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ABSTRACT

This study is focused on recycling potential of some waste materials, such as olive pits, i.e. the solid phase derived
from an olive oil mill, blended with thermoplastic polymers and used for the production of new materials applied
in manufacturing containers and formworks. The olive pit powders are described and characterized. Then the
powder is introduced in a bio-based and biodegradable matrix (polylactic acid, PLA) at various percentages.

In this study, a comparison of the size distribution and the densities of olive pit powders according to the grinding
methods (planetary mill and centrifugal mill) was made. The analyses showed that olive pits can be further stud-
ied as additive for the production of green materials. The development of an agricultural based polymer matrix
compatible with olive pits and consequently a fully biodegradable composite system is the future and ultimate
goal of the research undertaken. For that purpose, composite samples made out of PLA matrix, reinforced with
olive pit powders were manufactured and mechanically characterized. With filler loading, an increase in the ten-
sile modulus but a decrease of the flexural strength may be due to the poor interfacial bonding between olive pit

powder and PLA.
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1. Introduction

Nowadays there is a significant interest for the development of envi-
ronmentally friendly polymers and polymer composites based on re-
newable resources due to the increasing environmental concerns and
the decreasing fossil resources [1]. Bioplastics in comparison with the
traditional plastics offer several and functional benefits, but they are
not yet industrialized in a large scale. Cost, which in some bioplastics
is at least twice compared to traditional petroleum-based polymers, is
a drawback and a reason that leads to low manufacture capacity of
these polymers [2].

Biodegradable polymers such as polylactic acid (PLA), cellulose es-
ters, polyhydroxyalkanoates (PHA) and starch polymers can be rein-
forced with natural-based fillers to produce eco-friendly composites
[3]. Among the biodegradable polymers, PLA is commercially available
produced in large-scale [3] and able to compete with other traditional
petroleum-based polymers such as PET. PLA is a thermoplastic polymer
belonging to the aliphatic polyesters derived by alpha hydroxy acids
(AHAs) which can be produced by carbohydrate fermentation or chem-
ical synthesis [4].

Olive pits are residues, part of the soil wastes of the olive oil
manufacturing industry produced by the processing and extraction of
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olive oil from olives. It is commonly use so far as biofuel in the form of
pellets due to high combustion power [5,6].

In this study a novel biodegradable composite material containing
olive pit powder dispersed into PLA was manufactured and studied.
The aim of this study was to investigate the effect of three types of
olive pit powders at different weight fractions on the physical and me-
chanical properties of PLA composites.

2. Materials and methods

Polylactic acid (PLA) 7000D® in pellets form was supplied by Nature
Works, USA. It has a molecular weight, M;, = 199.600 Da, specific grav-
ity of 1.24 g/cm~2 and polydispersity index = 1.78 (SEC, THF, 25 °C).
PLA has a glass transition temperature, T, = 61 °C, and a melting tem-
perature, T, = 153 °C[8].

Olive pits used in this study were supplied by local olive manufac-
turers from the region of Messinia located in southern west of Pelopon-
nesus (Greece) after the end of the olive oil extraction process. The oil
olive extraction includes several stages. After the harvesting, olives
were scoured with clean water and then were air drained. Then, they
were placed in proper metallic crashers and grounded up into a homo-
geneous pulp. For further olive oil extraction the pulp was placed in a
downstream-arranged blender for about 20 to 45 min. During olive oil
extraction process, it is possible for olive stones to be partially crushed
in smaller pieces. The next step is to separate the oil from the water
and waste solids with centrifugation. Olive pits used in this work were
part of the waste solids that were obtained from the end of the olive


http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2013.10.047&domain=pdf
mailto:Jean-Charles.Benezet@mines-ales.fr

oil extraction process. They were cleaned and washed out with water in
order to be separated from their impurities, produced during the olive
processing, without having further any physical or chemical modifica-
tion treatment. Then, they were placed in an oven at 110 °C for 24 h
in for the removal of their enclosed moisture [9].

2.1. Raw material preparation

For the powder preparation, two different grinding procedures were
applied, producing three types of olive pit powder. Various measure-
ments were accomplished to determine characteristics such as the den-
sity and the size distribution and the shape of the powder. Different
olive pit/PLA composites were manufactured at different weigh frac-
tions and different particle size distributions. Three different groups of
composites were manufactured. These groups of composites consisted
of one group with mean particle filler diameter, d = 30 mm, at
wt.% = 5, and 10 (PLA/olive pit powder A) and another two groups
with particle diameter d = 60, and 170 mm at wt.% = 5, 10, 15, and
20 pum (PLA/olive pit powders B and C, respectively).

Three different olive pit powders (called A, B and C from the finest to
the coarsest) are produced using different milling conditions. For milled
olive pit A, a sample of olive pits was firstly grinded with a coffee electric
grinder for 10 min in order to reduce the volume of the soft material.
This was followed by a second milling in agate bowl with agate balls
(2 mm diameter), at 600 rpm torque motor speed for 30 min with cy-
cles 10 min milling and 1 min pausing in a Planetary Mono Mill
pulverisette 6 (Fritsch).

On the other hand, olive pit powders B and C are produced using an-
other grinding method a high speed rotor Ultra Centrifugal Mills ZM
200, Retsch. In this case, the influence of the speed rotor (ranged be-
tween 6000 and 12,000 rpm) and of the ring sieve diameter (0.2 or
0.5 mm) for a milling duration of 15 min on the size particle is studied.
Fig. 1 shows the particle volume distributions as a function of the parti-
cle mean diameter for different torque speeds. The duration of the mill-
ing process as well as the ring sieve diameter were retained constant in
all the different grindings. What was finally chosen among all different
torque speeds applied for the olive pit powder types B and C was a
rotor speed of 6.000. Olive pit powder C corresponds to that sieved
using a Vibratory Sieve Shaker (Retsch). Olive pit powders were dried
in an oven for 24 h at 110 °C. Then, the powders were stored inside a
humidity chamber with controlled environmental conditions (low
humidity).
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Fig. 1. Particle volume distributions as a function of the particle mean diameter for differ-
ent torque speeds.

2.2. Measurements of the size distribution of the olive pits

The size distribution of the olive pit powder was determined with a
LS™ 200, Beckman Coulter laser diffraction particle size analyzer. The
measurements of the samples were in aqueous (purified environment)
environment. The samples were pre-dispersed in water in order to ac-
complish better dispersion of the particles. Table 1 summarized the
olive pit powder size obtained by the different grinding methods
applied.

2.3. Measurements of density

Absolute density is determined when the volume measured ex-
cludes the pores as well as the void spaces between particles within
the bulk sample. There are many techniques for measuring this type of
density. In the present study, absolute density is determined by measur-
ing the helium pressure change in a calibrated volume (He Pycnometer,
AccuPyc 1330 Micromeritics).

The bulk density for porous materials is defined as the density mea-
sured by considering the overall volume of the material; including pore
volume. The tap or pack density is obtained from filling a container with
sample material and vibrating it to obtain near optimum packing. Such a
measurement is of great interest in packing and shipping items like
bulky products. Tap density is not an inherent property of a material
but depends on particle size distribution and shape as well as measure-
ment techniques.

The density of the olive pit powders A, B and C was determined with
a PT-N Hosokawa Powder Tester.

24. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed using a STA 409 Cell,
Netzsch, thermogravimetric analyzer. The olive pit powders were heat-
ed from ambient temperature to 800 °C at a heating rate of 10 °C/min in
the presence of argon.

2.5. Thermic analysis (DSC)

The melting and crystallization behaviors of PLA/olive pit compos-
ites were studied by means of Differential Scanning Calorimetry
(DSC), PerkinElmer-Pyris 1 (USA), under flow conditions of dry gaseous
N, as the purge gas. DSC measurements were performed within the
temperature range of 30-200 °C using 8.0 + 0.1 mg of PLA and/or
PLA/olive pit composites sealed in special aluminum sample pans. The
samples were heated from 30 °C to 200 °C, kept at this temperature
for 3 min to completely eliminate any possible crystalline phase devel-
oped and then cooled back to 30 °C.

This heating/cooling procedure was repeated for a second time
under the same conditions. The heating/cooling rate applied was in
both cases 10 °C/min under N, flow conditions at a rate of 20 mL/min.
Details on the thermal profile just described are shown in Table 1.
From the thermographs obtained, thermal properties such as the glass
transition temperature (Tg), cold crystallization temperature (T..) and
melting temperature (T,,) were determined.

The percentage degree of crystallinity of the neat PLA as well as the
PLA/olive pit composites of each sample was calculated from the

Table 1
DSC thermal profile.

DSC thermal profile

1st run 2nd run

1. Hold for 3 min at 30 °C 1. Cool from 200 °C to 30 °C at 10 °C/min
2. Heat from 30 °Cto 200 °Cat 10 °C/min 2. Hold for 3 min at 30 °C

3. Hold for 3 min at 200 °C 3. Heat from 30 °C to 200 °C at 10 °C/min




thermographs that were obtained from the first and second heating
runs as follows:

(-t

[10] where, AH,, is the measured endothermic enthalpy of melting,
AHcc is the exothermic cold crystallization enthalpy and AHy, is the en-
thalpy of melting for a 100% crystalline PLA. The theoretical AH;;, was
considered to be 93.0 J/g [11,12].

2.6. Scanning Electron Microscopy (SEM)

The morphological characteristics of the olive pit powder as well as
the area cross section of the polymeric matrix composites reinforced
with olive pits were observed by means of an Environmental Scanning
Electron Microscope (ESEM, FEI 200) working under normal environ-
mental conditions.

2.7. Biocomposite processing

Before processing, all materials (PLA, powders) are dried under vacuum
at 60 °C for 24 h. Compounding is achieved by a co-rotating twin screw ex-
truder (Clextral BC21, length 900 length, diameter 25 mm, 1.5 x 40 mm?
flat die) with 12 heating zones (temperature profile: 30 °C (feeder)/
60 °C/120 °C/150 °C/175 °C/175 °C/175 °C/175 °C/175 °C/175 °C/175
°C/1197 °C (die)). Screw speed rate is 250 rpm and feed rate is 4 kg/h.
After extrusion, injection molding is then carried out on a Krauss
Maffei KM50-T180CX. Screw temperature is set at 200 °C and the
mold temperature is maintained at 40 °C. The injection cycle time is
fixed at 60 s. Olive pit powder contents vary in the 0-20 wt.% range
in PLA.

2.8. Mechanical testing

A universal mechanical testing machine, Zwick (TH 010 model) was
used to measure the tensile and bending properties according to the ISO
527 standard at room temperature. In all cases, a load cell of 10 kN and
constant crosshead speed of 1 mm/min and 10 mm/min for the tensile
modulus and the tensile ultimate stress were applied respectively. All
results presented are the average values of at least five tested
measurements.

3. Results and discussion
3.1. Chemical composition of olive pit powders

Olive kernel is a lignocellulosic biomass which is composed by cellu-
lose (37.5 wt.%), hemicelluloses (26 wt.%) and lignin (21.5 wt.%). Other
components include moisture (8 wt.%), minerals (1 wt.%) and proteins,
pectines, tannins, etc. [6,7]. Their ultimate analysis was carried out using
a CHN-LECO 800 Analyzer. Results showed mainly carbon and oxygen
(49 and 31 wt.% respectively) in agreement with Gonzalez et al.'s ex-
periments [13]. Metal analysis conducted to the char showed mainly
the presence of iron (1236 mg/kg of olive pit) and aluminum
(463 mg/kg). Other metals found were Zn, Cu, Ni, Cr and Mn with all
amounts being in the range of 12-29 mg/kg of olive kernel.

3.2. Size distribution of the olive pit powders

Different torque rotor speeds were applied at samples of olive pit
powders using the high speed rotor centrifugal mill. The 15 minute du-
ration of the milling process and the ring sieve of 0.2 mm were kept
constant in all the different grinding processes. A rotor speed of
6.000 rpm was applied resulting to olive pit powder fractions B and C
with mean sizes of approximately 60 um and 170 um, respectively

(Fig. 1). These powder fractions were subsequently retained for further
investigation.

The mean size distribution of powder A which was grinded by the
planetary ball mill is shown in Fig. 2. The olive pit powder fraction A
had mean diameter ~30 pm. In this case what was observed was wide
size dispersion in the granulometric factor comparing to the size distri-
butions achieved with the centrifugal mill.

The observed size distributions can be attributed to the milling pro-
cess; the water-olive pit particle interactions and to the time of immer-
sion of olive pit particles into the water solution. Finally for our
measurements the assumption of spherical particle shape was adopted.
However, such an assumption is not a realistic one, since a complex
shape of particles usually exists (Table 2).

3.3. Density measurements of olive pit powders

The bulk and pack density of the powder grades A and B and the ab-
solute density of olive pit powder grade C, are given in Table 3.

The finest powder (A) in which no clusters exist, is characterized by
the higher tapped density.

3.4. Thermogravimetric analysis (TGA) of the olive pit powders

The thermal stability of the natural materials incorporated into nat-
ural polymer matrices is of great importance for composite manufactur-
ing since it affects their processability and their physical and mechanical
behaviors. Samples of olive pit powders A and B were scanned in a TGA
device from ambient temperature to 800 °C at a heating rate of 1 °C/min
in argon atmosphere. Respectively results are presented in Fig. 3.

As it can be observed from the respective diagrams, the different me-
chanical processing techniques applied for the olive pit powder prepa-
ration does not seem to affect their thermal behavior. More precisely,
the two powders have shown almost the same thermal degradation
temperature.

A weight loss of about 5% in 100-140 °C temperature range is due to
the evaporation of the moisture entrapped into the molecular structure
of the olive pit particles and to other residuals. Between 140 and 220 °C
the rate of weight loss is stable which indicates the temperature pro-
cessability range of this material [14]. As the temperature increases
the first step of degradation (—29%) at 220 °C appeared. This degrada-
tion is attributed to the degradation of lignin and the hemicellulose.
Above this temperature the extraction of moisture and the volatiles re-
sults to the formation of voids at the olive pit surface [14].

As the temperature is elevated, above 300 °C, hemicellulose is essen-
tially converted into gasses and acetic acid [ 15]. When the hemicellulose
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Fig. 2. Size distribution of olive powder A.
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Table 2
Grinding method and olive pit powder size.

Grinding method Olive pit powder Mean diameter (um)

Ultra Centrifugal Mills ZM 200 B 60
C 170
Planetary Mono Mill pulverisette 6 A 30

is already decomposed; the contribution on the increase in weight loss
rate is attributed to the cellulose decomposition. The weight loss be-
tween 300 and 357 °C in which cellulose is decomposed is about 23%.
Above this temperature lignin continues to break down with a lower
weight loss rate compared to that of the hemicellulose and cellulose
[7,16]. The residual ash that was obtained from the procedure was
about 20% of the total weight, but as it can be observed from the ther-
mograph (Fig. 3) it was not fully stabilized and the samples could
have been heated to temperatures higher than 800 °C.

3.5. Scanning Electron Microscopy (SEM) of the olive pit powders

Through the scanning electron micrographs of the olive pit powders
A, B and C, it can be seen the difference of the size distribution between
the three powders (Figs. 4-7). This indicates that the milling process
and the conditions play a major role affecting the dimensional and topo-
logical characteristics of the olive pit powders.

What can also be mentioned is that the grinding methods also affect
the shape of the olive pit granules. As it is observed in Figs. 5-7, powders
A and C have more or less a spherical shape in contrast with powder B in
which granules have a flake-like shape. The surface characteristics of the
different olive pit granules depend on the type as well as the intensity
and the time duration of the grinding method.

As it is well known [17], the difference in the physical and mechan-
ical properties of the different PLA/olive pit composites might be attrib-
uted to the difference in olive pit granule shape, size as well as the size
distribution of the different powders applied.

3.6. Thermal properties of biocomposites

DSC experiments were executed to study thermal capacity behavior
of the PLA/olive pit powder biocomposites (Table 4). An increase in the
crystalinity ratio with the presence of milled olive pits is observed that
may suggest that the powders act as nucleating agents. The increase in
the degree of crystallinity occurs for the 5 wt.% specimens and for the
larger particles (olive pit powder C) and for the 10 wt.% specimens for
the finest particles (olive pit powders A and B). This result is in good
agreement with those of Perinovic et al. [18] that found that olive pit
powders act at the same time as nucleating agents at lower concentra-
tions and as obstacles for PLA chains, to develop crystals, at higher con-
centrations. A slight decrease in all transition temperatures (Tg, Tm and
Tc) is obtained in presence of olive pit powders that is less pronounced
for the finest powder (olive pit powder A).

Thermal stability of the PLA/milled olive pit biocomposites is also in-
vestigated through TGA experiments (Table 5). Results show that PLA
thermal stability is decreased as the olive pit powder content increases
for any powder granulometry which is in accordance with similar obser-
vations made by other authors on PLA/wood fiber biocomposites [19].

Table 3
Absolute, bulk and pack density of olive pit powders.

Absolute density (g/cm?) of olive pit powder (grade C) 1.424 + 0.009

Olive pit powder A

0.383 + 0.003
0.725 £+ 0.010

Olive pit powder B

0.393 + 0.002
0.651 + 0.003

Bulk density (g/cm®)
Pack density (g/cm®)
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Fig. 3. Thermographs of olive pit powders A and B.

3.7. Mechanical characterization of biocomposites

Fig. 8(a) shows the variation of the tensile modulus as a function of
the olive pit powder content of composites. Concerning the PLA/olive
pit powder B and C composites, the tensile modulus gradually increases
with increasing the filler content. At 20 wt.% of filler content, the elastic-
ity modulus of PLA/olive pit powder B and C composites increase at
about 18% and 16% respectively compared to the neat PLA. In the case
of the PLA/olive pit powder C at 5 and 10 wt.% of olive pit powder con-
tent a normalized increase of 13% and 10% is respectively observed. In
general, experimental deviations were <10%, showing an excellent re-
peatability. In this study, concerning mechanical characterization of
PLA and PLA/olive pit powder composites, experimental results repre-
sent the mean value of at least five specimens tested.

Fig. 8(b) shows the PLA/olive pit powder A, B and C composite tensile
strength variation as a function of filler content. At higher weight fractions
of olive pit powder, tensile strength slightly decreases due to the filler
high volume incorporated into the PLA matrix. What is also observed is
that the mechanical properties are more effectively enhanced in the
case of biocomposites in which, PLA is incorporated with olive pit pow-
ders B and C. In the case of olive pit powder type A, the agglomeration
and the poor dispersion of the fillers into the PLA matrix, initially had a
significant impact on the mechanical properties of the composite in com-
parison to the neat matrix strength. This behavior might be attributed to
the grinding method applied which affects the olive granule size and size
distribution as well as their physical and morphological characteristics.

Fig. 4. Ungrinded olive pits, mag. 50x.
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Fig. 5. Olive pit powder A, mag. 50x.

This behavior might be attributed to the effect of the type as well as the
intensity of the grinding method applied. Powders A and B show a fine
distribution with particles of almost spherical shape while powder C
showed a coarse distribution with particles of irregular shape.

Fig. 8(c and d) shows the flexural modulus and strength variation of
the PLA/milled olive pit biocomposites as a function of the weight fraction
of the milled olive pits and of their size. Flexural modulus increases as the
powder weight fractions increase, especially for milled olive pits B and C.
Nevertheless, when smaller particles are used (olive pit powder A), a re-
duction in both tensile and flexural modulus is obtained for weight frac-
tions equal to 10% which might be connected with agglomeration
phenomena existed. Tserki et al. [20] observed also an increase in Young's
modulus upon olive husk flour (125 pm) addition in a polybutylene suc-
cinate (PBS) biodegradable biopolyester from about 375 MPa for the un-
filled PBS to 750 MPa for the 30 wt.% filled PBS (100% increase). Fig. 9
shows the tensile fracture strain. The PLA is a very brittle material and
the inclusion of the filler will make this material worse.

Moreover, whatever the milled olive pit size is, a decrease in
strength as the filler content increases is observed indicating the pres-
ence of a poor interfacial adhesion between the hydrophilic lignocellu-
losic powder and the hydrophobic PLA which does not allow efficient
stress transfer between the two phases of the biocomposite. This lack
of adhesion is confirmed through ESEM observations (Fig. 10) especially
in the case of olive pits B and C. Indeed, in several locations of the inner

Fig. 6. Olive pit powder B, mag. 50 .
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Fig. 7. Olive pit powder C, mag. 50x.

structure and especially in the interfacial area extended between parti-
cle fillers and the matrix some gaps or entrapped air to a great extent
can be observed which indicates bad inclusion-matrix adhesion.

For olive pit powder A, agglomerates are observed that may also in-
duce a decrease in strength. Such a decrease was also described in the
literature [20] for PBS/30 wt.% olive husk flour biocomposite (46% de-
crease). Papanicolaou et al. [9] reported a 48% increase in bending mod-
ulus and a 45% reduction in tensile strength in the case of epoxy/olive pit
powder (45 wt.%) composites.

4. Conclusions

In the present work a novel composite material containing olive pit
powders dispersed in PLA matrix was manufactured and studied. The
aim of this study was to investigate the effect of three types of olive
pit powders at different weight fractions on the physical and mechani-
cal properties of polylactide (PLA) matrix composites.

For the preparation of the powder, two different grinding proce-
dures were applied; producing three types of olive pit powders. Various
measurements were accomplished to determine characteristics such as
the density, the size distribution and the shape of the powder. Different
PLA/pit composites with filler diameter, d = 30, 60, and 170 um at
wt% = 5, and 10 and wt.% = 5, 10, 15 and 20 were manufactured. A
comparative study of the different composites was made to investigate
the matrix-filler interactions, occurring between the PLA and olive pit
powders. The main conclusions can be summarized as follows:

1. The grinding method applied affects the size distribution as well as
the physical and morphological characteristics of the olive pit gran-
ules at different granulometric factors. Powders A and B grinded by
the high speed rotor centrifugal mill have similar fine distributions
and spherical shape in contrast with the ball milled olive pit C,
which shows wide size distribution and flakes alike granules.

Table 4
Evolution of thermal characteristics (glass transition Tg, crystallization temperature Tc,
melting temperature Tm, crystallinity ratio Xc) of PLA/olive pit powder biocomposites.

wt.% olive pits Tg (°C) Tc (°C) Tm (°C) Xc (%)
0% 65.8 125.1 155.1 85
5% A 66.9 1254 1542 82

B 65.8 1273 155.2 6.9

C 63.1 121.1 153.6 15.9
10% A 66.8 1244 155.6 12.5

B 62.6 1233 153.2 125

C 622 121.0 153.9 14.0
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Table 5
Degradation temperature and mass loss of PLA/olive pit powder biocomposites.

wt.% olive pits Degradation temperature (°C) Mass loss (Wt.%)

0% 306 98.6
5% A 286 94.7
B 283 96.7
C 290 97.3
10% A 260 91.9
B 255 93.5
C 270 94.8
15% B 248 92.1
C 249 92.4
20% B 256 94.0

2. Thermal analysis of the olive powders A and C shows that no signif-
icant changes on the thermal degradation temperature occurred
which might means that the different mechanical processing of
olive pits applied for the preparation in a powder form does not affect
the thermal behavior. This is consistent with the processing temper-
atures of biocomposites.

3. With filler loading, an increase in the tensile modulus on the order of
18% and 16% for PLA/olive pit powders A and B was achieved at
wt.% = 20 and 13% for PLA/olive pit powder C at wt.% = 5.

4. A small decrease in tensile strength with filler volume fraction was
observed.

Milled olive pits can be used as reinforcements in PLA so that a full
bio-based composite is produced. The flexural strength reduction may
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weight fraction.

be due to the poor interfacial bonding between olive pit powder and
PLA. From a general point of view this is the main disadvantage encoun-
tered during the incorporation of natural lignocellulosic materials into
polymers. Therefore suggestions to achieve a better interfacial bonding
are reported in literature [20-22].
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Fig. 8. Mechanical property variation of PLA/olive pit powder biocomposites as a function of the olive pit powder content: tensile strength and modulus (graphs a and b); flexural modulus
and strength (graphs c and d) for neat PLA (black color), powder A (dark gray color), powder B (gray color) and powder C (light gray).
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Fig. 10. SEM cross section analysis of fracture surface under flexion of PLA/olive pit powder biocomposites (a) magnitude x500 — 10 wt.% olive pit powder A, (b) magnitude x500 —
15 wt.% olive pit powder B and (c¢) magnitude x 1000 — 15 wt.% olive pit powder C.
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