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During the last decades, a lot of interest was given to the biocomposites development, due to the low cost and de-
gradability of waste food industries. In this study, biocomposites were developed fromWheat Gluten plasticized by
35% of glycerol, containing 0–20%of CleanOlive Pomace (COP), Esterified CleanOlive Pomace (ECOP), orMercerized
Clean Olive Pomace (MCOP) powders, which were prepared by conventional blending. Chemical modifications of
the powders were characterized by Fourier Transform Infrared (FTIR) spectroscopy, Scanning Electron Microscopy
(SEM), and thermogravimetric analysis (TGA). Mechanical properties, water absorption, mass loss and thermal
properties of biocomposites were detailed. It was found that thermal stability of powder was improved after mer-
cerization. Incorporation of COP powder (20%) in plasticized wheat gluten (WG) improved significantly Young's
modulus compared to that of WG films. Water absorption was decreased significantly at 20% of reinforcement
andwas 29% less than that ofWGfilms. Young'smodulus and tensile strength decreased at 5% of ECOPpowder, con-
trary to MCOP biocomposite Elongation at break of biocomposites was decreased with increasing powder content.
Incorporation of COP powder (20%) decreased thermal stability of the biocomposite, nevertheless chemical changes
did not affect the thermal stability of the ECOP and MCOP biocomposites.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The petroleumdepleting resources coupledwith environmental com-
pliance needs have ignited the interest in the use of renewable polymers
fromdifferent resources formaking newmaterials [1]. During the last few
decades, extensive researches have been carried out [2], biodegradable
materials from renewable agricultural resources such as carbohydrates,
starch and proteins have attracted much attention for sustainable devel-
opment and environmental conservation.[3]. Among candidate proteins,
wheat gluten with its unique viscoelastic properties and its water insolu-
bility is of particular interest [4]. It is a byproduct of the wheat starch in-
dustry that is commercially available at low cost in large quantities [5].

Protein fractions of gluten are traditionally classified according to
their solubility in gliadins and glutenins, respectively, soluble in alcohol
or diluted acid solutions. Gliadin is constituted of polypeptides in which
cystein residues are connected by intra-chain disulfide bonds, glutenin
is formed by discrete polypeptides (sub-units), which are linked togeth-
er by inter-chain disulfide bonds to form high molecular-weight poly-
mer [6]. Gluten-based materials can be prepared using common
thermoplastic processing [7], usually by mixing. In this process, both
mechanical shearing and heating are involved, gluten proteins is
Hammoui).
modified and undergoes an aggregation [8], then three-dimensional
macromolecular network is formed [9]. As a plasticizer, glycerol is usu-
ally used to reduce intermolecular forces, it has highmobility andwould
dissociate some of the linkages within protein chains promoting hydro-
gen bonds between the plasticizer and the protein [10,11]. The obtained
films are excellent oxygen and carbon dioxide barriers at low relative
humidity with selective permeability to gases [12]. Application of
protein-based bioplastics is severely limited due to their lower stiffness,
and their strong tendency to absorb moisture [3].

There are many approaches to improve the mechanical properties
andwater resistance of wheat gluten film [13], the use of agrowastema-
terials as a source of fillers or reinforcements provides a renewable
source, and could generate a non-food source of economic development
for farming and rural areas [14]. Among these materials, natural fibers
werewidely used as fillers, such as Pine Needles fiber [15] and Saccharum
Cilliare fiber [16] Olive pomace is an industrial byproduct of the olive oil
production process, obtained by squeezing the olive pulp without any
chemical treatment [17]. In Algeria, huge amounts of olive pomace are
generated; it represents 105 t per year, this amount of agrowaste is usu-
ally burned [18].

These agricultural wastes possess a lot of industrial potential, but
their value in non-food area and bioprocessing is still underestimated.

Olive pomace contains a great amount of cellulose, hemicelluloses, lig-
nin [19], and oily wastes and phytotoxic substances such as polyphenolic

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2015.08.080&domain=pdf
http://dx.doi.org/10.1016/j.matdes.2015.08.080
mailto:yasmina.hammoui@univ-bejaia.dz
http://dx.doi.org/10.1016/j.matdes.2015.08.080
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/jmad


Table 1
Composition of plasticized Wheat Gluten (WG) and biocomposites, all percentages were
calculated on a dry weight basis.

Biocomposite names⁎ Sample compositions (%, w/w)

Wheat gluten Powder (filler)

WG 65 0
COP_5 ECOP_5 MCOP_5 60 5
COP_10 ECOP_10 MCOP_10 55 10
COP_15 ECOP_15 MCOP_15 50 15
COP_20 ECOP_20 MCOP_20 45 20

⁎ WG: plasticized Wheat Gluten. All materials were plasticized with 35 (%, w/w) of
glycerol, and the composition of WG and biocomposites were calculated on a dry weight.
The indexes 5, 10, 15, and 20 represent the percentage of powder. COP: Clean Olive Pom-
ace powder, ECOP: Esterified Clean Olive Pomace powder, MCOP: Mercerized Clean Olive
Pomace powder.
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compounds [20]. Different surface modification techniques of lignocellu-
losic filler were used, as graft copolymerization [21], chemical treatments
withmaleic anhydride [22] and alkali treatment [23]were applied to pro-
mote a strong interface adhesion between polymers and fillers.

The present work aims to elaborate biocomposites based on plasti-
cized wheat gluten with glycerol containing Clean Olive Pomace (COP),
Esterified Clean Olive Pomace (ECOP) or Mercerized Clean Olive Pomace
(MCOP) powders obtained by conventional blending. The biocomposite
properties in function of COP, ECOP orMCOP powder contentswere stud-
ied. The chemical modifications efficiency (either with maleic anhydride
or with sodium hydroxide) on powders was characterized by Fourier
Transform Infrared (FTIR) spectroscopy, Particle Size Distribution (PSD),
Scanning Electron Microscopy (SEM), and thermogravimetric analysis
(TGA). Cryo-fractured surface of selected biocomposites was observed
using SEM. The mechanical properties, water absorption, micropore
ratio, mass loss and thermal properties were investigated.

2. Experimental work

2.1. Chemicals and reagents

Analytical grade glycerol (≥99%), sodium azide (≥99%) with FTIR
grade potassium bromide (KBr) (≥99%) were purchased from Sigma
Aldrich (Saint-Louis, United States). Maleic anhydride (≥99%), acetone
(≥99%) sodium hydroxide pellets were purchased from Biochem
Chemopharma (Cosne-Cours-sur-Loire, France). Acetic acid (100%)
was purchased from VWR International (Pennsylvanie, United States).

2.2. Raw materials

Wheat gluten was obtained from Tereos Syral (Marckolsheim,
France). Chemlal Olive Pomace (OP) was obtained from a local olive re-
finery in the area of Fenaia-Ilmaten (Bejaia, North-east of Algeria), and
washed with hot tap water to remove all water-soluble impurities,
followed by drying at room temperature. The product was ground
using an electrical grinder (IKA model-A11, Staufen, Germany) and
was sieved using standard 125 μm sieve. Olive Pomace (OP) powder
was washed with organic solvent (acetone) using soxhlet extractor
(Behrotest model-R106S, Düsseldorf, Germany) for 16 h to remove re-
maining organic impurities. The recuperated Clean Olive Pomace
(COP) powderwas dried in oven at 105 °Cuntil constantweightwas ob-
tained. COP powder will be used for chemical modifications and
manufacturing of biocomposites. The moisture content of the powders
was measured by thermal drying method at 105 ± 2 °C for 3 h, it was
respectively 6.2% for OP and 4.4% for COP powders.

2.3. Particle size distribution (PSD)

The particle size distribution of powders were determined using
a laser-light diffraction unit (Mastersizer S, Malvern Instruments
Ltd., Worcestershire, UK) equipped with 300 RF lens. The diameters
D (v, 0.10), D (v, 0.50) and D (v, 0.9) at 10% (small particles), 50% (medi-
um size particle), 90% (large coarse particle), respectively and volume
mean diameter (D [4.3]) were computed. A one-way analysis of variance
(ANOVA) followed by a Tukey's test were performed using JMP (Ver. 7,
SAS, North Carolina, USA) software to show if there is significant differ-
ences between COP, ECOP and MCOP powders in term of their particle
size distribution (p b 0.05).

2.4. Chemical treatments

2.4.1. Esterification by maleic anhydride
According to Cantero et al. [22], COP powder (1 g) was esterified

with 25 ml of maleic anhydride at 5% (w/v) (dissolved in boiling ace-
tone at 50 °C), during 25 h. Then, the product was washed several
times with acetone followed by distilled water (0.5 μS cm−1) and
then dried in the oven at 105 °C until constant weight. The powder ob-
tained was labeled Esterified Clean Olive Pomace (ECOP).

2.4.2. Mercerization by sodium hydroxide at room temperature
COPpowder (1 g)was dipped in 10% (w/v) of NaOH solution (50ml)

at 25 °C for 24 h. Mercerized Clean Olive Pomace (MCOP) powder was
neutralizedwith 5% (v/v) of acetic acid solution and thoroughlywashed
with distilled water. Then, MCOP powder was dried at 105 °C until con-
stant weight.

2.5. FTIR spectroscopy characterization of the powders

Fourier Transform Infrared (FTIR) spectrometer (Perkin-Elmer
Paragon 1000, Waltham, United States), equipped with Spectrum V
5.0.1 software (Waltham, United States) was used to characterize COP,
ECOP and MCOP powders. The KBr pellets of samples were prepared
by mixing 1 mg of sample (dried previously overnight in oven at
105 °C), with 100 mg KBr, and the prepared pellets were stored in
oven at 60 °C before analysis. Spectra were recorded in the range of
400–4000 cm−1 using 32 scans with a resolution of 4 cm−1.

2.6. Preparation of biocomposites

Processing of Duval et al. [24] was adopted to elaborate
biocomposites, wheat gluten with dried COP, ECOP or MCOP powders
were firstly hand mixed to the desired proportions (Table 1). Then,
the resulting powder was mixed with glycerol (35%, based on total
dry weight) in a two blade counter-rotating batch mixer, turning at
3:2 differential speed (Brabender, Duisburg, Germany). The mixture
was performed by mixing at a speed of 100 rpm during 15 min at
70 °C. Glycerolwas introduced into the chamber, as it providesmore ho-
mogeneous blends. The blends were then thermo-molded in a heated
press (Carver hot press model-2629, Wabash, United States) at 120 °C.
Approximately, 4 g of the blends were placed between two aluminum
sheets in a rectangularmold (80 × 40mm) for 10minwithout pressure,
followed by 3min under a pressure of 15MPa. Then theywere removed
from the mold and cooled at room temperature. The thickness of the
resulting films was approximately 0.5 mm. Prior to tensile test, the
filmswere conditioned into a desiccator producing 43% relative humid-
ity at 24 °C for one week.

2.7. Scanning Electron Microscopy (SEM)

The micrographs of morphology observation of COP, ECOP and
MCOP powders, WG films and biocomposites (OPC_20, OPCE_20,
OPCM_20), were obtained using 8 kV secondary electrons microscopy
(JEOL JSM-6100, Tokyo, Japan). Each material sample was frozen
under liquid nitrogen and fractured. All samples (powders and cryo-
fractured biocomposites) were coated with gold/palladium on a JEOL
JFC-1100E ion sputter coater (Tokyo, Japan) before observation.



Fig. 1. FTIR spectra of COP (a and b), ECOP (a) and MCOP (b) powders.
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2.8. Micropore ratio

The micropore ratio (%) of biocomposites were derived from images
processing of three similar images in term of magnifications (×250),
and contrast of each films by ImageJ software (ver. 1.49, NIH, Maryland,
USA) and the resultswas reported asmean± standard deviations (S.D).
The statistical analysis with one-way analysis of variance (ANOVA)
followed by Tukey's test using JMP software (Ver. 7, SAS, North Carolina,
USA), were used to show if there is significant differences between COP,
ECOP and MCOP powders in term of their micropore ratio (p b 0.05).

2.9. Tensile test

Tensile test was performed using universal testing machine (AGS-X,
Kyoto, Japan) equipped with trapezium x software (Kyoto, Japan),
equipped with a 500 N load cell at room temperature and with cross-
head speed of 10 mmmin−1. Before testing, biocomposites containing
0 to 20% of COP, ECOP or MCOP powders were cut into dumbbell-
shaped (10 × 5 mm), the thickness was measured in three different
places with a caliper. Young's modulus, tensile strength and elongation
at breakwere evaluated from eight replicates for each sample, themean
value and standard deviationwere determined for each of these param-
eters. A one-way analysis of variance (ANOVA) followed by a Tukey's
test using JMP software (Ver 7, SAS, North Carolina, USA), were used
to show if there is significant differences between COP, ECOP and
MCOP biocomposites in term of Young's modulus, tensile strength and
elongation at break. Evaluations were based on the p b 0.05 significance
level.

2.10. Water absorption and mass loss

Beforewater absorption tests, all biocomposite samples containing 0
to 20% of COP, ECOP or MCOP powders were cut into square form at ap-
proximately 10× 10mm, and then placed in desiccator containing silica
gel until dryness. Three replicates for each sample with near weight
(Wi) were selected, and immersed in flasks containing 50ml of distilled
water (containing 0.05% ‘w/v’ of sodium azide) at 25 °C. The swollen
samples were carefully wiped and weighed (Weq), then they were
dried over silica gel in desiccator until constant weight (Wf) and mass
losses were calculated. The statistical analysis was assessed according
to one-way analysis of variance (ANOVA) followed by a Turkey's test
using JMP software (Ver 7, SAS, North Carolina, USA). Evaluations
were based on the p b 0.05 significance level. The Water Absorption
(%) and Mass Loss (%) in water were evaluated by Eqs. (1) and (2),
respectively.

Water Absorption %ð Þ ¼ Weq‐Wi

Wi
� 100 ð1Þ

Mass Loss %ð Þ ¼ Wi‐ W f

Wi
� 100 ð2Þ

2.11. Thermogravimetric analysis (TGA)

The thermograms of weight loss and derivative weight loss of pow-
ders, WG films and selected biocomposites (COP_20, ECOP_20 and
MCOP_20) were carried out with a thermogravimetric analyzer
(SETARAM 92–12, Frankfurt, Germany) equipped with software Setsoft
2000 (Frankfurt, Germany). Thermogravimetric analysis (TGA) was
done under nitrogen flux at 1.8 L h−1. Approximately, 20 mg of each
sample were placed in crucibles and analyzed over a temperature
range of 20–500 °C with a heating rate of 5 °C min−1. All samples
were dried about one week in desiccator containing silica gel before
testing.
3. Results and discussion

3.1. FTIR spectra of powders

The Fig. 1a shows the comparison between spectra of COP and ECOP
powders. The major change observed after esterification was the in-
crease of stretching of carbonyl groups at 1746 cm−1, which represents
the C = O of esterified powder [25]. The esterification reaction is also
confirmed by the absorbance at 1166 cm−1 (C–O stretching) [26,27],
and by the enhanced carbonyl absorption peak at 1381 cm−1 (–C–CH)
[28]. The appearance of a new band at 822 cm−1 is attributed to out
of plane deformation for carboxyl groups [29].

Fig. 1b shows the spectra of COP and MCOP powders, the major
modification observed after mercerization was the decrease of absor-
bance at 3400 cm−1, the disappearance of the peaks at 1246 cm−1

(C–H stretching) and at 1746 cm−1 (C_O stretching). The intensity of
the peaks at 2942 cm−1 (C–H stretching) and at 1600 cm−1 (C–O
stretching) also decreases. The absorbance bands at 1378 cm−1 (C–H
stretching) and at 1032 cm−1 assigned respectively to aromatic
C–H− in plane deformation and C–O deformation for primary alcohol
in lignin are alsoweakened after mercerization. Thesemodifications in-
dicate the removal of most hemicellulose and lignin aftermercerization
[30–34]. Furthermore, it is difficult to analyze the spectrum because
olive pomace is a complex lignocellulosicmaterials containing cellulose,
hemicellulose and lignin, however chemical modifications of the pow-
ders were confirmed by FTIR characterization.

3.2. Scanning Electron Microscopy (SEM)

3.2.1. SEM of powders
SEM observation of powders is presented in Table 2. It shows the

morphology and the effect of chemical modifications on powder sur-
faces. COP powder Micrograph (Table 2) showed granules with flake-
like shape and thin particles attached to their surfaces were observed,
this might be attributed to the applied treatments. After chemical



Table 2
Micrographs at twomagnifications (×300 and × 1000) of COP, ECOP andMCOPpowders, and their particle size distribution. The results are reported asmeans± S.D. Same letters (a–d) in
the same line refer to the means which are not statistically different according to ANOVA and Tukey's test (p b 0.05); the results are ranked in decreasing order: a N b N c N d.

Parameters Powders

COP ECOP MCOP

Micrographes of
powders

Magnification (×300)

Magnification (×1000)

PSD (μm) D (v, 0.10) 7.83 ± 1.05a 7.67 ± 0.95a 9.08 ± 0.88a

D (v, 0.50) 56.02 ± 0.91b 55.63 ± 1.03b 55.57 ± 1.07b

D (v, 0.9) 122.59 ± 0.48c 119.31 ± 1.02c 121.32 ± 0.80c

D [4.3] 61.75 ± 0.36d 62.83 ± 0.78d 60.26 ± 1.06d

PSD (μm): Particle Size Distribution of powders; D (v, 0.10), D (v, 0.50) and D (v, 0.9): are the particle diameters at 10% (small particles), 50% (medium size particle) and 90% (large coarse par-
ticle), respectively. D [4.3]: volume mean diameter; COP: Clean Olive Pomace powder; ECOP: Esterified Clean Olive Pomace powder; MCOP: Mercerized Clean Olive Pomace powder.
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modifications, the ECOP powder (Table 2) presents a rather smooth sur-
face, while the surface of MCOP powder (Table 2) appears rough. It can
be noted that most of the fine particles were detached from the surface
of ECOP andMCOPpowders after applying chemical treatmentswithout
affecting the size of particles (Table 2).
3.2.2. SEM of cryofractured biocomposites
Table 3 shows the cryofracturedWG films, they were rather smooth

and homogenous. COP_20 Biocomposite (Table 3) presented rougher
and less homogenous surface that characterizes the brittle fracture. Mi-
crograph of ECOP_20 biocomposite (Table. 3) shows a smooth surface,
probably due to the plasticizing effect of maleic anhydride, also several
holes were observed. The surface of MCOP_20 biocomposite (Table 3)
was rough and also several holes were noticed.
Table 3
Micropore ratio of all biocomoposites and micrographs at one magnifications (×250) of WG, C
reported as means ± S.D. Same letters (a–c) in the same column refer to the means which are
ranked in decreasing order: a N b N c.

Parameters Biocomposites

Micropore ratio
(%)

WG 1.06 ± 0.45abc COP_5 0.82 ± 0.58a

COP_10 0.79 ± 0.30a

COP_15 0.75 ± 0.56a

COP_20 0.72 ± 0.63a

Micrographs of
cryo-fractured
biocomposites

WG COP_20
3.3. Mechanical properties

In function of the powder content and the presence or not of chem-
ical modifications, the aspect of the curves changes. In case of
biocomposites containing 0 to 20% of COP, ECOP or MCOP powders,
curves representing the relationship between stress and elongation
(Fig. 2A, B and C) were typical of brittles materials. Parameters related
to mechanical properties of these biocomposites (Young's modulus,
tensile strength and elongation at break) are detailed in Fig. 2A, B and C.

Young's modulus (Fig. 2A) of COP biocomposite was increased with
increasing powder content. At 20% of reinforcement, Young's modulus
increased significantly (p b 0.05). The tensile strength (Fig. 2B) of COP
biocomposite decreased significantly until to 15% of reinforcement
(p b 0.05). The increase of Young's modulus and the decrease of tensile
strength of COP biocomposite as a function of powder content were due
OP_20, ECOP_20 and MCOP_20 biocomposites fractured in liquid nitrogen. The results are
not statistically different according to ANOVA and Tukey's test (p b 0.05); the results are

ECOP_5 0.99 ± 0.38b MCOP_5 1.02 ± 0.32c

ECOP_10 0.96 ± 0.06b MCOP_10 0.99 ± 0.57c

ECOP_15 1.04 ± 0.38b MCOP_15 1.05 ± 0.12c

ECOP_20 1.13 ± 0.33b MCOP_20 1.08 ± 0.64c

ECOP_20 MCOP_20



Fig. 3. Water absorption of COP, ECOP and MCOP biocomposites containing 0–20% pow-
ders. Bars with the same letter (a–d) refer to means not statistically different according
to ANOVA and Tukey's test (p b 0.05); the results are ranked in decreasing order:
a N b N c N d N e.

Fig. 2. Stress–Elongation relationship of COP (a), ECOP (b) and MCOP (c) and Young's modulus (A), tensile strength (B) and elongation at break (C) biocomposites containing 0–20% of
powders.
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to the powder content and their rigidity,which increased the stiffness of
biocomposites, also the presence of several holes (Table 3) indicates an
insufficient adhesion between WG and COP powder. These properties
induced a reduction of films extensibility and elongation at break was
decreased dramatically. This comportment characterized all filledmate-
rials, similar observations were reported [35,36]. According to Bergeret
et al. [37] a decrease in tensile strength with increase powder content
indicates inefficient stress transfer between plasticized Wheat Gluten
and COP powder.

The Young's modulus (Fig. 2A) and tensile strength (Fig. 2B) of
ECOP_5 biocomposite decreased significantly (p b 0.05), then increased
until 20%. The reduction in Young's modulus and tensile strength of
biocomposite containing 5 to 15% of ECOP powder was probably due
to plasticization effect of ester groups. For ECOP_20 biocomposite, filler
effect was more important (Young's modulus and tensile strength
increased).

The Young's modulus (Fig. 2A) of MCOP biocomposite raised with
increasing powder content. At 15% of reinforcement, Young's modulus
increased significantly (p b 0.05). Tensile strength (Fig. 2B) decreased
with incorporation of 5% MCOP powder without significant differences
compared to that ofWG films (p b 0.05), then remained almost constant
with the increase of powder content. At low MCOP powder content
(from 5 to 15%) Young's modulus and tensile strength were improved
with the increase of surface roughness. Biocomposite contained 20% of
MCOP powder Young's modulus and tensile strength remained almost
unchanged compared to those of COP biocomposite, this may be due
to the filler effect and its rigidity which interfere with the improvement
of adhesion interface by mercerization. The presence of holes can also
affect these properties (Table 3).

The elongation at break (Fig. 2C) of all biocomposites decreased over
the range of 0 to 20% of reinforcement, according toMohanty et al. [38],
this is may be attributed to the reduction in deformability of a rigid in-
terface between filler and thematrix component, which is also reflected
in the increase of stiffness.

3.4. Water absorption and mass loss

Fig. 3 shows the evolution ofwater absorption of biocomposites con-
taining 0 to 20% of COP, ECOP orMCOP powders. PlasticizedWheat Glu-
ten (WG) films has strong water absorption (40%), which is due to the
hydrophilic nature of the polar peptides [39], also the plasticizer in-
creases affinity to moisture [40].

Water absorption of COP biocomposite, was decreased significantly
with the increase of powder content. At 20% of reinforcement, water ab-
sorption decreased significantly and was 29% less than that of WG films
(p b 0.05). This could be explained either by the presence of lignin in
powderwhich increaseswith increasing powder content, their complex
structure obstructs the water penetration in the biocomposite, similar
observations were reported [7,41], or/and by the decrease of glycerol
proportion. Given that, the glycerol content is fixed at 35%, while the
proportion of glycerol relative to wheat gluten decreased with the in-
creases of powder content.

The values of water absorption of ECOP biocomposite (Fig. 3) con-
taining 5 to 10% of powder remained near to that COP biocomposite.
For 15 to 20% ECOP powder content, water absorption increases in



Table 4
Mass loss of biocomposites containing0 to 20 (%,w/w) of powderduring absorptionwater
experiments. Results are reported as means± S.D. Same letters (a–e) in the same column
and same line refer to means not statistically different according to ANOVA and Tukey's
test. Values (p b 0.05); the results are ranked in decreasing order: a N b N c N d N e.

Powder content (%, w/w) Mass loss (%)

COP ECOP MCOP

0 30.97 ± 0.13abcd 30.97 ± 0.13abcd 30.97 ± 0.13abcd

5 27.92 ± 1.96bcde 34.65 ± 0.20a 31.35 ± 0.34abcd

10 28.41 ± 1.84cde 33.37 ± 0.25ab 31.14 ± 0.13abcd

15 28.77 ± 0.12cde 32.14 ± 0.22abc 28.26 ± 0.12cde

20 26.42 ± 0.01e 29.62 ± 0.51bcde 28.01 ± 0.12de

COP: Clean Olive Pomace powder; ECOP: Esterified Clean Olive Pomace powder; MCOP:
Mercerized Clean Olive Pomace powder.
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contrast with that was observed by Marcovich et al. [42]. It may be due
to the presence of holes (Table 3) and to the low efficiency of esterifica-
tion, which was influenced by treatment conditions and concentration
of maleic anhydride.

The water absorption of MCOP biocomposite (Fig. 3) remained al-
most unchanged with increase of powder content and appeared higher
than that of COP biocomposite. Very close levels of water absorption
were observed for MCOP_15 and MCOP_20 biocomposites. In this fact,
the mercerization increased the accessibility of water molecules to sur-
face particles [43], with partial removal of lignin and hemicellulose. In
addition, the presence of several holes (Table 3) could promote water
penetration in biocomposites.

For all biocomposites, a decrease of the samples weight, namely
‘mass loss’ was observed (Table 4), can be attributed to the glycerol
loss from the material to water [7]. Mass loss of all biocomposites de-
crease significantly with a decrease of glycerol proportion and an in-
crease of powder content. Wheat gluten and olive pomace powders
are insoluble in water; however, the increase of mass loss in OPCE
biocompositemay be due to hydrophobic properties of the ester groups
grafted on the powder, which accelerate the migration of glycerol from
the material to water by a repelling effect on glycerol. This was
Fig. 4. Thermograms of weight loss and derivative weight loss of COP, ECOP and MCOP pow
suggested by Duval et al. [24] for wheat gluten material reinforced
with kraft lignin.

3.5. Thermogravimetric analysis

Fig. 4a and a', shows the thermograms of weight loss and derivative
weight loss of COP, ECOP andMCOP powders. The initial stage of weight
loss for COP powder between 25 and 150 °C was the same for all pow-
ders, assigned primarily to water evaporation. The second and the
third stage of weight loss from 150 to 314 °C and from 314 to 380 °C, re-
spectively, are due to the decomposition of hemicellulose and cellulose
[44]. Lignin degradation occurred over a wide range of temperatures
[45], ranging from 230 to 500 °C. The maximum degradation tempera-
ture rates (Tmax (°C)) of each stage and the correspondingweight losses
(Wt.loss (%)) are presented in Table 5. The thermal stability of ECOP
powder (Fig. 4a and a') remained very close to that of COP powder. It
implies that esterification did not affect thermal stability of ECOP pow-
der. It has been noticed that the peak of hemicellulose of MCOP powder
(Fig. 4a and a') was disappeared after mercerization (Table 5). It is
known, that hemicellulose can be removed by mercerization treatment
[46,47].

The thermograms of weight loss and derivative weight loss of WG
films, COP_20, ECOP_20 and MCOP_20 biocomposites are shown in
Fig. 4b and b'. The thermal degradation ofWG (Fig. 4b and b') under ni-
trogen shows four-stages decomposition. The first stage corresponds to
the water loss between 25 and 150 °C. The second stage between
150–270 °C related to the volatilization of glycerol. The third stage con-
sists in the breakage of the covalent peptide bonds in the amino acid
residues, varied from 270 to 360 °C. The last stage is due to the cleavage
of S–S, O–N, and O–O bonds from proteins molecules, was located be-
tween 360 to 384 °C [48,49].

Fig. 4b and b' shows that with an incorporation of 20% of COP pow-
der, wheat gluten is degraded between 270 and 300 °C followed by
powder components degradation from 300 to 360 °C. The thermal sta-
bility of COP_20 biocomposite was decreased (Table. 5), this might be
due to thepowder componentswhich are degraded at low temperature,
ders (a, a'), and of WG material, COP_20, ECOP_20 and MCOP_20 biocomposites (b, b').



Table 5
Selected biocomposites, WG and powders maximum degradation temperature (Tmax,°C)
and weight loss percentages (Wt. loss, %) of each thermal degradation stage.

Samples
name

Stage 1 Stage 2 Stage 3 Stage 4

Tmax

(°C)
Wt.
loss (%)

Tmax

(°C)
Wt.
loss (%)

Tmax

(°C)
Wt.
loss (%)

Tmax

(°C)
Wt.
loss (%)

Powders
COP 69 4 281 32 347 36 – –
ECOP 69 4 283 33 349 32 – –
MCOP 70 4 – – 331 32 – –

Biocomposites
WG 120 7 252 26 309 32 370 5
COP_20 121 6 255 25 291 12 332 19
ECOP_20 110 8 242 26 291 11 329 18
MCOP_20 86 3 256 23 296 11 328 20

WG: plasticized Wheat Gluten. COP: Clean Olive Pomace powder; ECOP: Esterified Clean
Olive Pomace powder; MCOP: Mercerized Clean Olive Pomace powder. The indexed
biocomposite names in 20 represent the percentage of powder.
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such as hemicellulose [44]. The thermal stability of ECOP_20 and
MCOP_20 biocomposites were unaffected by the chemical modifica-
tions of powder.

4. Conclusion

Thiswork focused onmanufacturing of novel biocomposites by rein-
forcement of plasticized wheat gluten using glycerol with Clean Olive
Pomace (COP), Esterified Clean Olive Pomace (ECOP) or Olive Pomace
Clean Mercerized (OPCM) powders. FTIR spectroscopy confirms the
chemical modifications of the powders, while SEM showed a smooth
surface of esterified powder, and rough surface of mercerized one. TG
Analysis reveals that mercerization treatment improves the thermal
stability of powder, while the esterified powder was unaffected.

The chemical modifications did not improve significantly the me-
chanical properties of biocomposites, while at powder content under
15% all biocomposites were less stiffness. Except for COP biocomposite,
chemical treatments did not affect the thermal stability of biocomposites
but theirwater absorptionwas increased. Themicropore ratio in the pro-
duced biocomposites influences the mechanical strength and water
absorption.

The reinforcement of plasticized wheat gluten with olive pomace
powder could be a good way to produce bio-based materials, but their
properties were affected by the powder loading. However to improve
the interfacial adhesion, further physicochemical modifications of sur-
face powder must be investigated. The studied biocomposites can be
used to produce containers and packagings for dry or partially dry food-
stuffs.We are currently exploring the possibility of using thesematerials
in fruits, vegetables or eggs packaging, they could be useful as biode-
gradable containers and also as insulation materials.

Acknowledgments

The authors gratefully acknowledge the Algerian Ministry of Higher
Education and Scientific Research for funding the study. The first au-
thors also wish to thank the research engineers, Marie-France Metral
and Pierre Sailler, in the Centre de Recherche sur les Macromolecules
Végétales (CERMAV) of Grenoble (France) for their help in the execu-
tion of experiments. I would like to thank Asma Boudria for her time
and consideration of the english language and Yasmine Sahraoui for
her contribution to the arrangement of the tables.

References

[1] M. Nazi, R.M.A. Malek, R. Kotek, Modification of β-cyclodextrin with itaconic acid
and application of the new derivative to cotton fabrics, Carbohydr. Polym. 88
(2012) 950–958.
[2] J. Prachayawarakorn, S. Chaiwatyothin, S. Mueangta, A. Hanchana, Effect of jute and
kapok fibers on properties of thermoplastic cassava starch composites, Mater. Des.
47 (2013) 309–315.

[3] Y. Song, Q. Zheng, C. Liu, Green biocomposites from wheat gluten and hydroxyethyl
cellulose: processing and properties, Ind. Crop. Prod. 28 (2008) 56–62.

[4] M. Pommet, A. Redl, S. Guilbert, M.H. Morel, Intrinsic influence of various plasti-
cizers on functional properties and reactivity of wheat gluten thermoplastic mate-
rials, J. Cereal Sci. 42 (2005) 81–91.

[5] H. Angellier-Coussy, E. Gastaldi, N. Gontard, V. Guillard, Influence of processing tem-
perature on the water vapour transport properties of wheat gluten based
agromaterials, Ind. Crop. Prod. 33 (2011) 457–461.

[6] P. Shewry, A. Tatham, Disulphide bonds in wheat gluten proteins, J. Cereal Sci. 25
(1997) 207–227.

[7] T. Kunanopparat, P. Menut, M.H. Morel, S. Guilbert, Reinforcement of plasticized
wheat gluten with natural fibers: from mechanical improvement to deplasticizing
effect, Compos. A: Appl. Sci. Manuf. 39 (2008) 777–785.

[8] M.H. Morel, A. Redl, S. Guilbert, Mechanism of heat and shear mediated aggregation
of wheat gluten protein upon mixing, Biomacromolecules 3 (2002) 488–497.

[9] J. Kokini, A. Cocero, H. Madeka, E. De Graaf, The development of state diagrams for
cereal proteins, Trends Food Sci. Technol. 5 (1994) 281–288.

[10] M. Pouplin, A. Redl, N. Gontard, Glass transition of wheat gluten plasticized with
water, glycerol, or sorbitol, J. Agric. Food Chem. 47 (1999) 538–543.

[11] X. Zhang, I. Burgar, M.D. Do, E. Lourbakos, Intermolecular interactions and phase
structures of plasticized wheat proteins materials, Biomacromolecules 6 (2005)
1661–1671.

[12] N. Gontard, R. Thibault, B. Cuq, S. Guilbert, Influence of relative humidity and film
composition on oxygen and carbon dioxide permeabilities of edible films, J. Agric.
Food Chem. 44 (1996) 1064–1069.

[13] S. Hemsri, K. Grieco, A.D. Asandei, R.S. Parnas, Wheat gluten composites reinforced
with coconut fiber, Compos. A: Appl. Sci. Manuf. 43 (2012) 1160–1168.

[14] N. Kengkhetkit, T. Amornsakchai, A new approach to “Greening” plastic composites
using pineapple leaf waste for performance and cost effectiveness, Mater. Des. 55
(2014) 292–299.

[15] V.K. Thakur, A. Singha, Natural fibres-based polymers: part I—Mechanical analysis of
Pine needles reinforced biocomposites, Bull. Mater. Sci. 33 (2010) 257–264.

[16] V.K. Thakur, M.K. Thakur, A.S. Singha, Free radical-induced graft copolymerization
onto natural fibers, Int. J. Polym. Anal. Charact. 18 (2013) 430–438.

[17] S.M. Cardoso, A. Silva, M.A. Coimbra, Structural characterisation of the olive pomace
pectic polysaccharide arabinan side chains, Carbohydr. Res. 337 (2002) 917–924.

[18] M. Bengana, A. Bakhouche, J. Lozano-Sánchez, Y. Amir, A. Youyou, A. Segura-
Carretero, et al., Influence of olive ripeness on chemical properties and phenolic
composition of Chemlal extra-virgin olive oil, Food Res. Int. 54 (2013) 1868–1875.

[19] A. Gharbi, R.B. Hassen, S. Boufi, Composite materials from unsaturated polyester
resin and olive nuts residue: the effect of silane treatment, Ind. Crop. Prod. 62
(2014) 491–498.

[20] A. Saviozzi, R. Levi Minzi, R. Cardelli, A. Biasci, R. Riffaldi, Suitability of moist olive
pomace as soil amendment, Water Air Soil Pollut. 128 (2001) 13–22.

[21] V.K. Thakur, M.K. Thakur, R.K. Gupta, Graft copolymers of natural fibers for green
composites, Carbohydr. Polym. 104 (2014) 87–93.

[22] G. Cantero, A. Arbelaiz, R. Llano Ponte, I. Mondragon, Effects of fibre treatment on
wettability and mechanical behaviour of flax/polypropylene composites, Compos.
Sci. Technol. 63 (2003) 1247–1254.

[23] P. Saha, S. Manna, S.R. Chowdhury, R. Sen, D. Roy, B. Adhikari, Enhancement of ten-
sile strength of lignocellulosic jute fibers by alkali-steam treatment, Bioresour.
Technol. 101 (2010) 3182–3187.

[24] A. Duval, S. Molina Boisseau, C. Chirat, Comparison of Kraft lignin and lignosulfo-
nates addition to wheat gluten-basedmaterials: mechanical and thermal properties,
Ind. Crop. Prod. 49 (2013) 66–74.

[25] S. Borysiak, B. Doczekalska, Influence of chemical modification of wood on the
crystallisation of polypropylene, Holz Roh Werkst. 64 (2006) 451–454.

[26] B. Schrader, Infrared and Raman spectroscopy, VCH, Weinheim, 1995.
[27] V. Tserki, P. Matzinos, S. Kokkou, C. Panayiotou, Novel biodegradable composites

based on treated lignocellulosic waste flour as filler. Part I. Surface chemical modifi-
cation and characterization of waste flour, Compos. A: Appl. Sci. Manuf. 36 (2005)
965–974.

[28] C. Saikia, F. Ali, T. Goswami, A.C. Ghosh, Esterification of high α-cellulose extracted
from Hibiscus cannabinus L, Ind. Crop. Prod. 4 (1995) 233–239.

[29] J.C.P. de Melo, E.C. da Silva Filho, S.A.A. Santana, C. Airoldi, Maleic anhydride incor-
porated onto cellulose and thermodynamics of cation-exchange process at the
solid/liquid interface, Colloids Surf., A 346 (2009) 138–145.

[30] A. Valadez-Gonzalez, J. Cervantes-Uc, R. Olayo, P. Herrera-Franco, Effect of fiber sur-
face treatment on the fiber–matrix bond strength of natural fiber reinforced com-
posites, Compos. Part B 30 (1999) 309–320.

[31] D. Ray, B. Sarkar, Characterization of alkali‐treated jute fibers for physical and me-
chanical properties, J. Appl. Polym. Sci. 80 (2001) 1013–1020.

[32] E. Sinha, S.K. Rout, Influence of fibre-surface treatment on structural, thermal and
mechanical properties of jute, J. Mater. Sci. 43 (2008) 2590–2601.

[33] N. Cordeiro, M. Ornelas, A. Ashori, S. Sheshmani, H. Norouzi, Investigation on the
surface properties of chemically modified natural fibers using inverse gas chroma-
tography, Carbohydr. Polym. 87 (2012) 2367–2375.

[34] A. Alavudeen, N. Rajini, S. Karthikeyan, M. Thiruchitrambalam, N. Venkateshwaren,
Mechanical properties of banana/kenaf fiber-reinforced hybrid polyester compos-
ites: effect of woven fabric and random orientation, Mater. Des. 66 (2015) 246–257.

[35] A. Koutsomitopoulou, J. Bénézet, A. Bergeret, G. Papanicolaou, Preparation and char-
acterization of olive pit powder as a filler to PLA-matrix bio-composites, Powder
Technol. 255 (2014) 10–16.

http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0005
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0005
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0005
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0010
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0010
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0010
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0015
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0015
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0020
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0020
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0020
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0025
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0025
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0025
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0030
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0030
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0035
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0035
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0035
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0040
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0040
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0045
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0045
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0050
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0050
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0055
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0055
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0055
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0060
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0060
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0060
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0065
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0065
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0070
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0070
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0070
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0075
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0075
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0080
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0080
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0085
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0085
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0090
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0090
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0090
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0095
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0095
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0095
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0100
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0100
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0105
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0105
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0110
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0110
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0110
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0115
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0115
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0115
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0120
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0120
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0120
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0125
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0125
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0130
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0135
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0135
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0135
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0135
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0140
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0140
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0145
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0145
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0145
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0150
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0150
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0150
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0155
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0155
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0160
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0160
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0165
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0165
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0165
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0170
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0170
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0170
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0175
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0175
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0175


749Y. Hammoui et al. / Materials and Design 87 (2015) 742–749
[36] I. Naghmouchi, F.X. Espinach, P. Mutjé, S. Boufi, Polypropylene composites based on
lignocellulosic fillers: how the filler morphology affects the composite properties,
Mater. Des. 65 (2015) 454–461.

[37] A. Bergeret, J.C. Benezet, T. Tran, G. Papanicolaou, A. Koutsomitopoulou, Valorization
of Agricultural By-products in Poly (lactic acid) to Develop Biocomposites, in: V.K.
Thakur (Ed.), Green composites from natural resources, Taylor and Francis,
Group: Springer 2014, pp. 11–43.

[38] A.K. Mohanty, M. Misra, L.T. Drzal, S.E. Selke, B.R. Harte, G. Hinrichsen, Natural Fi-
bers, Biopolymers, and Biocomposites, 1st ed Taylor and Francis, Group: Springer,
2005.

[39] S. Tunc, H. Angellier, Y. Cahyana, P. Chalier, N. Gontard, E. Gastaldi, Functional prop-
erties of wheat gluten/montmorillonite nanocomposite films processed by casting, J.
Membr. Sci. 289 (2007) 159–168.

[40] A.P. Mathew, A. Dufresne, Morphological investigation of nanocomposites from sor-
bitol plasticized starch and tunicin whiskers, Biomacromolecules 3 (2002) 609–617.

[41] K. Kaewtatip, J. Thongmee, Effect of kraft lignin and esterified lignin on the proper-
ties of thermoplastic starch, Mater. Des. 49 (2013) 701–704.

[42] N. Marcovich, M. Reboredo, M. Aranguren, Lignocellulosic materials and unsaturat-
ed polyester matrix composites: interfacial modifications, Compos. Interfaces 12
(2005) 3–24.
[43] M. Ichazo, C. Albano, J. Gonzalez, R. Perera, M. Candal, Polypropylene/wood flour
composites: treatments and properties, Compos. Struct. 54 (2001) 207–214.

[44] S.N. Monteiro, V. Calado, R.J. Rodriguez, F.M. Margem, Thermogravimetric stability of
polymer composites reinforced with less common lignocellulosic fibers—an over-
view, J. Mater. Res. Technol. 1 (2012) 117–126.

[45] O. Nabinejad, D. Sujan, M. Rahman, I.J. Davies, Effect of oil palm shell powder on the
mechanical performance and thermal stability of polyester composites, Mater. Des.
65 (2015) 823–830.

[46] B. Xiao, X. Sun, R. Sun, Chemical, structural, and thermal characterizations of alkali-
soluble lignins and hemicelluloses, and cellulose from maize stems, rye straw, and
rice straw, Polym. Degrad. Stab. 74 (2001) 307–319.

[47] Y.H. Han, S.O. Han, D. Cho, H.I. Kim, Kenaf/polypropylene biocomposites: effects of
electron beam irradiation and alkali treatment on kenaf natural fibers, Compos. In-
terfaces 14 (2007) 559–578.

[48] C. Marquié, Chemical reactions in cottonseed protein cross-linking by formalde-
hyde, glutaraldehyde, and glyoxal for the formation of protein films with enhanced
mechanical properties, J. Agric. Food Chem. 49 (2001) 4676–4681.

[49] S. Sun, Y. Song, Q. Zheng, Morphologies and properties of thermo-molded biode-
gradable plastics based on glycerol-plasticized wheat gluten, Food Hydrocoll. 21
(2007) 1005–1013.

http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0180
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0180
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0180
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0185
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0185
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0185
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0185
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0250
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0250
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0250
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0195
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0195
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0195
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0200
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0200
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0205
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0205
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0210
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0210
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0210
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0215
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0215
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0220
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0220
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0220
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0225
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0225
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0225
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0230
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0230
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0230
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0235
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0235
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0235
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0240
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0240
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0240
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0245
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0245
http://refhub.elsevier.com/S0264-1275(15)30329-4/rf0245

