–strain curves obtained with a 

(1)Xc =
ΔH

ΔH0

m

(

1 −
%wt filler

100

) × 100
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cross-head speed of 1 mm min−1. At least ten replicates were 
realized for each formulation (5, 10, 20, and 30 wt%).

Water Vapor Permeability

Water vapor permeability (WVP) was gravimetrically deter-
mined at 23 °C using a modified ASTM E96 procedure. 
Discs of films (five repetitions) were sealed in permeation 
cells filled with distilled water that were put into a desicca-
tor containing silica gel. A relative humidity (RH) gradi-
ent equal to 0–100% was obtained (assuming that RH on 
the silica gel is negligible). The permeation surface was 
9.08 cm2. Periodic weightings determined the rate of water 
vapor movement through the films. WVP (mol s−1 Pa−1 m−1) 
was calculated from (2):

where S was the slope of the weight change from the straight 
line (g h−1), A the permeation area (m2), e the average speci-
men thickness (m), ΔP the saturation vapor pressure at 23 °C 
(2809 Pa), and MH2O the molar mass of water (g mol−1).

Results and Discussion

Impact of Gas‑Phase Esterification on ViSh Particles 
Intrinsic Characteristics

Degree of Substitution

The occurrence of the grafting and its extent was investi-
gated by solid-state 13C CP-MAS NMR.

(2)WVP =
S × e

3600 × A × ΔP × MH2O

Figure 1 shows the spectra of the untreated, control and 
grafted ViSh particles. They all exhibit the characteristic 
signals of both cellulose and lignin. The assignation of the 
different carbon signals was achieved according to literature 
[45–47]. Concerning the virgin sample ViSh-V, the main 
peaks, between 60 and 115 ppm, corresponded to the poly-
saccharidic chains carbons that includes both cellulose and 
hemicelluloses, with the C1 peak at 105 ppm present in all 
polysaccharide and the C4 signal divided in two peaks, i.e. 
the first one at 83 ppm corresponding to amorphous regions 
(cellulose and hemicelluloses) and the second one at 89 ppm 
corresponding to crystalline regions of cellulose. These two 
latter peaks could be used to determine the crystallinity of 
the substrate according to the Newman method (3) [48]:

Using this method, all the samples had a crystallinity of 
30%, that includes the contribution of hemicelluloses [49]. 
This result confirmed that the reaction did not reduce the 
crystallinity staying at the surface of the particles.

The peak at 56 ppm was assigned to methoxy carbons 
of lignin while the broad signals between 130 and 160 ppm 
were assigned to aromatic ring carbons of lignin. Besides, 
peaks between 10 and 40 ppm could be assigned to methyl, 
methylene and alkyl carbons of lignin [50] but also to pos-
sible lipophilic components (aldehydes, sterol ester and 
ester waxes) [51]. These lipophilic components could also 
explain the carboxyl signals between 170 and 182 ppm. It is 
thus worth noting that the spectrum of virgin ViSh particles 
already revealed the presence of carboxylic carbons (peak 
at 172 ppm) and of aliphatic carbons (peaks between 10 
and 40 ppm). The spectra of virgin and control ViSh-V and 
ViSh-C samples were very similar with no distinct differ-
ence. On the contrary, ViSh-G was characterized by a slight 
increased intensity of the carbonyl signal at 173 ppm but 
more visually with the higher intensity of the alkyl signal at 
30 ppm compared to virgin particles (Fig. 1). It evidenced 
the grafting of the fatty acid on the particles

The esterification was quantified calculating the degree of 
substitution (DS) that is usually applied for cellulosic sub-
strate. The lignocellulose being more complex than pure cel-
lulose, the esterification product could be also difficult to be 
identified. Hydroxyl groups from lignin and hemicellulose 
can also react during the esterification. Thus, the DS was 
calculated by assuming that only hydroxyl groups of cel-
lulose were the reaction sites, as already assumed in case of 
wood esterification [46]. The DS was calculated from (4) et 
(5) using the integral of carbon C1 as reference to normal-
ize the integral of the carboxyl signal (IC=O) and integral of 
alkyl carbons (IC−H):

(3)XC =
IC4 cry

IC4 cry + IC4 am

020406080100120140160180200
δ (ppm)

Carboxyl
carbons Aromatic

carbons lignin

methyl and alkyl 
carbons

C1
C4cry

C4am

Cellulose backbone

-OCH3 lignin

ViSh-G

ViSh-C

ViSh-V

Fig. 1   Solid 13C NMR spectra of ViSh-V ( ), ViSh-C ( ) and 
ViSh-G ( )
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The DS of ViSh-G was calculated with respect to ViSh-C 
because during the Soxhlet extraction with acetone some 
extractives might be removed. The calculated values for 
DSC−H and DSC=O were respectively 0.007 and 0.011. The 
DS were lower than for the grafting of cellulose particles in 
the same experimental conditions (DS = 0.02) [41]. It was 
most probably due to the presence of lignin that has a dif-
ferent reactivity and a reduced density of hydroxyl groups.

The 13C NMR analysis proved the surface grafting with a 
fatty acid chloride of the ViSh particles without degrading 
their crystallinity.

ViSh Particle Size and Morphology

The particle size distribution was quantitatively assessed 
by laser granulometry, by assimilating particles to spheres 
of equivalent diameter (Table 1). It can be noted that the 
volume spans were high, reflecting the polydispersity of 

(4)DSC−H =
IC−H(ViSh−G) − IC−H(ViSh−C)

15

(5)DSC=O =
IC=O(ViSh−G) − IC=O(ViSh−C)

1

the ground ViSh sample. The d50 in number was very low 
because no sieving or sorting was performed in order to 
recover all the biomass and not generate waste. The grafting 
had no significant impact on the apparent median diameter 
of particles.

Macroscopy and image analysis showed that ViSh parti-
cles were characterized by low aspect ratio values comparing 
to other natural fibers used in composites [12, 14, 52], rang-
ing between 1.53 and 1.87 for number and volume averages 
respectively.

The morphology was qualitatively assessed by SEM 
observations (Fig. 2). At low magnification, all the sam-
ples displayed a similar appearance. Zooming on particles, 
ViSh-V (A2), ViSh-C (B2) and ViSh-G (C2) did not dis-
played difference at their surface. They all have a moderately 
rough surface with residual dusts aggregated on particles. 
It could be concluded from these analyses that the macro-
scopic structure of particles was not affected by the chemical 
treatment.

Wettability of Grafted ViSh Particles

The surface free energies of PHBV film and compressed 
tablets of ViSh particles were deduced from contact angle 

Table 1   ViSh particles apparent 
diameters (in volume/ in 
number)

*Span = (d90−d10)/d50

Materials d10 (µm) d50 (µm) d90 (µm) Span*

ViSh-V 7 ± 1/0.5 ± 0.1 49 ± 1/0.6 ± 0.1 191 ± 10/1.2 ± 0.1 3.8/1.2
ViSh-C 7 ± 1/0.5 ± 0.1 48 ± 1/0.6 ± 0.1 192 ± 10/1.2 ± 0.1 3.8/1.2
ViSh-G 6 ± 1/0.5 ± 0.1 48 ± 1/0.6 ± 0.1 197 ± 14/1.3 ± 0.1 4.0/1.2

12.0 µm

3.00 µm3.00 µm3.00 µmx 10.0k

12.0 µm12.0 µmx 2.50k x 2.50k x 2.50k

x 10.0k x 10.0k

A1)

A2)

B1)

B2) C2)

C1)

Fig. 2   SEM pictures of (A1-2) S-virgin and grafted cellulose (B1-2) S-control and (C1-2) S-grafted particles at different magnifications
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measurements (Table 2). Virgin ViSh particles had a relative 
low polar component (10.2 mJ m−2). As expected, this value 
was lower than the polar component of cellulose particles 
due to the presence of lignin. However, common lignocel-
lulosic fibers usually displayed polar component between 15 
and 25 mJ m−2 and are considered as hydrophilic by nature 
[20]. Different reasons can explain this result. Lignocellu-
losic substrates are heterogeneous and it is often described 
that cellulose is mostly present in the bulk of particles or 
fibers. Thus non-cellulosic components can be present in 
a larger proportion at the surface and induce low polarity 
and low surface free energy. No data concerning the vine 
shoots surface free energy were found in the literature. In an 
overview of literature data for surface free energy of wood, 
it was reported that Douglas fir aspen or maple can display 
such value with polar component between 11.8 and 16.4 mJ 
m2 and dispersive component between 36.2 and 41.8 mJ m2 
[53]. For example, Van Hazendonk et al. [54] found that flax 
fibers were very hydrophobic with polar component lower 
than 5 mJ m2. The surface free energy of 28.5–34.2 mJ m2 
increased after fatty substances extraction to 40.3–43.1 mJ 
m2. An additional extraction of pectins and hemicelluloses 
further raised the fiber surface tension to reach the one of 
pure cellulose.

Gas-phase esterification induced a drastic decrease of the 
polar component of vine shoot particles, from 10.2 down 
to 2.2 mJ m−2, together with an increase of the dispersive 
component from 41.7 up to 49.5 mJ m−2. The increase in 
hydrophobicity was clearly highlighted by the increase in 
contact angles formed with polar solvents, including water 
(increase from 59° for ViSh-V to 114° for ViSh-G), ethyl-
ene glycol, formamide and glycerol. Results obtained for 
the ViSh-C demonstrated that such an increase in hydro-
phobicity was not ascribed to the experimental conditions 
notably the temperature treatment or the Soxhlet extraction. 
Interestingly, the ViSh-C sample that has been washed by 
Soxhlet displayed a slight increase of the polar component 
suggesting a partial removal of non-polar component. This 
result was consistent to the previously quoted work of Van 
Hazendonk et al. [54].

Finally, it is worth noting that PHBV was not that 
hydrophobic displaying a water contact angle of 68°, i.e. 
lower than 90°. The measure has been carried out after 

stabilization of the drop on the surface of the film. Berthet 
et al. [55] found PHBV with the same grade to be highly 
hydrophobic with almost null polar component and a water 
angle of 100°. In another study with the same PHBV grade, 
the water contact angle measured was 60° [56]. Luo et al. 
[57] reported a water contact angle of 85.8° although the 
surface energy was very closed to the present results. There-
fore, PHBV was less hydrophobic than PP, which had a 
water contact angle of 97.2° and a polar component of 2.0 
mJ m2, due to the presence of ester bonds. In this sense, 
Ahankari et al. [9] showed that wheat straw fillers had better 
compatibility with PHBV matrix as compared to PP matrix.

 Water Vapor Sorption of ViSh Particles

Dynamic vapor sorption (DVS) measurements were per-
formed to investigate the impact of grafting on the water 
vapor sorption in ViSh particles (Fig. 3). The water uptake 
of virgin ViSh increased with the relative humidity dis-
playing a sigmoidal curve already observed for cellulosic 
materials [58]. In the first part, lower than 60%RH, water 
was sorbed by hydrogen bonding then its concentration 
increased linearly in porous ViSh particles. In the second 
part, over 60%RH, the water sorption increased expo-
nentially that can be explained by a clustering effect and 
the capillarity of water in the material [59]. Compared 

Table 2   Contact angle values 
(°) with different reference 
liquids, polar (γp) and dispersive 
(γd) components of the surface 
free energy (γ) of PHBV, 
ViSh-V, ViSh-C and ViSh-G

Sample Contact angle (°) Surface free energy
(mJ m−2)

Water Ethylene glycol Diiodom ethane Formamide Glycerol γp γd γ

PHBV 68 ± 2 45 ± 2 20 ± 2 39 ± 1 49 ± 3 6.2 42.6 48.8
ViSh-V 59 ± 4 27 ± 3 24 ± 3 30 ± 3 46 ± 4 10.2 41.7 51.8
ViSh-C 58 ± 3 29 ± 2 22 ± 4 27 ± 2 42 ± 3 10.7 42.2 52.9
ViSh-G 114 ± 3 73 ± 1 25 ± 4 62 ± 2 93 ± 3 2.2 49.5 51.7
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Fig. 3   Water vapor sorption isotherm of ViSh-V ( ), ViSh-C ( ), 
ViSh-G ( ) and cellulose ( ) (data for cellulose are from [41], stand-
ard deviation bars are not visible as they are lower than the symbol 
size)
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to cellulose sample (from [41]), ViSh particles absorbed 
less water especially between 20 and 80%RH. This can be 
explained by the presence of lignin that it is known to have 
a lower water sensitivity.

ViSh-V and ViSh-C particles displayed identical iso-
therms that were very similar to the cellulosic substrate. 
The water uptake of ViSh-G was similar compared to 
particles without treatment, however from 50%RH a 
slight decrease (10%) was observed. This showed that the 
grafted hydrophobic moieties prevented the water vapor 
sorption. A slight decrease of crystallinity after grafting 
could explain the low difference in water vapor sorption 
since sorption occurs mainly in amorphous regions. Here, 
the grafting effect was less obvious than for water con-
tact angle measurements because the water vapor reach 
more easily bulk remaining hydroxyl groups than liquid 
water. One has to remind that the very low grafting den-
sities (DS = 0.01 i.e. around 1% of the hydroxyl groups) 
is enough to modify the extreme surface [41] and hence 
change drastically the surface properties without changing 
the bulk properties.

These results showed an increase of moisture resist-
ance of the ViSh after chemical treatment even if it was 
not drastic. According to previous results [41], moisture 
sorption was significantly affected by the degree of substi-
tution of such as reaction. Thus, with higher DS, it could 
be expected to reach lower water sorption.

Functional Properties of PHBV/ViSh Composites

Morphology of Composites: Qualitative Evaluation 
of the Filler/Matrix Interface

The morphology of composites was qualitatively assessed 
by SEM observations of the cross-section of cryo-frac-
tured PHBV-based materials (Fig. 4). Differences in inter-
facial filler/matrix adhesion were expected from the previ-
ous contact angle measurements (“Wettability of grafted 
ViSh particles” section). In the case of a filler content 
of 20 wt%, fracture surfaces were rough and uneven. No 
difference of filler dispersion state was detected between 
the samples. Mechanical shearing forces induced during 
extrusion were probably enough to break potential parti-
cle aggregates. ViSh fillers, even not grafted, were found 
to be quite well embedded within the PHBV matrix and 
only small voids were noticed at the filler/matrix interface. 
From these SEM observations, it was difficult to conclude 
in a better filler/matrix adhesion in the case of ViSh-G. 
Indeed, composites displayed similar facies (Fig. 4a, b). 
The increased hydrophobicity of ViSh-G did not seem to 
improve the wettability of the filler by the PHBV matrix 
that was already good.

Thermal Properties

The degree of PHBV crystallinity in composite samples and 
their thermal properties were determined by DSC (Table 3). 
The PHBV matrix display a melting temperature of 174 °C 
and a crystallization temperature of 123 °C. The relative 
high crystallinity of the matrix, 69%, was due to the presence 
of boron nitride as nucleating agents added by the supplier. 
The crystallinity (Xc) gradually decreased with the filler 
content from 65% to 59% for PHBV-30ViSh-V and to 61% 
for PHBV-30ViShG. The decrease in Xc was thus slightly 
limited by the gas-phase esterification.

Melting (Tm) and crystallization (Tc) temperatures fol-
lowed the same trend towards filler content for both ViSh 
particles grafted or not. No nucleation of PHBV was induced 

12.0 µmx 2.50k

12.0 µmx 2.50k

A1)

3.00 µmx 10.0k

A2)

B1)

3.00 µmx 10.0k

B2)

Fig. 4   SEM pictures of cryo-fractured sections: (A1-2) PHBV-
20ViSh-V, (B1–B2) PHBV-20ViSh-G. White arrows show the matrix/
filler interface

Table 3   Melting temperature (Tm), crystallization temperature (Tc) 
and crystallinity (Xc) of PHBV-based composites

a Measured at the first heating scan
b Measured at the second heating scan

Tm
a (°C) Tm

b (°C) Tc (°C) Xc
a (°C) Xc

b (°C)

PHBV 174 ± 1 170 ± 1 123 ± 1 65 ± 1 69 ± 1
PHBV-5ViSh-V 173 ± 1 169 ± 1 120 ± 1 64 ± 2 68 ± 1
PHBV-5ViSh-G 173 ± 1 169 ± 1 119 ± 1 64 ± 2 67 ± 1
PHBV-10ViSh-V 172 ± 1 169 ± 1 118 ± 1 63 ± 2 67 ± 1
PHBV-10ViSh-G 172 ± 1 167 ± 1 117 ± 1 64 ± 1 65 ± 1
PHBV-20ViSh-V 170 ± 1 167 ± 2 115 ± 2 61 ± 2 63 ± 3
PHBV-20ViSh-G 171 ± 1 166 ± 2 114 ± 2 62 ± 2 63 ± 2
PHBV-30ViSh-V 169 ± 1 166 ± 3 113 ± 3 59 ± 1 63 ± 2
PHBV-30ViSh-G 170 ± 1 166 ± 3 113 ± 3 61 ± 1 64 ± 2
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by the fillers. No significant change due to the grafting in the 
thermal properties of composites were observed.

Figure 5 shows the TGA and DTGA curves of the PHBV, 
ViSh fillers and PHBV/ViSh composites (filler content of 
30 wt%). The PHBV weight loss occurred in a one-step deg-
radation process from 270 to 313 °C as proven by the single 
peak in DTG. The degradation temperature of PHBV was 
298 °C (Table 4).

Filler thermal stability is an important aspect to be con-
sidered regarding thermoplastic composites. If the studied 
filler has a low degradation temperature, it could be not 
suitable for producing composites with thermoplastics. In 
case of PHBV-based composite, the maximum processing 
temperature was 180 °C.

The TGA curves displayed an initial decrease below 
120 °C due to loss of moisture. Then, the decomposition of 
the ViSh filler started around 230 °C with the decomposi-
tion of pectin and non-structural hemicelluloses present 
in the ViSh. This suggests that these ViSh can be suitable 
for processing with polymers such as polyolefins having a 
melt temperature below 220 °C. The melt extrusion, used 
in the present study, did not thermally degraded ViSh 
fillers. The major decomposition temperature of ViSh at 

340 °C is due to the decomposition of cellulose. The ViSh 
residues at 600 °C under nitrogen represented around 23% 
indicating a high amount of lignin [60]. The thermal sta-
bility of ViSh was close to the one of wood flour [61]. 
Gas-phase esterification had no significant effect on the 
thermal stability of ViSh particles.

The thermal degradation of PHBV-ViSh composites 
occurred in a two-step degradation process. The first ther-
mal degradation step corresponded to the PHBV matrix, 
then the second degradation step was ascribed to degrada-
tion of ViSh fillers. The composite degradation maxima 
occurred at temperature a little lower than that of PHBV. 
A shifting was observed from 298 °C for neat PHBV to 
282 °C for PHBV-30ViSh-V composites and 289 °C for 
PHBV-30ViSh-G materials. The pro-degrading effect of 
ViSh was thus lower in the case of grafted ViSh. The resi-
due at 600 °C of composites were principally due to the 
presence of boron nitride in PHBV and to mineral com-
pounds in ViSh fillers. The residue increased proportion-
ally with the filler content. ViSh-V and ViSh-G had a simi-
lar residual mass whereas composites with ViSh-G had a 
higher residual mass than composites with ViSh-V which 
was due to slightly higher filler contents.

Fig. 5   TG (right) and DTG 
(left) curves of PHBV (
), ViSh-V ( ), S-control 
( ) and ViSh-G (
); PHBV-30ViSh-V (
); PHBV-30ViSh-G ( ) 
under N2
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Table 4   Results of 
thermogravimetric analysis

Materials Tdeg(1) (°C) Tdeg(2) (°C) Tonset (°C) Toffset (°C) Residue (%)

PHBV 298 ± 1 – 270 ± 1 313 ± 2 1.3 ± 0.1
ViSh-V – 338 ± 1 233 ± 1 387 ± 1 23.0 ± 0.1
ViSh-C – 341 ± 1 234 ± 1 387 ± 1 21.7 ± 0.2
ViSh-G – 338 ± 1 233 ± 1 390 ± 1 22.8 ± 0.3
PHBV-5ViSh-V 293 ± 1 340 ± 2 268 ± 1 307 ± 2 2.6 ± 0.3
PHBV-5ViSh-G 293 ± 1 341 ± 1 267 ± 1 307 ± 1 2.9 ± 0.1
PHBV-10ViSh-V 287 ± 1 346 ± 3 263 ± 1 302 ± 1 3.5 ± 0.1
PHBV-10ViSh-G 290 ± 1 342 ± 2 262 ± 1 304 ± 1 3.8 ± 0.1
PHBV-20ViSh-V 282 ± 1 345 ± 1 259 ± 1 300 ± 1 5.8 ± 0.0
PHBV-20ViSh-G 288 ± 1 342 ± 1 257 ± 1 302 ± 1 6.3 ± 0.0
PHBV-30ViSh-V 282 ± 1 344 ± 1 256 ± 1 361 ± 1 7.4 ± 0.1
PHBV-30ViSh-G 289 ± 1 341 ± 1 253 ± 1 356 ± 1 7.9 ± 0.1
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3.2.3 Mechanical Properties

Figure 6 shows typical tensile curves for pure PHBV and 
PHBV-based composites filled with virgin or grafted ViSh 
particles. The mechanical properties extracted from these 
plots are summarized in Table 5 with mean and standard 
deviations. First, it can be noted that composites had lower 
mechanical properties than PHBV matrix. As soon as ViSh 
particles were added the strain at break of the composite 
decreased, with a reduction of 38% in case of PHBV-5ViSh-
V. The strain at break decreased with increasing filler con-
tent, reaching 1.14% for PHBV-30ViSh-V, which showed the 
brittle behavior of the composite. The gas phase esterifica-
tion did not impact significantly this property. Similarly, the 
effect of the grafting on the stress at break was studied. In 
both cases, i.e. virgin or grafted ViSh, the stress at break 
decreased with increasing filler content. Comparably, the 
addition of cellulose particles were shown to reduce the ulti-
mate properties of the biocomposites [37]. However, it was 

shown that esterification of pure cellulose particles allowed 
to limit this negative impact while no significant impact was 
noticed in the present study in the case lignocellulosic par-
ticles. It is worth noting that the decrease in the stress and 
strain at break was lower in the case of ViSh particles as 
compared to cellulose or wheat straw particles [11, 37]. The 
addition of ViSh fillers resulted in an increase of Young’s 
modulus values, most probably due to the higher tensile of 
ViSh fillers than the PHBV matrix [10]. However, it is worth 
noting that this increase was not higher than 30%, likely due 
to the low aspect ratio of particles.

The Pukánszky’s model was used to assess the quality of 
filler/matrix interfacial adhesion (6) [62]:

where σc and σm are the stress at break of the composite and 
the matrix, respectively; xf, the filler volume fraction. λ is 

(6)�c = �m�
n

(

1 − xf

1 + 2.5xf

)

e(Bxf )

Fig. 6   Stress–strain curves of 
the different materials.
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Table 5   Tensile properties (Young’s modulus, nominal stress at break, nominal strain at break, and energy at break) of PHBV-based biocompos-
ites

*Groups from LSD Fischer’s test p = 0.05
**Groups from Dunn’s test p = 0.05

Materials Young’s modulus
(GPa)

Stress at break (MPa) Strain at break
(%)

Energy at break (mJ cm−3)

PHBV 2.6 ± 0.1 (a)* 36.5 ± 0.4 (a)* 2.65 ± 0.36 (a)** 649 ± 110 (a)**
PHBV-5ViSh-V 3.0 ± 0.1 (c)* 35.1 ± 1.4 (b)* 1.62 ± 0.19 (a,b)** 344 ± 62 (ab)**
PHBV-5ViSh-G 3.0 ± 0.1 (c)* 35.4 ± 1.3 (b)* 1.71 ± 0.17 (a,b)** 373 ± 54 (ab)**
PHBV-10ViSh-V 2.9 ± 0.1 (b)* 31.4 ± 1.9 (c)* 1.56 ± 0.12 (b)** 299 ± 38 (b)**
PHBV-10ViSh-G 2.9 ± 0.1 (b)* 31.4 ± 1.2 (c)* 1.55 ± 0.15 (b)** 297 ± 38 (b)**
PHBV-20ViSh-V 3.1 ± 0.1 (c,d)* 29.6 ± 1.1 (d)* 1.25 ± 0.06 (c)** 218 ± 21 (c)**
PHBV-20ViSh-G 3.2 ± 0.1 (d,e)* 28.2 ± 0.7 (e)* 1.14 ± 0.06 (c)** 186 ± 15 (c)**
PHBV-30ViSh-V 3.3 ± 0.2 (e)* 27.3 ± 1.0 (e)* 1.14 ± 0.07 (c)** 186 ± 16 (c)**
PHBV-30ViSh-G 3.2 ± 0.1 (e)* 26.3 ± 0.4 (f)* 1.08 ± 0.04 (c)** 186 ± 9 (c)**
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relative elongation and n accounts for to the strain hardening 
of the matrix. Because of the small elongation of the com-
posite, λn can be neglected [63]. The model provides infor-
mation about the filler/matrix interface thanks to the param-
eter B: a low B corresponds to a low adhesion. In the present 
study, in both cases (composites with ViSh-V and ViSh-G) 
experimental data were well fitted with B = 2 (Fig. 7). It was 
higher than composites with virgin and grafted cellulose (B 
= − 0.8 and 0.5 respectively) confirming the quite good 
adhesion [37]. This model also confirmed the idea that graft-
ing did not have positive impact on the reinforcing proper-
ties of ViSh particles, due to the fact that PHBV and ViSh 
particles have quite similar surface free energy components. 
Therefore, no improvement of interfacial adhesion or adher-
ence could be evidenced from tensile tests. Composites with 
30 wt% of ViSh displayed acceptable tensile properties. An 
effort should be done concerning the strain at break

Water Vapor Permeability (WVP)

Water vapor permeability (WVP) of PHBV-based materials 
was assessed for increasing ViSh filler content (Fig. 8). The 
WVP value for PHBV film, 3.8 × 1013 mol m/(m2 s Pa), was 
in accordance with previous results [37]. The WVP of the 
present composites increased with the filler content. It was 
noticed that the crystallinity degree of the matrix decreased 

by the presence of the filler, thus the matrix was more per-
meable to water molecules. This increase was limited by 
the surface grafting of ViSh particles for high filler contents 
(20 and 30 wt%). As an example, the WVP value of the film 
containing 30 wt% of filler was 27% lower with ViSh-G 
than with ViSh-V. It can be ascribed to the more hydropho-
bic character of grafted particles. Grafted filler hydrophobic 
nature was evidenced by water contact angle and surface 
free energy. Voids at the interface were promoted by weak 
interfacial adhesion and agglomeration of fillers, facilitating 
the permeability for water. The grafting probably improved 
a little the wettability of the ViSh particles. Similar results 
were observed in the case of gas-phase esterified cellulose 
[37] or torrefied wheat straw [55] in PHBV films.

Conclusion

Vine shoots (ViSh) particles of around 50 µm (apparent 
median diameter) were incorporated in a PHBV matrix by 
melt extrusion. It was shown that such an addition resulted 
in a degradation of ultimate tensile properties of PHBV. The 
thermal stability was also negatively impacted by an increas-
ing filler content. However, these negative effects were per-
fectly acceptable regarding some applications. Thus, green 
composites can surely provide a sustainable alternative to fos-
sil sourced materials and a new way to manage agro-residues. 
Furthermore, at the economical point of view, the use of ViSh 
would decrease significantly the final cost of PHBV-based 
composites.

Besides, the surface compatibilization of ViSh particles 
with fatty chains via ester formation was achieved without 
solvent. 13C-NMR of the grafted particles revealed that the 
chemical modification was limited to the fiber surface. The 
backbone of lignocellulose was not altered with a constant 
crystallinity index. After grafting, the contact angle values 
jumped from 59° to more than 114°, which confirmed the 
hydrophobization of ViSh particles. Mechanical properties 
of PHBV composites filled with 10, 20 and 30 wt% of par-
ticles revealed that the chemical grafting did not improved 
their reinforcing effect on the matrix. The lack of effect 
could be explained by the fact that PHBV is not such hydro-
phobic compared to polyolefins and the ViSh is already less 
hydrophilic compared to virgin cellulose. The water vapor 
permeability of composite films with 30 wt% of ViSh was 
reduced by 27% with grafted fillers. The gas-phase esterifi-
cation showed higher effect in cellulose-based composites 
[37] than in lignocellulose-based composites.
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