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ABSTRACT

Green composites of poly(lactic acid)-PLA and hazelnut shell flour (HSF) with
and without epoxidized linseed oil (ELO) as plasticizer/compatibilizer were subjected
to different aging conditions such as water uptake by immersion and disintegration in
compost soil. The effect of the hydrolytic degradation was analyzed by measuring the
weight gain as a function of the immersion time in water and calculating the
corresponding diffusion coefficients. As expected, the water diffusion coefficient
increases with HSF content while no remarkable change is obtained for plasticized
compositions with ELO. Differential scanning calorimetry (DSC) reveals a noticeable
increase in crystallinity after the degradation process by water immersion. Degradation
in controlled compost soil was followed thorough measurements of weight changes. In
general, the weight change for a particular degradation time is lower as the HSF content
increases. In addition, presence of ELO as plasticizer/compatibilizer delays the
degradation process in compost soil. Scanning electron microscopy (SEM) highlighted a
noticeable deterioration of aged samples after two weeks with multiple crack formation
and high surface abrasion due to microbial activity after four weeks.
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1.- INTRODUCTION

Fibers and lignocellulosic particles are widely chosen as reinforcing fillers in the
so called “wood plastic composites”, WPCs. Today, due to increasing environmental
concerns, important research in the field of environmentally friendly plastic composites
is being conducted in the field disintegrable polymers (from both petroleum and natural
sources) and lignocellulosic fillers obtained as by-products of different industries[1-5].
Natural fibers and particles show important advantages such as their low density, low
abrasion, ready availability, renewable source and disintegration in compost conditions.
Most of these lignocellulosic materials are by-products of the food and agroforest
industry and this leads to highly cost-effective materials. Moreover, their natural origin
confers wood like appearance together with high lightness. All these features contribute
to a new generation of high environmental efficiency WPCs, characterized by
sustainability, no (or very low) waste generation at the end of the life cycle, potential
recyclability and/or upgrading, disintegration in compost soil. While conventional
WPCs are composed of a petroleum-based commodity plastic, i.e. poly(ethylene)-PE,
poly(propylene)-PP, poly(vinyl chloride)-PVC, etc. and lignocellulosic particles from the
wood industry, new high environmentally friendly plastic composites include a wider
range of biobased and/or disintegrable polymers filled with lignocellulosic materials
from different sources to give the so called “natural fiber reinforced plastics” NFRP[6-
7]. Use of WPCs and NFRPs as wood substitutes offers a wide range of potential
applications, mainly in the building and construction sector in USA and in the
automotive industry in Europe[7-12]. Although WPCs offer a wide range of advantages
versus wood, mainly related to their cost, easy processing, wood-like appearance, low
maintenance, etc. the high hydrophilic nature of the lignocellulosic component makes
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them highly sensitive to water uptake and degradation by enzymatic processes and this
is an important drawback to overcome. Lignocellulosic particles are characterized by an
extremely high hydrophilic nature. Both cellulose and hemicellulose in natural particles
present a high number of hydroxyl groups that can easily react/interact with water
molecules. This water absorption favours the overall degradation of WPCs and NFRPs
as the continuous swelling and drying of particles leads to micro crack formation which
has a negative effect on overall mechanical performance of plastic composites[2-3, 11,
13-16].

Among the wide variety of disintegrable polymers in compost conditions, some
of them are produced from petroleum sources, i.e. poly(caprolactone)-PCL,
poly(butylene succinate)-PBS, poly(butylene adipate-co-terephthalate)-PBAT, etc. while
others are derived from renewable sources either directly such as polysaccharides and
proteins, derived from renewable sources subjected to chemical processes such as PLA
or obtained by bacterial fermentation as it is the case of poly(hydroxyalkanoates)-PHAs.
PLA is one of the most widely used biopolymers on an industrial scale. The monomer
for PLA is obtained by fermentation of sugar, cellulose and starch rich materials such as
potato, corn, wheat, sugarcane, etc.[8, 17-18]. PLA possesses a crystallinity degree of
about 37; its glass transition temperature (T;) is located between 60-65 °C and its melting
point varies in the 173-178 °C range. Concerning its mechanical properties, it is
characterized by an elastic modulus in the 2.7 - 16 GPa range. It can be processed in a
similar way to polyolefins by conventional processes such as injection moulding,
extrusion, blow moulding, etc. Some of the most common applications of PLA cover the
biomedical sector, disposable glasses for cold drinks, plastic bags and food packaging,
teabags, disposable cutlery, etc.[19-23]. Some recent works have focused on the use of
PLA as matrix for green composites with natural fibers such as paddy straw powder,

flax fiber, corn starch, coffee grounds, sisal fibers, etc.[24-28]. These thermoplastic
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composite materials from renewable resources allow obtaining fully disintegrable green
composites characterized by their high environmental efficiency. Several works report
the potential of these composites with PLA matrix and natural fibers. PLA-jute and PLA-
sisal composites offer high interfacial shear strength by using a previous surface
treatment with NaOH and silanes. It has been reported the use of agave, coir, flax, pine,
etc. fibers with PLA matrix with excellent mechanical performance without the need of
coupling agents[29-33].

On the other hand, it is worthy to note that the polyester structure of PLA makes it highly
sensitive to hydrolysis in water or moisture environments. Water molecules can readily
react with the ester bonds to give chain fragmentation with the subsequent formation of
lactic acid oligomers and other water soluble decomposition products. Luo et al.
concluded that hydrolysis degradation occurs preferably in the amorphous domains
since PLA packed crystallites are more resistant to this degradation[34]. The study by
Tham et al. confirmed that hydrolytic degradation of PLA leads to a remarkable decrease
in the molecular weight. These short chains show increased mobility and this has a
positive effect on crystallinity that is usually higher after degradation. During the
hydrolytic degradation, lactic acid oligomers (OLAs) favour crystallization of
amorphous domains in which, hydrolysis reactions tend to occur[35].

Green composites with PLA matrix also offer an additional feature versus
common WPCs since they can fully degrade in controlled compost conditions. Some
polymers can degrade in aerobic conditions and anaerobic conditions by soil compost.
During aerobic degradation, carbon dioxide and water are the main released products
while anaerobic degradation leads to formation of methane and water[36-38].
Specifically, the mineralization processes during microbial degradation of PLA are
developed by microorganisms such as Fusarium moniliforme, Penicillium roquefort,

Amycolatopsis, Bacillus brevis o Rhizopus delemer[21, 23, 28, 39-40]. According to
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Karamanlioglu et al. the degradation process of PLA involves two stages in which a
chemical hydrolysis reaction (first stage) in the presence of water is followed by
microbial degradation (second stage). Lactic acid oligomers (OLAs) are mineralized by
some microorganisms to release carbon dioxide (in aerobic conditions) and/or methane
(in anaerobic conditions)[37]. Ray et al. concluded that the disintegration of PLA is such
a complex phenomenon that starts with water absorption and the subsequent breakage
of ester bonds leading to oligomer formation[41]. After this, oligomer solubilisation
occurs and these oligomers are metabolized by certain microorganisms. Low molecular
weight PLA chains are more sensitive to enzymatic degradation because they present
higher concentration of end chain groups[37, 40-46].

In this work biobased thermoplastic composites have been prepared with PLA
matrix and HSF with different weight percentages in the 10-40 wt% range. Epoxidized
linseed oil (ELO) has been added to provide improved toughness due to its
plasticization/compatibilization effects. The intrinsic fragility of neat PLA could be
overcome by using plasticizers from renewable resources such as those derived from
vegetable oils. Bocqué et al. concluded that vegetable oils are appropriate plasticizers for
PLA because of two main reasons: on one hand, the fatty acid molecules are intercalated
between the PLA polymeric chains and this enables chain mobility. On the other hand,
the compatibility between plasticizer molecules and polymer chains thorough ester
groups allows somewhat lubricant effect[47]. Recent studies have reported the potential
plasticizing effect of plant-derived plasticizers such as epoxidized linseed oil (ELO),
epoxidized soybean oil (ESBO), dimer fatty acids, etc[48-54].

The effect of both the HSF and the ELO content on the degradation processes related to
water uptake and soil compost is evaluated with the main aim to obtain high

environmentally friendly industrial formulations for Wood Plastic Composites.
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2.- EXPERIMENTAL.
2.1.- Materials.

PLA Ingeo 6201D was supplied in pellet form by NatureWorks LLC (Minnesota,
USA). This commercial grade possesses a melt flow index (MFI) comprised in the 15-30
g/ (10 min) measured at 210 °C. Its density is 1.24 g cm?3. Hazelnut shell wastes (Corylus
avellana) from the food industry were subjected to a dry milling process in an ultra-
centrifugal mill from Retsch GmbH (Hann, Germany). The obtained HSF had an average
size below 63 um and with rounded and homogeneous particles. Epoxidized linseed oil
(ELO), CAS number 8016-11-3 was supplied by Traquisa S.L. (Barcelona, Spain). This
epoxidized oil is characterized by a molecular weight of 1037 g mol-, a density of 1.05 g
cm?3, a viscosity of 12 p at room temperature and a flashpoint of 287 °C. Moreover, it is
not water soluble. The average lipid profile is: 3-5 % stearic acid, 5-7 % palmitic acid, 14-

20 % linoleic acid, 18-26 % oleic acid and 51-56 % linolenic acid.

2.2.- Manufacturing of PLA-HSF composites.
HSF and PLA were dried at 60 °C for 24 h in an air circulating oven to remove
the contained moisture. Table 1 shows a summary of the compositions developed in this

work.

Table 1

These formulations were extruded in a twin screw co-rotating extruder from
DUPRA S.L. (Alicante, Spain) at a rotating speed of 40 rpm. The temperature profile was
set to 176 °C (hopper), 180 °C, 185 °C and 192 °C (die). After this stage, the compounded
materials were pelletized and subsequently molded into standard test samples in an
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injection molding machine Meteor 270/75 from Mateu & Solé (Barcelona, Spain) at an

injection temperature of 190 °C.

2.3.- Water uptake of PLA-HSF composites by water immersion.

The hydrolytic degradation was carried out according the ISO 62:2008 standard
with distilled water at 30+1 °C for an aging period of 130 days. The sample size was
80x10x4 mm? and before the water immersion, samples were dried at 60 °C for 24 h to
remove residual moisture in an air circulating oven mod. 2001245 Digiheat-TFT from J.P.
Selecta S.A. (Barcelona, Spain). Samples were taken out the immersion bath every
planned period and dried with secant paper and subsequently weighed in an analytic
balance mod. AG245 from Mettler Toledo Inc. (Schwerzenbach, Switzerland) and then,
immersed in the water bath again. All tests were carried out in triplicate to ensure
reliability. Average values of the weight gain were calculated as well as the statistical
errors. The total absorbed water, Am;, during the immersion was calculated by the

following equation.

Am (%) = (Wt#:l/o) x 100 Equation 1

Where W; represents the sample weight after an immersion time t and W, is the initial
weight of the dry sample before immersion. After a particular immersion time
(saturation time) no additional weight gain is observed with increasing time. This
saturation weight corresponding to this time is represented by Ws. The ISO 62:2008
allows the application of the Fick’s first law to determine the diffusion coefficient, D,
from the weight gain data by using Equation 2. The diffusion coefficient, D, can be

estimated in the linear region of the weight gain plot. In this zone, W;/W,< 0.5 is a linear
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plot of Am, = f(Vt) that allows calculation the diffusion coefficient from the slope,

0[13, 35, 55-56].

— = 3 (E)E Equation 2

Where D is the diffusion coefficient, d is the initial thickness of the sample and IV; is the
saturation weight in the linear region. A plot representation of W,/WV; versus t/2 allows
an estimation of the diffusion coefficient by calculating the slope, 6. Then, the diffusion

coefficient can be calculated by Equation 3[14].
D = 0.0625 7 d? 62 Equation 3

Where 6 is the slope of the plot of W/WV; versus t2, and d is the initial thickness of the
sample. This expression is valid for a one dimensional shape such as a film. The Stefan
approximation (Equation 4) considers different corrections to make this expression

useful for the three dimensional shapes.

-2
D.=D (1 + % + %) Equation 4

Where D, is the corrected diffusion coefficient which is related to the geometry, / is the
total length, w is the width and d is the sample thickness. This equation is based on the

assumption that the diffusion rates are the same for all directions[13-15, 55].

2.4.- Disintegration of PLA-HSF composites in controlled compost conditions.
Disintegration test in simulated composting conditions was conducted as

indicated by the ISO 20200 standard at a temperature of 58 °C and a relative humidity of
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55 %. Samples sizing 20x20x1 mm3 were placed in a carrier bag and buried in controlled
soil composed (dry weight) of sawdust (40 wt%), rabbit-feed (30 wt%), ripe compost (10
wt%), corn starch (10 wt%), saccharose (5 wt%), cornseed oil (4 wt%) and urea (1 wt%).
Samples were periodically unburied from the reactor, washed with distilled water, dried
and finally, weighed in an analytic balance. The weight loss due to disintegration in
controlled compost soil was calculated by Equation 5. All tests were carried out in
triplicate to ensure reliability. Average values of the weight loss were calculated as well

as the statistical errors.
weight loss (%) = (W) X 100 Equation 5
0

Where IV, is the weight of the simple after a bury time t and W) is the initial dry weight

of the sample.

2.5.- Characterization of aged PLA-HSF composites.

Thermal characterization of the aged samples corresponding to PLA-HSF
composites (without and with ELO plasticizer) was carried out by differential scanning
calorimetry (DSC) in a DSC mod. 821 calorimeter by Mettler Toledo Inc.
(Schwerzenbach, Switzerland). Three different replicates for each formulation were
subjected to a dynamic thermal program from 25 °C to 300 °C at a heating rate of 10 °C
min in nitrogen atmosphere (flow rate of 66 mL min-). The degree of crystallinity (%X.)

of all materials was calculated by Equation 6.

|AHmp |- |AH |
|AH100%|'WpLA

Xepra (%) = ] -100 Equation 6
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Where AH,, es the melt enthalpy, AH.. is the cold crystallization enthalpy, AHio% is melt
enthalpy corresponding to a theoretical 100 % crystalline PLA (-93.7 ] g1) and wpi4 is the
weight fraction of PLA in the composites[4, 19-20, 57-58].

Surface changes in aged samples were studied by field emission scanning
electron microscopy (FESEM) in a Zeiss Ultra 55 from Oxford Instruments (Abingdon,
United Kingdom). The acceleration voltage was set to 2 kV and prior to FESEM
observation, samples were metallized with a layer of carbon atoms in a high vacuum
sputter coater EM MED20 from Leica Microsystem (Milton Keynes United Kingdom).

Colour changes due to ageing were quantitatively assessed by the corresponding
colour coordinates in a Hunter spectrophotometer mod. CFLX-DIF-2 by Hunterlab
(Murnau, Germany). Colour coordinates in different scales i.e CIE, XYZ, Hunterlab and
CIE L*a*b*, were obtained for aged samples and compared to non-aged samples. At least
five different measurements were done for each sample and the average values together

with the statistical errors were calculated.

3.- RESULTS AND DISCUSSION.
3.1.- Study of the water uptake of PLA-HSF composites.

Fig. 1 shows the evolution of the water uptake as a function of the HSF loading.
The weight gain versus the immersion time in water follows typical behaviour as that
described by the Fick’s law. An initial stage with a rapid weight gain (Amass) is followed
by a second stage with an asymptotic behaviour until saturation or equilibrium
(Amass.,). As expected, the lowest water uptake values are observed for unfilled PLA
with a saturation weight of 0.8 wt% after 14 days and remains almost constant until 130
days. Addition of HSF leads to a remarkable increase in the weight saturation values. In
addition, a delay in the saturation time is also evident by observing Fig. 1. As it can be

seen, the saturation time for the PLA composite with 40 wt% HSF is reached for an
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immersion time of about 112 days. In addition, the saturation weight increases with the
HSF content. The PLA composite with 10 wt% HSF reaches saturation at a weight of 2.2
wt% which is more than twice the value of unfilled PLA while composites with 20 and
30 wt% HSF reach the saturation value at 3.5 and 5.6 wt% respectively. As expected, the
maximum water uptake is obtained for the PLA composite with the maximum HSF
content in this study (40 wt%) with a saturation weight of 7.6 wt% which represents
almost tenfold increase with regard to unfilled PLA. The hydrophilic nature of
lignocellulosic particles is responsible for this phenomenon. Cellulose and hemicellulose
in HSF contain hydroxyl (-OH) groups that can readily interact with water molecules
thus allowing water to enter inside the composite material[5, 13-14, 35, 56, 59]. As the
HSF content increases, water uptake occurs in a greater extent until reaching the

saturation weight (Ws).

Figure 1

The pronounced hygroscopic nature of the lignocellulosic particles allows water
absorption, which leads to particle swelling. This swelling phenomenon contributes to
occurrence of internal stresses that finally promote microcrack formation. These cracks
also play an important role in the water uptake as they favor water absorption by
capillarity processes. Fig. 2 gathers some FESEM images corresponding to the aged PLA
composite surfaces after 130 days immersion time in distilled water. Obviously, the
internal stresses associated to particle swelling are more intense for PLA composites
with increasing HSF content. For this reason, both the crack occurrence and the crack are
more intense for PLA composites with high HSF content. These micro cracks are
responsible for a dramatic loss in mechanical properties of composites and even a loss
in their structural integrity due to the high embrittlement[3, 5, 13, 16, 56, 60].
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Figure 2

Fig. 3 contains the water uptake behaviour of PLA composites with a constant 20
wt% HSF filler content and different epoxidized linseed o0il (ELO) content. Our previous
results have proved the high efficiency of ELO as plasticizer and compatibilizer in PLA-
HSF composites with a remarkable improvement in toughness[61]. In a similar way to
that described for PLA composites with varying HSF content, the plot of the weight gain
against time indicates a Fickian behaviour. The lowest water uptake is observed for non-
plasticized PLA-HSF composite with a saturation weight of 3.5 wt% after 112 days of
immersion in water with almost constant value up to 130 days. ELO addition slightly
increases the weight saturation values by keeping unvariable the saturation time. In
particular, PLA-HSF composites with varying amounts of ELO in the 7.5-22.5 wt% range
reach their saturation weight at values of about 4.5 wt% (for all compositions) which is
slightly higher than the value for the unplasticized PLA-HSF composite. ELO
contributes to slightly more intense water uptake but it seems that the total ELO content
does not affect the overall water uptake that it is mainly governed by the HSF content.
The epoxidized linseed oil (ELO) provides dual functionality to PLA-HSF composites.
On one hand, ELO provides the typical plasticization effect to PLA but on the other hand,
it also contributes to improve the polymer-filler interactions by a compatibilization
effect. Chieng et al. concluded that only a small amount of plasticizer is placed at the
polymer-particle interface in formulations with high plasticizer content[62-65]. The
residual plasticizer acts as a typical plasticizer with a remarkable increase in the free
volume. The plasticizer molecules are placed between individual polymer chains and,

subsequently, intermolecular interactions are weakened thus leading to increased
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polymer chain mobility. These phenomena contribute to increase the water uptake[66-

68].

Figure 3

Fig. 4 shows FESEM images of the surface appearance of PLA-20 wt% HSF
composites with different ELO content after immersion in water. The swollen particles
develop strong internal stresses that ultimately, lead to microcrack formation. These
microcracks contribute to the water uptake by capillarity processes. It is worthy to note
that due to the plasticization effect of ELO, the internal stresses due to particle swelling
are less intense than in the unplasticized system. For this reason, PLA-20 wt% HSF
composites with the highest ELO content in this study (22.5 wt%) do not show typical
crack formation on a fragile matrix. Instead of this, a ductile fracture surrounding the

particle can be observed.

Figure 4

The water diffusivity in PLA composites with varying HSF content and PLA-20
wt% HSF with different ELO content can be obtained by the Fick’s law. Table 2
summarizes the diffusion coefficients (D) and the corrected diffusion coefficients (D.) for
all these composites. Regarding the influence of the total amount of HSF in unplasticized
formulations it is important to remark a clear increasing tendency in both D and D.. Neat
PLA possesses a corrected diffusion coefficient of 2.31 x 108 cm? s which is in total
agreement with other values reported in the literature[15, 35, 55-56]. Due to the high
hydrophilic nature of the hazelnut shell powder, the only addition of 10 wt% HSF to
PLA composites leads to D. values of 4.03 x 108 cm? s'1. Obviously, as the weight
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percentage of HSF increases (e.g. 40 wt% HSF), the diffusion coefficient changes to an
eightfold increase with regard to neat PLA[59]. On the other hand, as expected by the
water uptake plots in Fig. 3, ELO has only a slight effect on the overall water uptake
process. Specifically, the corrected diffusion coefficient changes from 8.67 x 108 cm?2 s
for the unplasticized PLA-20 wt% HSF composite up to 8.88 x 10-8cm?2 s for the PLA-20

wt% composite containing 22.5 wt% ELO.

Table 2

By means of differential scanning calorimetry (DSC), the main thermal
parameters of PLA-HSF composites and PLA-HSF-ELO composites were obtained
before the immersion in water and at the end of the aging process (130 days). The glass
transition temperature (Tg) seems to be invariable for all PLA-HSF composites thus
indicating the HSF load does not affect this thermal parameter. Moreover, the aging time
by immersion in water does not affect the T, value which is located at about 66.5 °C for
all these PLA-HSF composites[35]. However, addition of ELO leads to a noticeable
decrease in the glass transition temperature down to values of 60 °C thus giving clear
evidence of the plasticization effects that ELO provide to PLA composites. It is also
worthy to note that the Ty on plasticized PLA-HSF-ELO composites does not vary with
increasing ELO content. This suggests that plasticizer saturation occurs at relatively low
plasticizer content as observed in other similar systems[69].

Table 3 gathers some relevant information about thermal parameters of PLA-
HSF and PLA-HSF-ELO composites before immersion in water and at the end of the
aging process that these composites undergo when immersed in water. Regarding to the
effect of HSF content in unplasticized PLA-HSF composites, it is important to remark

that the cold crystallization peak temperature (T.) is lower at the end of the aging
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process in water if compared to non-aged samples. Hydrolysis promotes chain scission
thus resulting in oligomers that tend to crystallize at lower temperatures. These
oligomeric lactic acid (OLAs) chains are more likely to move and form packed structures.
For this reason, the required energy for crystallization is lower for fully aged PLA-HSF
composites whatever their HSF content[14, 34-35, 56]. On the other hand, the associated
cold crystallization enthalpy (AHc) is lower on aged PLA-HSF composites. This could
indicate that hydrolysis contributes to lowering both cold crystallization temperature
and cold crystallization level.

With regard to PLA-HSF-ELO composites, it is worthy to note that the cold
crystallization process disappears for all ELO compositions. Presence of ELO accelerates
the hydrolysis processes in long aging hydrolytic conditions. These results are in total
agreement with the abovementioned effect of aging on the cold crystallization enthalpy,
with a clear decreasing tendency related to the hydrolytic aging. The hydrolytic aging
on PLA-HSF-ELO composites is more intense and this leads the cold crystallization
process to disappear[34, 55-56]. The melt peak temperature (Tm) does not change in a
remarkable way during the aging process although slightly higher values are obtained
for all compositions[14, 35, 55].

The degree of crystallinity (X.) is one of the main parameters to assess the aging
process in hydrolytic conditions. Neat PLA is characterized by a degree of crystallinity
of 11 % before aging while this is remarkably increased up to 22 % at the end of the aging
process. As indicated previously, hydrolysis of PLA chains leads to shorter chains
(oligomeric lactic acid fragments) that are more readily arranged into a highly packed
structure. Thus the ability to crystallize is higher. On the other hand, the hydrolysis tends
to occur in the amorphous areas so that leading to low molecular weight chains that can
easily arrange to a packed form[14, 45, 55-56, 60]. With regard to the effect of the total

content on HSF, the same tendency can be observed. All aged PLA-HSF composites
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show a remarkable increase in the degree of crystallinity at the end of the hydrolytic
aging with values 60 % higher to their corresponding non-aged formulations. It is also
important to note the nucleating effect that the lignocellulosic particles can provide.
Lignocellulosic particles offer a clear nucleating effect which contributes to increased

crystallinity levels, even on non-aged materials[4, 18, 20, 61, 70].

Table 3

Regarding the effect of the ELO plasticizer on thermal properties it is important
to remark a high increase in crystallinity up to values close to 45 % for PLA-HSF-ELO
composites with 15 and 22.5 wt% ELO. As it has been stated, the plasticizer promotes a
remarkable increase in the free volume which has a positive effect on chain mobility thus
allowing oligomers from lactic acid to arrange in a packed form. As the hydrolytic aging
selectively occurs in the amorphous domains, oligomers from lactic acid (OLAs) are
formed in these amorphous regions. As they are shorter than non-hydrolysed PLA
chains, OLAs are more likely to move. This phenomenon, in conjunction with the
remarkable increase in the free volume that ELO plasticizer provides allow oligomers to
freely move to a packed structure. Then the amorphous domains are remarkably
reduced. It is evident that the opacity or transparency are highly dependent on the
amorphous to crystalline ratio. The increased crystallinity derived from the hydrolytic
aging process also leads to a whitening process[16, 34, 55]. A simple way to evaluate the
aging extent is by measuring the evolution of the colour coordinates. Table 4 shows
summarized values of the colour coordinates (L*a*b*) for PLA-HSF and PLA-HSF-ELO

composites before and at the end of the hydrolytic degradation process.

Table 4
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The colorimetric study allows obtaining quantitative results regarding the
hydrolytic degradation by immersion in water. By following the evolution of different
colour coordinates: a*, b* (a* >0 tends to magenta and a* < 0 tends to green; b* >0 tends
to yellow y b* < 0 tends to blue) and the luminance L* or clarity (L*=0 corresponds to
black and L*= 100 corresponds to white), it is possible to quantitative assess the
hydrolytic aging. A whitening corresponds to low a* and b* values in conjunction with
high luminance (L*), values (in fact, the L*, a*, b* coordinates for pure white are 100, 0, 0
respectively). The effect of the HSF content on aged PLA-HSF composites is evident with
a clear whitening process after hydrolytic aging. The luminance (L*) coordinate increases
up to 50 % from the initial value for the PLA-HSF composite containing 10 wt% HSF
after 130 days subjected to hydrolytic aging. This effect is even more pronounced as the
HSF content in PLA-HSF composites increases by reaching L* values of 50.27 which
represents almost twice the value of the non-aged sample. Similar tendency can be
observed with regard to the effect of ELO in PLA-HSF-ELO composites. In this case, as
hydrolytic degradation occurs in a large extent, the luminance coordinate (L*) reaches

values of 61 for the PLA-20 wt% HSF composite with 22.5 wt% ELO.

3.2.- Study of disintegration in controlled compost soil of PLA-HSF composites.

The weight loss during the disintegration process in controlled compost soil of
PLA-HSF composites with different HSF loading can be observed in Fig. 5. An initial
incubation period of about 14 days can be noticed for all compositions including neat
PLA. Beyond the incubation period, all composites start the embrittlement process and
a quick weight loss. It is important to remark that hydrolytic degradation of PLA is
favoured by both temperature and humidity and this test was conducted at a

temperature of 58 °C and 50 % relative humidity. Neat PLA disintegrates faster than PLA
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composites with lignocellulosic fillers as reported in literature[24, 40]. After 21 days
buried in controlled compost soil, neat PLA has lost about 41 wt% of its initial weight
and after a disintegration period of 28 days, the weight loss reaches values of 71 %.
Above this time, PLA no longer shows physical consistency and it is fully disintegrated.
Addition of lignocellulosic particles leads to a delay in the disintegration rate. As it can
be seen in Fig. 5, for an elapsed time of 28 days the weight loss is lower than 50 wt% for
all PLA-HSF composites regardless their HSF content. This delay is directly related to
the fact that PLA-HSF composites possess higher degrees of crystallinity than neat PLA
as shown in Table 3. The hydrolytic degradation is faster in the amorphous domains, so
that, the greater the degree of crystallinity, the greater the resistance to disintegration in
compost soil[14, 34, 41, 45, 55]. For an elapsed time of 42 days in controlled compost
conditions all PLA-HSF composites show a weight loss of almost 90 %. By observing the
degradation rates of all PLA-HSF composites, it is possible to conclude that the HSF

content does not affect in a remarkable way to this parameter.

Figure 5

In relation to the effect of the epoxidized linseed oil (ELO) on the disintegration
rate of PLA-HSF-ELO composites it is important to remember the two main effects that
ELO can provide to PLA-HSF formulations i.e. plasticization and particle-matrix
compatibilization[61]. Since ELO addition produces some changes in the internal
structure, some changes in the disintegration rate of PLA-20 wt% HSF composites could

be produced by ELO as it can be seen in Fig. 6.

Figure 6
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Disintegration in compost soil starts after an incubation period of 14 days. After
an elapsed time of 21 days, unplasticized PLA-20 wt% HSF shows maximum
degradation with a weight loss of 19 wt%. Considering the same disintegration period
for PLA-HSF-ELO composites with different ELO content, the weight loss is much lower.
After 42 days, a maximum weight loss of 86 wt% is detected for the unplasticized PLA-
20 wt% HSF composite while all composites with ELO show a weight loss of about 61
wt%. As stablished by the ISO 20200 standard a degree of disintegration of 90 % is
needed to consider disintegrable a material. The unplasticized PLA-20 wt% HSF is near
this parameter and can be considered disintegrable; nevertheless, addition of epoxidized
linseed oil (ELO) changes in a remarkable the degree of integration measured at the same
degradation time (42 days). In fact, the total disintegrated weight in composites with
different ELO contents is close to 60 wt% which is remarkably lower to the degree of
disintegration of the unplasticized PLA-20 wt% HSF with a weight loss near 90 % (86 %)
at 42 days. So that, ELO addition leads to a remarkable improvement on polymer-
particle interaction but the overall disintegration ability is considerably reduced.

Fig. 7 shows the macroscopic appearance of the samples subjected to the
disintegration process in controlled compost soil for PLA-HSF composites with varying
HSF content. After an elapsed time of 2 weeks, a clear change in surface topography can
be observed. This is representative of the embrittlement process that buried materials
undergo in compost. After 4 weeks all samples are disintegrated. As it has been observed
previously, addition of HSF delays the disintegration process and after 6 weeks, all

samples show no consistency and the test ends.

Figure 7
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In the same way, Fig. 8 gathers some macroscopic pictures of the PLA-HSF-ELO
composites subjected to disintegration process in controlled compost conditions. For an
elapsed time of 2 weeks, buried samples show a notorious decolouration and the
materials are highly embrittled. Whatever the composition in terms of ELO content the

disintegration is evident after 4 weeks.

Figure 8

Changes in the surface morphology of the samples along the disintegration in
compost soil can be observed in Fig. 9 and Fig. 10 which correspond to PLA-HSF and
PLA-HSF-ELO composites respectively. Neat PLA, PLA-HSF and PLA-HSF-ELO
composites show a very smooth surface before they are buried in compost soil. Samples
buried for 2 weeks show many surface cracks which are indicative of the beginning of
the degradation process of PLA. The surface crack density is lower for samples
containing ELO whatever their content. After 4 weeks, buried samples show a
remarkable surface abrasion which leads to more rough and irregular surfaces which
correspond to disintegration due to microorganism attack. The diffusion of water from
the soil to the composites promotes overall swelling and this phenomenon triggers the
microorganism attack with a positive effect on microbial activity[21, 28]. This large
surface abrasion is directly related to a high weight loss in the 40 - 50 wt% range for
PLA-HSF composites. However, ELO contained in PLA-HSF-ELO composites leads to
delayed disintegration and, consequently, the surface abrasion occurs in a less extent

while more cracks can be observed as observed in Fig. 10.

Figure 9
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Figure 10

4.- CONCLUSIONS.

Degradation processes of PLA composites with HSF with and without
epoxidized linseed oil (ELO) as plasticizer-compatibilizer in water (water uptake) and
in controlled compost soil (disintegration) were studied. By considering the results
obtained in the water uptake study, it is possible to evidence the high influence of the
HSF content on the overall weight gain. In relation to the effect of the epoxidized linseed
oil (ELO) on the water uptake in PLA-HSF-ELO composites, it is worthy to note a slight
increase in the water uptake due to increased free volume. On the other hand, the weight
percentage of ELO does not affect to the overall weight gain. The weight gains for all
PLA-based composites with HSF and ELO follows the Fick’s law and a remarkable
increase in the diffusion coefficients were observed with increasing HSF loading.
Regarding the effect of the epoxidized linseed oil (ELO) plasticizer, only a very slight
increase in the diffusion coefficients are observed. The thermal analysis by differential
scanning calorimetry (DSC) revealed that the glass transition temperate (Tg) remained
almost constant at 66.5 °C and was not affected by the hydrolytic degradation in water.
With regard to the cold crystallization peak temperature (T.), a remarkable decrease is
observed for aged samples in water due to increased chain mobility of the oligomers
from lactic acid (OLAs) that are formed during the hydrolytic degradation. Similar
tendency was found for the cold crystallization enthalpy (AH.) with decreasing values.
One important issue is the remarkable increase in the degree of crystallinity which is
remarkably higher in PLA-HSF-ELO composites.

Regarding disintegration in controlled compost soil, the degradation rates for
PLA-HSF composites is lower with increasing HSF loading and for an elapsed buried

time of 42 days, the disintegration reaches values of 90 %. In a similar way to hydrolytic
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degradation in water, addition of ELO leads to a delay in the overall disintegration rate.
As per the results, the water uptake hydrolytic process and the disintegration in compost
soil indicate that PLA-HSF and PLA-HSF-ELO composites are high efficiency materials
for interesting uses as wood plastic composites. They offer a neutral environmental
impact as they can fully disintegrate in a reasonable period in controlled compost

conditions.
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TABLE CAPTIONS

Table 1.- Composition and coding of PLA /HSF composites.

Hazelnut shell ELO
PLA content
Code flour content content
(wt%)
(wt%) (Wt%)

PLA 100 - -
PLAHSF10 90 10 -
PLAHSF20 80 20 -
PLAHSF30 70 30 -
PLAHSF40 60 40 -
PLAHSF20ELO7.5 72.5 20 7.5
PLAHSF20ELO15 65 20 15
PLAHSF20ELO22.5 57.5 20 225

Table 2.- Values of the diffusion coefficient (D) and the corrected diffusion coefficient

(Dc) for PLA-HSF and PLA-HSF-ELO composites.

Code D x 108 (cm2 s1) D. x 10-8 (cm? s1)
PLA 4.85 2.31
PLAHSF10 8.48 4.03
PLAHSF20 18.21 8.67
PLAHSF30 26.71 12.71
PLAHSF40 41.38 19.68
PLAHSF20ELO7.5 18.24 8.67
PLAHSF20ELO15 18.45 8.77
PLAHSF20ELO22.5 18.68 8.88
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Table 3.- Summary of the main thermal parameters, i.e. cold crystallization peak temperature (T.), cold crystallization enthalpy (AH..), melt peak

temperature (Tm), melt enthalpy (AHm) and degree of crystallinity (Xc) for neat PLA, PLA-HSF and PLA-HSF-ELO composites, before and after

hydrolytic aging in water.

Code Tee (°C) AHcee (J g1 Tm (°C) AHm (J g) Xc (%)
before after before after before after before after before after
PLA 111.5+0.5 | 101.2 £0.8 | 23.67+0.22 | 16.11 +0.86 | 170.8 £0.4 | 172.1 £0.9 | -33.89+0.11 | -37.01 £0.85 | 11 22
PLAHSF10 104.2+£0.4 | 98.6 £0.9 | 22.24+0.24 | 15.85+0.61 | 170.8 +0.4 | 173.5£1.3 | -34.19+£0.21 | -35.03 £1.05 | 14 23
PLAHSF20 104.8£0.5 | 96.6 £1.4 | 20.99 +0.11 17.23 £1.06 | 169.9 £0.6 | 173.1 £0.7 | -32.43 +0.18 | -34.78 £0.92 | 15 24
PLAHSF30 104.4+£0.6 | 98.2+0.9 | 19.09+0.23 |9.13+0.82 | 169.5+0.5 | 176.0£0.9 |-31.18£0.15 | -25.34+0.97 | 18 25
PLAHSF40 103.0+0.4 | 96.9+0.7 | 18.05+0.13 |9.25+0.92 | 169.1+£0.5 | 172.7+1.4 | -28.07+0.13 | -23.93 £1.26 | 18 26
PLAHSF20ELO7.5 | 1053404 | - 22.84+0.19 | - 168.8+0.3 | 171.4+1.0 | -35.85+0.17 | -26.81 £0.51 | 19 39
PLAHSF20ELO15 103.1£0.6 | - 18.50 £0.24 | - 167.5+0.5 | 169.2+0.9 | -29.76+0.22 | -25.92£1.01 | 18 43
PLAHSF20ELO22.5 | 102.4+0.5 | - 16.97£0.32 | - 167.5+0.4 | 170.1 £1.3 | -25.42+£0.24 | -24.39+0.62 | 16 45
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Table 4.- Colorimetric coordinates for PLA-HSF and PLA-HSF-ELO composites before

and after water immersion (CIE L*a*b* scale).

CIE-L*a*b*
Code L*
Before After Before After Before After

PLAHSF10 28.27 £0.20 | 43.1340.14 | 7.22+0.16 |10.33£0.03 | 6.14 £0.25 | 14.39+0.15
PLAHSF20 28.54 £0.15 | 45.79 £0.13 | 6.67+0.14 |10.16%0.12| 5.90 £0.16 | 14.34+0.15
PLAHSF30 26.46 £0.06 | 47.72 £0.04 | 4.98+0.32 |10.55+0.03 | 3.88£0.33 | 15.25+0.08
PLAHSF40 28.99+0.19 | 50.27 £0.17 | 6.18 £0.14 | 9.82 £0.09 | 5.26 £0.04 |14.12 £0.15
PLAHSF20ELO7.5 | 54 56 +0.02 | 50.54 +0.31 | 3.60 £0.06 | 8.48 +0.14 | 2.87+0.11 |12.60+0.11
PLAHSF20ELOLS | 5499 40.05 | 53.11 £0.05 | 3.71+0.19 | 8.42+0.05 | 2.84+0.13 |12.67 +0.02
PLAHSF20ELO22.5 | 55404021 | 61.01 £0.85 | 4.04+0.16 | 7.44 £0.47 | 3.27+0.09 |12.21 £0.72
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FIGURE LEGENDS

Figure 1.- Plot of the weight gain versus the immersion time in distilled water at 30 °C

for PLA composites with different weight percentages of HSF.
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Figure 2.- FESEM images (1000x) of the surface appearance of PLA-HSF composites with
different weight percentages of HSF subjected to water uptake for 130 days, a) 0 wt%

HSF, b) 10 wt% HSF, c) 20 wt% HSF, d) 30 wt% HSF and e) 40 wt% HSF.
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Figure 3.- Plot of the weight gain versus the immersion time in distilled water at 30 °C
for PLA composites with constant HSF content of 20 wt% and different weight

percentages of epoxidized linseed oil (ELO).

4,5 - /'g‘gt
4,0 1
3,5 = E—un—n
- ._4—'—'—”—"/'_'_'_—
3,04
S -
i 2,01
7)) ]
©
£ 2,0
< ]
1,5 1
1,0 1
J —m— PLAHSF20
0.5 - —®— PLAHSF20ELO7 5
| —A— PLAHSF20ELO15
0.0 - —v— PLAHSF20ELO22.5

| R L TR R R T L R i TR T RS

0 10 20 30 40 50 60 70 80 90 100 110 120 130
elapsed time (days)

Page 31



Figure 4.- FESEM images (1000x) of the surface appearance of PLA-HSF-ELO (20 wt%
HSF) composites with different weight percentages of epoxidized linseed oil (ELO)
subjected to water uptake for 130 days, a) 7.5 wt% ELO, b) 15 wt% ELO and c) 22.5 wt%

ELO.
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Figure 5.- Percentage weight loss of neat PLA and PLA-HSF composites with different
HSF content as a function of the elapsed time during disintegration in controlled

compost soil.
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Figure 6.- Percentage weight loss of PLA-HSF-ELO composites with different ELO
content as a function of the elapsed time during disintegration in controlled compost

soil.
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Figure 7.- Macroscopic appearance of PLA-HSF composites during the disintegration

test in controlled compost conditions in terms of the HSF content and the elapsed time.

PLA PLAHSF10 PLAHSF20 PLAHSF30 PLAHSF40

4 weeks 2 weeks 3 days 0 days

6 weeks

Page 35



Figure 8.- Macroscopic appearance of PLA-HSF-ELO composites during the
disintegration test in controlled compost conditions in terms of the ELO content and the

elapsed time.
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Figure 9.- FESEM images (200x) of the surface appearance of PLA-HSF composites with
different weight percentages of HSF subjected to disintegration in controlled compost

soil in terms of the elapsed time and the HSF content.
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Figure 10.- FESEM images (200x) of the surface appearance of PLA-HSF-ELO composites
with different weight percentages of epoxidized linseed oil (ELO) subjected to
disintegration in controlled compost soil in terms of the elapsed time and the ELO

content.
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