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ABSTRACT: The behavior of flax fibers was investigated at temperatures of 80 °C, 200 °C, 215°C, and 230°C for a period of 60 min.
First, thermogravimetric and colorimetric analyzes were carried out to characterize the impact of the temperature on the weight loss
and the color of the fibers. Then, the release of volatile and odorous compounds from flax fibers was studied using both chemical
and sensory approaches. Solid phase micro extraction was done to isolate the volatile organic compounds (VOCs) from the headspace
of the sample while gas chromatography-mass spectrometry (GC-MS) and olfactometry (O) were used to determine the volatile and
odorous compounds released at each temperature. About 24 VOCs were identified in the volatile fraction of flax fibers with a high
occurrence of aliphatic aldehydes, phenols, and furans. Quantification by GC-MS and by the aroma extract dilution analysis method
was implemented. The results point to a critical temperature between 215°C and 230 °C from which the odor of flax fibers becomes

more intense, more complex, and with unpleasant features. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43497.
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INTRODUCTION

Flax fibers (Linum usitatissimum) are traditionally used for
textiles, paper, and agricultural applications. Over the past dec-
ade, several studies have shown that among all natural fibers,
flax fibers are also suitable for composite materials," owing to
their good mechanical properties, low density, and wide avail-
ability in Europe.*” Concerning their composition, flax fibers
are linked to each other by a central lamella constituted of pec-
tin, hemicellulose, lignin, and wax. Fibers are made up of two
(primary and secondary) concentric cell walls, and the second-
ary wall is itself divided into three layers. The thick secondary
cell wall is made essentially of cellulose and other noncellulosic
polysaccharides.””

The use of flax fibers as reinforcement in composites has gained
popularity due to an increasing requirement for developing
sustainable materials for engineering applications mainly in
automotive industry. Composites are made of flax fibers
coupled with thermoplastic, thermoset, and biodegradable mat-
rices. The fiber content in composites varies commonly up to
40% and different configurations are found (continuous fila-
ments, chopped fibers, mats, ...). However, one of the prob-
lems in combining flax fibers with other materials is poor
thermal stability which may result in degradation of the fiber
components when temperatures above 150 °C are applied during
the manufacturing process.'®'* This leads to the formation of

© 2016 Wiley Periodicals, Inc.
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low-molecular-weight compounds that can be responsible for
undesirable odors. To date, the thermal degradation of flax
fibers, considering both the emission of volatile organic com-
pounds (VOCs) and their associated odors, has not been
reported. Weston et al. (2012) investigated the accelerated
hydrothermal degradation of fibers of Phormiumtenax (New
Zealand flax) for 55 days at 70°C."> They showed that VOCs
were released during aging including acetic acid, furfural, and a
series of short- to medium-chain aliphatic aldehydes. From
these results, authors supposed that these compounds could
provoke unpleasant odors, especially for furfural. However, it is
known that VOCs released in the headspace of a sample do not
always induce an odor as it depends on whether the concentra-
tion of the compound in the headspace is higher than the
human threshold odor concentration or not. Moreover, some
compounds at a low concentration may not be detected using
conventional gas chromatography (GC) analyses but will all the
same participate to the global odor. Last, as odors are produced
by a mixture of different compounds, interactions are likely to
occur between compounds (masking effect, enhancement, and
so on). Consequently, it is not possible to predict the global
odor only by the chemical analysis of the VOC emissions in the
headspace.'* For these reasons, additional tools using human
detection can successfully characterize the global odor by sen-
sory analysis, on the one hand, or GC-MS (mass spectrometry)
coupled with olfactometry (O) to determine the odorous
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compounds of a mixture, on the other hand."” Using such an
approach, Felix ef al. (2013) carried out a characterization of
VOCs and odors focused on wood plastic composites.'® More
than 140 compounds were identified in the headspace of sam-
ples by solid phase microextraction (SPME) and GC-MS. In
addition, 19 odorous sections were evidenced using GC-MS
coupled with olfactometric analysis. In their work, it was shown
that hexanoic acid, acetic acid, 2-methoxyphenol, acetylfuran,
diacetyl, and aldehydes were the most odorous compounds.

The aim of this work was to simulate the release of VOCs and
their associated odors while processing flax fibers under elevated
temperatures. To that purpose, the emission of VOCs and odors
was investigated under different temperatures using both che-
mical and sensory analyses. Four temperatures were studied
from 80°C to 230°C to reproduce the heat treatments applied
during manufacturing processes such as extrusion for composite
materials. Thermogravimetric analysis (TGA) and colorimetric
analyses were done to determine the weight losses and color
variations that heat treatments can cause on flax fibers. Simulta-
neously, the extraction of VOCs released from flax fibers in the
headspace was done using SPME. A combination of GC-MS
and GC-O analysis was carried out to identify and quantify
VOCs and specifically odorous compounds released at each
temperature. Finally, results made it possible to distinguish odor
profiles for flax fibers for each temperature.

EXPERIMENTAL

Materials

Nonwoven flax fibers were obtained from Dehondt (Notre-
Dame de Gravenchon, France), commercialized under the trade
name “Lintex M10-E.”

Methods

Thermal Characterization of Flax Fibers. Experiments were
conducted using a TGA (Setsys TG-12, Setaram, Caluire,
France) to assess the thermal stability and the moisture content
of the flax fibers.
12+ 1 mg samples placed in an aluminum pan and heated
from 30°C to 800°C with a heating rate of 20 °C/min in ambi-
ent air. Four replications were performed.

The measurements were carried out on

Colorimetric Analysis. To carry out the analyses, a colorimeter
(spectrophotometer CM-5, Konica Minolta, Langenhagen, Ger-
many) was used in transmission mode. Flax fibers of weight
150 = 1 mg were weighed and placed in an open vial of 20 mL
and held in an incubator to be heat-treated for 60 min. Four
temperatures were studied (80 °C, 200 °C, 215°C, and 230 °C).

The aforementioned flax fibers were then packed into a Petri
dish to be analyzed. Flax fibers kept at ambient temperature
(T%mpb) without heat treatment were also analyzed. Each analysis
was repeated three times.

For all measurements, the L*a*b* system was used to monitor
data. L* corresponds to the percentage of clarity from 0 to 100
(0% being the darkest and 100%, the brightest). Coordinates
a* and b* give information about the nuances: a* is the devia-
tion in green—red direction and b* is the deviation in blue—
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yellow direction, where a* and b* extend over a scale from
—100 to 100."

Analysis of VOCs by SPME and GC-MS-O. For GC analysis,
150 =1 mg of flax fibers were weighed and placed in 20 mL
headspace (HS)-vials and then introduced into an oven for
60 min at the four different temperatures (80 °C, 200 °C, 215 °C,
and 230°C). The HS-vials were kept open in the oven. After
heating, the vials were closed with a PTFE/Silicone septum
(Supelco, St Quentin Fallavier, France) and placed in a bath at
80°C, for 30 min of preincubation and 30 min of SPME fiber
exposure (extraction). HS-SPME was used to extract the volatile
compounds of the flax fibers. A silica-based SPME fiber coated
with divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/
PDMS, 50/30 pm, Stableflex) from Supelco (St Quentin Fallavier,
France) was used for extraction. All the SPME fibers used were
initially conditioned in the injector port of the GC at 250 °C for
1 h. Between each set of extractions, the SPME fiber was held at
250 °C for 10 min.

The VOCs present on the SPME fiber were analyzed by GC
using a Perkin Elmer Instrument (Clarus 580 Perkin Elmer)
coupled with MS (Clarus 560S Perkin Elmer, Villebon sur
Yvette, France) and a sniffing port Sniffer 9000® (Brechbiihler,
AG, Schlieren, Switzerland). The compounds were desorbed for
5 min with a thermal desorption temperature of 250°C in the
GC injector. Helium was used as the carrier gas at constant flow
rate of 1 mL/min. The chromatographic column used for sepa-
ration was the SLB™-5 ms fused silica capillary column (5%
Phenyl, 30 m X 0.25 mm X 0.25 um, Supelco, St Quentin,
France). The oven temperature was programmed as following:
initial hold at 40°C for 3 min, 10°C/min to 100°C, then 4°C/
min to 190°C and finally 15°C/min to 250 °C held for 5 min.

At the end of the chromatographic column, the effluent was
split between the mass spectrometer and the sniffing port (1:2),
both being maintained at 250 °C with transfer line.

The MS was operated in the electron impact positive ionization
(ionization energy 70 eV; source temperature 200 °C). Full-scan
data acquisition was registered over a mass range of 35-550
a.m.u. GC-MS analyses were conducted in duplicates for each
sample.

A standard solution of n-alkanes (C¢—C,¢ in ethanol) was
injected with the same operating conditions. Thus, the VOCs
were identified by comparing the MS spectra to the National
Institute of Standards and Technology mass spectral library
(NIST) and the calculated Kovats indices (KI) to KI reported in
Flavornet, Odour, and Pherobase databases. Moreover, single-
referent compounds were injected to confirm identification and
to measure the quantity of each identified compound.

For the odor characterization of VOCs, the sniffing port (Sniffer
9000®, Brechbiihler, AG, Schlieren, Switzerland) with the effluents
were enriched with humidified air at 20 mL/min. Two assessors,
already well-experienced in GC-O evaluation procedures, pro-
ceeded to analysis. Signed consents were obtained from assessors
to participate in this study. For each odor stimulus, assessors
were asked to record the detection time by pressing the remote
control. For each odor stimulus, the “Field of Odors” was used
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Figure 1. TGA curve from flax fibers with a ramp of 30-800 °C with 20 °C/min. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com. |

to give a verbal odor descriptor. This method, proposed by Jau-
bert et al. (1995), is based on 45 pure molecules which permit
the characterization of an odor by direct comparison with chemi-
cal substances.'® The name of the substance defines the descrip-
tors, while its odor consists of the reference. Once the panelists
have memorized the 45 reference substances, it is possible to
obtain an objective description of the smell without personal evo-
cations. The microphone and the transcription were operated by
Dragon Naturally speaking Premium volume 11 (Nuance). Nose
To Text Software (Brechbiihler, AG, Schlieren, Switzerland) was
used for voice recognition and to collect GC-O data. GC-O anal-
yses were conducted in duplicates for each sample. The aroma-
grams were traced from 5 to 30 min.

The odorant compounds were identified by comparing the MS
spectra to the NIST library, the calculated Kovats indices (KI)
to KI reported in Flavornet, Odour, and Pherobase databases
and odor descriptions.

Olfactory Quantification of VOCs. To quantify the odor inten-
sity of each extracted compound by SPME and identified by
GC-O, the aroma extract dilution analysis (AEDA) method was
set up, as was the case in Kim et al. (2003).'” The dilution fac-
tor (FD) was determined for each compound found in flax
fibers, and it was calculated as follows:

FD=4d"""
with d, the constant dilution factor (for these analyses, it was 2)
and n, the number of successive dilutions required until the
assessor no longer perceives the olfactory compound. The split

ratios made it possible to simplify the dilutions. Analyses were
performed with ratios (0:1), (1:1), (3:1), and (7:1).

RESULTS AND DISCUSSION

Thermogravimetric Analysis
TGA thermograms obtained for the flax fibers are shown in
Figure 1.
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Three mass losses were observed as reported in the litera-
ture.’** The first weight loss between 50°C and 100°C was
attributed to the evaporation of water; this loss was equal to
6%. The second peak, with a weight loss of 58% at 360 °C, was
related to the degradation of cellulose, hemicellulose, and pec-
tins.”>> The third peak between 430°C and 520°C corre-
sponded to a 33% weight loss. This loss could be due to
oxidation of lignin and the cleavage of the glycosidic linkage of
cellulose.*”** This analysis made it possible to identify and con-
firm the three mass losses that characterize flax fibers during
heat treatment. At the beginning, there was a water loss fol-
lowed by fiber degradation starting from 200 °C.

Impact on the Coloring of Flax Fibers

Color measurements of the surface of flax fibers were performed
at ambient temperature—80°C, 200°C, 215°C, and 230°C—
according to the L*a*b* color scale (Figure 2).

At ambient temperature, flax fibers were characterized by a
light-brown color. After treatment at 80°C for 60 min, the
nuances of flax fibers were not modified, that is, the a* et b*

OTamb @80°C 4200°C #215°C M230°C

Figure 2. Color variation of the flax fiber at various temperatures for
60 min. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Table I. Identification and Quantification by GC-MS-O of VOCs from Flax Fibers According to the Temperature

Quantification

Identification GC-MS (ug/g)—60 min

Compound Kl cal®  Odor descriptor method 80°C 200°C 215°C 230°C
n.i. 425 Fatty, butter n.i. 0.000 0.019 0.054 0.062
Acetic acid 483 Sour RP MS¢°, IRY n.g. 0.026 0.024 0.216
Pentanal 608 Almond, malt, spice R, MS, IR 0.000 0.012 0.013 0.056
Hexanal 750 Green, fatty, aldehyde R, MS, IR n.g. 0.006 0.007 0.065
Furfural 807 Almond, baked bread, sweet, woody R, MS, IR 0.000 0.000 0.088 0.695
Furfurylalcohol 836 Burnt, sweet, caramel, bread, coffee R, MS, IR 0.000 0.008 0.015 0.090
Hexanol 870 Resin, flower, green R, MS, IR n.g. 0.000 0.000 0.000
Heptanal 907 Fatty, citrus, rancid MS, IR 0.002 0.004 0.005 0.058
Butyrolactone 920 Caramel, sweet R, MS, IR 0.120 0.037 0.051 0.025
5-Methylfurfural 973 Caramel, almond, burntsugar R, MS, IR 0.000 0.000 0.000 0.025
Benzaldehyde 978 Almond, burntsugar R, MS, IR 0.000 0.000 n.g. 0.085
Hexanoicacid 979 Sweat R, MS, IR n.qg. 0.000 0.000 0.000
Octanal 1009 Fatty, soap, lemon, green R, MS, IR 0.003 0.005 0.005 0.056
1-Hexanol, 2-ethyl- 1037 Rose, green MS, IR 0.056  0.000 0.000 0.000
Guaiacol 1096 Phenolic, smoke, R, MS, IR 0.000 0.000 0.000 0.026
(phenol-2-methoxy) spice, vanilla, woody, medical

Nonanal 1110 Fatty, aldehyde R, MS, IR 1.817 0.656 0.546 0.467
Nonanol 1138 Fatty, waxy, cucumber MS, IR n.g. 0.000 0.000 0.000
Octanoic acid 1177 Sweat, cheese R, MS, IR 0.148 0.000 0.000 0.000
Dodecane 1206 Alkane R, MS, IR 0.000 0.000 0.000 0.003
Decanal 1211 Soap, orange peel, tallow R, MS, IR 0.004 0.016 0.016 0.078
Undecanal 1316 Fresh, fruity, orange R, MS, IR 0.000 0.118 0.124 0.448
Vanillin 1410 Vanilla R, MS, IR 0.000 0.017 0.015 0.034
Dodecanal 1414 Lily, fatty, citrus R, MS, IR 0.002 0.007 0.007 0.014
1-Dodecanol 1482 Fatty, waxy R, MS, IR 0.086 0.000 0.000 0.000

n.i., nonidentified compounds; n.q. nonquantified compounds.

@Kovats retention index calculated for retention time of peaks in chromatogram.

b References of previous identification of compound in flax fibers.
®Mass spectrum interpretation.
9Retention index identification.

values had not changed, whereas L* had slightly decreased from
56 to 49. However, when the temperature reached 200 °C, flax
fibers became darker: a* and b* increased, indicating an increase
in the red and yellow color, while the clarity decreased to 43.
When heating to 215°C, coloring was intensified in the same
way. Then, at 230°C, the value of b* decreased while a* contin-
ued to increase. At this temperature, the red shade was accentu-
ated and fibers were of dark color with L* equal to 33. These
data show the impact of temperature on the degradation of flax
fibers by surface colorimetry. With increasing temperature, we
can observe an intensification of the red and yellow colors and
a decrease in clarity corresponding to a darkening of the sam-
ple. Between 215°C and 230°C, we observe mainly a variation
in the red color and a drop in clarity.

Identification and Quantification of VOCs

Analyses by HS-SPME-GC-MS of flax fibers in open vial condi-
tions have resulted in identifying and quantifying the major
components. VOCs released by the flax fibers were analyzed at
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the four aforementioned temperatures. The details of the VOCs
identified are indicated in Table I, which includes the names,
the calculated Kovats indices, and the identification method
used. Many compounds were identified but only the major
odorous ones were quantified; 24 in total, of various chemical
structures.

Experiments carried out made it possible to identify a large num-
bers of VOCs released from flax fibers with a significant tempera-
ture effect. Only very few studies have focused on the VOCs
emitted from flax fibers. Weston et al. (2012) described the vola-
tile compounds released from fibers of Phormiumtenax (New
Zealand flax) during an accelerated hydrothermal degradation
(closed vial at 70°C with water)."” They identified 21 compo-
nents including a majority of aliphatic aldehydes that may have
arisen from the oxidation of long chain fatty acids found in lipo-
polysaccharide material. Aliphatic aldehydes were also detected in
our study. For example, hexanal, heptanal, octanal, nonanal, dec-
anal, and dodecanal were analyzed with growing abundance. As
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Figure 3. Influence of temperature on odorous compounds released from flax fibers exposed to a heat treatment.

temperatures increase, their quantity increases significantly at
230°C. In fact, nonanal was obtained from the oxidation of oleic
acid and was the major product observed, but its quantity
decreases with increasing temperature.

According to Weston et al. (2012), the most obvious change in
the composition of the VOCs during degradation was the
increase in abundance of acetic acid and the appearance of fur-
fural after 2 weeks.'”” This is in accordance with our results
because acetic acid was released at each temperature with an
increasing abundance at 230 °C, becoming the major compound
at this temperature. At 80°C, an acetic acid peak is present but
coelution skewed quantification. Indeed, the acetic acid resulted
from the hydrolysis of acetate groups which were attached to
pendant sugars along the chain of the hemicelluloses of the
plant fibers. Once released, the acetic acid could further catalyze
hydrolysis of the acetate groups and finally also catalyzed hydro-
lysis of the xylan chain. In this way, the production of acetic
acid was a major cause of degradation of the material made
from fibers having high levels of hemicellulose. Moreover, furfu-
ral was detected from 215°C with an increase in abundance at
230°C. According to Lattuati-Derieux et al. (2006), furfural was
produced until all the hemicelluloses had been degraded.*®

Other compounds were also identified and quantified during
these experiments. Data were available in the literature concern-
ing wood-derived products and their thermal degrada-
tion."®*”" During this process, biopolymers such as lignin,
cellulose, and hemicellulose are degraded by thermal reaction,
which induces a sharp modification of the chemical composi-
tion according to the temperature. Mainly phenolic compounds
and also carboxylic acids (acetic, hexanoic, and octanoic acids)
are formed from lignin thermodegradation. In particular,
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phenol, vanillin, derivates of guaiacol, and eugenol were also
identified in wood lignin."*”~**** Qur results suggest that lignin
thermodegradation occurs from 200 °C.

Olfactory Quantification

Quantification of the odorous compounds responsible for the
odor profile of flax fibers was also carried out. Two assessors,
trained to the “Field of Odors,” identified the compounds by
sniffing after dilutions of smell by split, following the AEDA
method of ranking odorous compounds according to their sen-
sory impact. Figure 3 represents the dilution factor (FD)
according to each compound identified at each of the four dif-
ferent temperatures under study. These analyses made it possi-
ble to quantify the odorous compounds and thus followed the
evolution of the odor of flax fibers with temperature.

At 80°C, the odor of flax fibers is low and characterized by 14
key compounds belonging mainly to aliphatic aldehydes and car-
boxylic acids. The odor profile of flax fibers can thus be
described as fatty, green, acid, flowery, and also sweet due to
butyrolactone. At 200 °C, the odor is more intense but the profile
remains mainly fatty with the appearance of a burnt feature
because of the impact of furfuryl alcohol. At 215°C, the odor
profile of flax fibers becomes more roasted and caramel-like due
to the occurrence of furfural. At 230°C, 17 key odorous com-
pounds compose the odor of flax fibers. The impact of furfural
and furfuryl alcohol is more pronounced and the phenolic and
pyrogenic features are boosted by 5-methylfurfural, benzaldehyde,
and guaiacol. The intensity of the odor and the presence of such
characteristics may induce a negative appreciation of the odor.

As a conclusion, the odor profile changes with temperature. A
critical temperature is reached between 215°C and 230°C and
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generates a more intense and more complex odor with a phe-
nolic and burnt smell. These results on flax fibers may be con-
nected with the odor of composite materials reinforced with
flax fibers. The odor of materials is depicted as fatty, sweet,
caramel-like, smoked, and roasted. It is likely that the elevated
temperature during processing is a prospect to control the odor
of composite materials containing flax fibers.

CONCLUSIONS

The emission of volatile compounds and the characteristics of
flax fiber odors were analyzed at four temperatures between 80 °C
and 230 °C. Analyses by TGA have confirmed a thermal degrada-
tion in three steps. The first is attributed to the evaporation of
water. The next two steps are caused by the degradation of cellu-
lose, hemicellulose, pectin, and finally, the oxidation of lignin.
The second degradation started at around 200°C. Colorimetry
showed a decrease in the clarity of the flax fibers with increasing
temperature, mainly between 215 °C and 230 °C. Similarly, a vari-
ation of the red shade was accentuated at 230 °C.

Twenty-four compounds were identified and quantified by
SPME-GC-MS-O. During the heat treatment, an increase in the
number and quantity of VOCs emitted into the headspace was
highlighted. VOCs release from flax fiber reaches a critical
threshold between 215°C and 230 °C. From this point, different
compounds due to the lignocellulosic thermodegradation were
identified, more particularly aliphatic aldehydes, phenolics,
and furans. The odor profiles of the sample also changed with
temperature and were quantified with the AEDA method. Com-
pounds such as acetic acid and furfural were increasingly pres-
ent with the increase in temperature. All these data help to
understand the behavior of flax fibers at elevated temperatures
to control the emission of VOCs and the associated odors dur-
ing processing and transformation.

ACKNOWLEDGMENTS

Part of this work was done in cooperation with the companies
Arkema, Clextral, and Dedienne Multiplasturgy, and was financially
supported by the Upper Normandy Region and FEDER funding.

REFERENCES
1. Joshi, S. V,; Drzal, L. T.; Mohanty, A. K.; Arora, S. Compos.
Part A-Appl. Sci. Manufact. 2004, 35, 371.

2. Misnon, M. I; Islam, M. M.; Epaarachchi, J. A; Lau, K.
Mater. Design 2014, 59, 359.

3. Marrot, L.; Bourmaud, A.; Bono, P.; Baley, C. Mater. Design
2014, 62, 4.

4. Baley, C. Compos. Part A-Appl. Sci. Manufact. 2002, 33, 939.

5. Charlet, K.; Baley, C.; Morvan, C.; Jernot, J. P.; Gomina, M,;
Bréard, J. Compos. Part A-Appl. Sci. Manufact. 2007, 38, 1912.

6. Bourmaud, A.; Morvan, C.; Bouali, A.; Placet, V.; Perré, P;
Baley, C. Ind. Crops Prod. 2013, 44, 343.

7. Lefeuvre, A.; Bourmaud, A.; Morvan, C; Baley, C. Ind.
Crops Prod. 2014, 52, 762.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

43497 (6 of 6)

Applied Polymer

SCIENCE

. Gorshkova, T. A.; Sal'nikov, V. V.; Chemikosova, S. B.;

Ageeva, M. V,; Pavlencheva, N. V;; Van Dam, J. E. G. Ind.
Crops Prod. 2003, 18, 213.

. Gorshkova, T. A.; Morvan, C. Planta 2005, 223, 149.
10.

Libo, Y.; Nawawi, C.; Krishnan, J. Compos. B Eng. 2013, 56,
296.

Gourier, C.; Le Duigou, A.; Bourmaud, A.; Baley, C. Com-
pos. A: Appl. Sci. Manufact. 2014, 64, 159.

Arbelaiz, A.; Fernandez, B.; Ramos, J. A.; Mondragon, I.
Thermochim. Acta 2006, 440, 111.

Weston, R. J.; Smith, G.; Scheele, S.; Williams, S. J. Cult.
Heritage 2012, 13, 413.

Espert, A.; De las Heras, L.; Karlsson, S. Polym. Degrad. Sta-
bil. 2005, 90, 555.

Culleré, L.; Fernadez de Simon, B.; Cadahia, E.; Ferreira, V.;
Hrnandez-Orte, P; Cacho, J. LWT Food Sci. Technol. 2013,
53, 240.

Félix, J. S; Domeno, C.; Nerin, C. 2013. Waste Manage.
2013, 33, 645.

Dupont, D.; Steen, D. Techniques De Lingénieur 2004,
6442, 1.

Jaubert, J. N.; Tapiero, C.; Doré, J. C. Perfumer Flavorist
1995, 20, 1.

Kim, T. H.; Lee, S. M.; Kim, Y. S.; Kim, K. H.; Oh, S.; Lee,
H. J. Food Chem. 2003, 83, 151.

Joseph, P. V; Joseph, K.; Thomas, S.; Pillai, C. K. S.; Prasad,
V. S.; Groeninckx, G.; Sarkissova, M. Compos. Part A-Appl.
Sci. Manufact. 2003, 34, 253.

Van de Velde, K.; Kiekens, P. J. Appl. Polym. Sci. 2002, 83,
2634,

Ganan, P.; Mondragon, 1. J. Therm. Anal. Calorim. 2003, 73,
783.

Van de Velde, K.; Baetens, E. Macromol. Mater. Eng. 2001,
286, 342.

Khalfallah, M.; Abbes, B.; Abbes, E; Guo, Y. Q.; Marcel, V.; Duval,
A; Vanfleteren, E; Rousseau, E. Mater. Design 2014, 64, 116.
Albano, C.; Gonzdlez, J.; Ichazo, M.; Kaiser, D. Polym.
Degrad. Stabil. 1999, 66, 179.

Lattuati-Derieux, A.; Bonnassies-Termies, S.; Lavédrine, B. J.
Cult. Heritage 2006, 7, 123.

Nonier, M. E; Vivas, N.; Vivas de Gaulejac, N.; Absalon, C.;
Soulié, P; Fouquet, E. J. Anal. Appl. Pyrolysis 2006, 75, 181.
Vichi, S.; Santini, C; Natali, N.; Riponi, C.; Lopez-Tamames,
E.; Buxaderas, S. Food Chem. 2007, 102, 1260.

Schwarzinger, C.; Leidl, M.; Putz, R. J. Anal. Appl. Pyrolysis
2008, 83, 213.

Bhattacharya, P.; Steele, P. H.; Hassan, E. B.; Mitchell, B
Ingram, L.; Pittman, C. U. Fuel 2009, 88, 1251.

Fabiyi, J. S.; McDonald, A. G.; Mcllroy, D. J. Polym. Environ.
2009, 17, 34.

Jakab, E.; Vérhegyi, G.; Faix, O. J. Anal. Appl. Pyrolysis 2000,
56, 273.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43497



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

	l

