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Abstract

The eco-design considers the factors to prepare biocomposites under an end-of-life
scenario. PLA/sisal biocomposites were obtained from amorphous polylactide and sisal
loadings of 10, 20 and 30 wt% with and without coupling agent, and subjected to
biodegradation in soil according to standard 1SO846. Mass-loss, differential scanning
calorimetry and size-exclusion chromatography were used for monitoring
biodegradation. A statistical factorial analysis based on the molar mass M, and
crystallinity degree Xc pointed out the relevance and interaction of amount of fibre and
use of coupling agent with the time of burial in soil. During the preparation of
biocomposites, chain scission provoked a similar reduction of M, for coupled and non-
coupled biocomposites. The amount of fibre was relevant for the increase of Xc due to
the increase of nucleation sites. The coupling agent accelerated the evolution of both
factors: reduction of My and the consequent increase of Xc, mainly during biodegradation
in soil. Both factors should be balanced to facilitate microbial assimilation of polymer
segments, since bacterial digestion is enhanced by chain scission but blocked by the

promotion of crystalline fractions.
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Highlights

e Eco-design considered fibre and coupling agent in an end-of-life scenario

e Statistic relevance and interaction of sisal and coupling agent during burial in soil
o Sisal induced increase of nucleation sites for crystalline fraction

e Coupling agent accelerated chain scission and formation of crystallites

e Biodegradation mainly affected PLA/sisal biocomposites with coupling agent
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1. Introduction

The use of bio-based composites based on renewable polymer matrixes and natural fibres
as alternative materials are continuously increasing in several applications such as
packaging or household and agricultural equipment [1]-[3]. The eco-design of plastic
materials from renewable resources for high-consume applications such as packaging or
agricultural mulches moves towards the design of sustainable polymers with controlled
degradability and enhanced bio-reintegration. Cradle-to-cradle design enables the
establishment of completely beneficial industrial systems driven by the synergistic search

of positive economic, environmental and social goals [4].

The use of sisal [5] has been reported for biopolymers such as polylactide [6]-[8],
poly(hydroxyl butyrate-co-valerate) [9], [10], starch-based matrixes [11]-[13] or
chitosan [14]. Natural fibres such as sisal present low densities, low cost, non-abrasive
nature, high filling level, low energy consumption, high specific properties,
biodegradability, etc., over synthetic fibres. However, the absorption of moisture by
untreated biofibres, poor wettability, and insufficient adhesion between the polymer
matrix and fibre deteriorate the performance of the biocomposites. [15] In order to
overcome the drawbacks, surface modifications of fibres [16] by means of processes such
as esterification [17], silanization [17]-[19] or the use of maleic anhydride as coupling
agent [20]-[22] are reported. Due to stability of biocomposites, there is a risk of wide
scale environmental contamination and environmental issues similar to that seen with
conventional plastics [23]. The balance of long-term properties of bio-based polymers
and biocomposites is not usually connected to a proper end-of-life scenario [24]. Actually,
most of them retain their properties after their service life and are uncontrolledly
discarded [25], which could be approachable by means of burial in soil, that might induce

biodegradation.

In order to understand and control the biodegradation state of these materials after
disposal, several standards can be followed [26]. The use of the 1ISO846 [27], consisting
in burial in active soil at 28°C and controlled humidity is feasible to simulate the
uncontrolled disposal of polymers, has been shown for polylactide [28]-[30],
polyurethane [31], silicon rubber [32] or plasticised starch [33]. The biodegradation rate
in this norm is usually followed by mass-loss after the disintegration state, which seldom
represents a proper indicator to monitor biodegradation [30]. Indeed, before

disintegration, the materials undergo structural and morphological modifications that are
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not assessable by the methods foreseen in the standard. Therefore, specific techniques
such as size-exclusion chromatography and differential scanning calorimetry offer a fast
and cost-reliable alternative to monitor the degradation state of biopolymers and
biocomposites [24]. It is well-stated that degradation induces chain scission, which may
ease the assimilation of oligomeric species by microorganisms in soil. However, it is also
well-known that degradation mainly takes place in the amorphous fraction of polymers
and therefore the formation of crystalline phase may difficult the chain scission and
ulterior incorporation into the C-cycle by microorganisms. Therefore, the monitoring of
both the molar mass and the degree of crystallinity may help interpret the biodegradation
profile of biocomposites according to the balance between both competitive processes.
Indeed, the abiotic and biotic environmental degradation of the bioplastics such as
polylactide is reported [34], but it becomes more complex when other factors such as the

amount of fibre and coupling agent in biocomposites are taken into account [35].

Summing up, the design of biocomposites is performance-focused, and therefore the
addition of certain fibres and the improvement of the interfaces to achieve certain
mechanical specifications are usually pursued. However, the eco-design of the same
biocomposites should also consider the impact of these factors once the service life has
been fulfilled, under an end-of-life scenario. In this work, PLA/sisal biocomposites were
therefore prepared from amorphous polylactide and sisal loadings of 10, 20 and 30 wt%
with and without coupling agent, and subjected to biodegradation in soil according to
standard 1SO846. The eco-design factors under study were the amount of fibre and the
use of coupling agent. The variable of monitoring biodegradation was the time if burial.
The effects under consideration were the molar mass, as obtained from size exclusion
chromatography, and the crystallinity degree and thermal properties, as obtained by
differential scanning calorimetry. The aim was to qualitatively assess the correlation
between molar mass and crystallinity degree during biodegradation in soil before
disintegration. The use of a statistical factorial analysis [36] to understand the relevance
and possible interaction of the factors under study was used to shed more light on the

understanding of the effects of biodegradation in soil on the biocomposites.
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2. Experimental procedure
2.1. Materials and reagents

Polylactide (PLA) 3251D was purchased from Natureworks (Minnetonka, USA) as
pellets with a glass transition in 65-70 °C range. Sisal fibres, a farming crop, were supplied
by the Thai Royal Project [37]. Their length was about 0.5-1 mm, tensile strength of 550
MPa, tensile modulus of 30 GPa and density about 1.5 g/cm®. Dicumyl peroxide (DCP)
98% (Sigma-Aldrich, Sweden AB) and maleic anhydride (MAH) M188-99% (Sigma-
Aldrich, Sweden AB) were used as free radical initiator and coupling agent, respectively.

2.2. Preparation of PLA/sisal biocomposites

Prior to processing, neat PLA and sisal fibre were dried in an oven at 80 °C during at least
12 hours and kept in zip bags. The fibre contents in the biocomposite were formulated as
10%, 20% and 30% by weight with and without coupling agent. In case of not using
MAH, the biocomposites were prepared in an internal mixer (Brabender, Germany)
during 5 minutes at 180 °C and at the speed of 50 rpm. The resulting biocomposites were
labelled as PLA10, PLA20 and PLA30. The biocomposites containing the coupling agent
were prepared by incorporating MAH 2.5% and DCP 0.3% by weight in molten polymer
and mixing during 5 minutes at 180 °C and at the speed of 50 rpm. These samples were
labelled as PLA10C, PLA20C and PLA30C. The compounded PLA/sisal biocomposites
were then ground and the granules dried at 80 °C in the oven during at least 12 h. The
final 500 um thick specimens were obtained by means of a compression moulding
equipment (Fontijne Presses, Netherlands), by preheating the press to 200 °C for 2 min,
and applying a compression force of 150 kN during 2 min under vacuum conditions.
Finally, all compounded biocomposites were dried at 50 °C in a vacuum oven (Heraeus
Vacutherm 6025, Germany), then kept in zip bags and placed in a desiccator for further

analyses at normalized lab conditions according to 1ISO 291 [38].
2.3. Biodegradation in soil test

The PLA/sisal biocomposites were subjected to a controlled degradation in soil test under
controlled conditions, following the 1ISO 846-1997 International Norm, method D [27]
during 135 days. The specimens were buried in biologically active soil and kept in a
Heraeus B12 (Hanau, Germany) culture oven at 28 °C. The soil used in these tests was a

red soil extract taken from a real agriculture field in Alginet (Valencia). The microbial
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activity of soil was monitored with cotton along the extension of the experiment. The soil
was maintained at approximately pH 7 and a relative humidity of 0.87 g water/g wet soil.
To ensure the oxygenation of the soil, a protocol of periodical air oxygen supply was
followed. Three specimens of each sample were extracted after certain times of burial in
soil, cleaned and kept in a desiccator during 4 days in order to ensure water desorption

before being analyzed.
2.4 Analytical characterisation
2.4.1. Mass-loss variance

The specimens of PLA/sisal biocomposites were weighed using a scale (Mettler Toledo
AB135-S) with a precision of 0.1 mg. Three samples of each material were used to assess
reproducibility.

2.4.2. Size Exclusion Chromatography (SEC)

The molar mass of PLA/sisal biocomposites was analysed by size exclusion
chromatography (SEC). The samples were dissolved in chloroform (Fluka, purity of 99%)
at 80 °C for 2 h. The sample solution was filtered for removal of contaminants and fibres
before injecting the sample into the SEC column. The polymers were analysed with a
Verotech PL-GPC 50 Plus system equipped with a PL-RI Detector and two PLgel 5 mm
Mixed-D columns. The samples were injected by a PL-AS RT auto-sampler for PL-GPC
50 Plus, in which chloroform was used as mobile phase (1 mL-min?, 30 °C). The
calibration was created using polystyrene standards with a narrow molar mass
distribution. Corrections for the flow rate fluctuations were performed using toluene as

internal standard. Triplicates were performed to ensure reproducibility of results.
2.4.3. Differential Scanning Calorimetry (DSC)

DSC characterization of PLA/sisal biocomposites was carried out by a Mettler Toledo
DSC 822 instrument (Columbus, OH) calibrated with indium and zinc standards.
Approximately 5 mg of pellets were placed in 40 mL aluminium pans, which were sealed
and pierced to allow the Nz gas flow (50 mL-min). A 10 °C-min heating rate was
employed in the temperature range between 0 °C and 200 °C. DSC analysis was performed
with the aid of the software STAR® 9.10 from Mettler-Toledo. The experiments were
repeated at least thrice and the averages of temperatures and enthalpies were considered

as representative.
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2.5. Statistical factorial analysis

As shown in previous studies [39], [40], a statistical factorial analysis (SFA) involves the
study of the influence of multiple factors on an experimental response [36], which can be
either qualitative categorical variable, such as the use or not of coupling agent or
quantitative based on discrete values of a quantifiable variable, such as the amount of
fibre in the biocomposite. The variable of monitoring the time of biodegradation in soil
was also included in the analysis as a factor. The effects chosen for the analysis were the
molar mass, representative of chemical structure, and the crystallinity degree,
representative of the physical morphology of the biocomposites. In particular, the SFA
was performed according the group of factors and levels proposed in Table 1, with the
aid of the Minitab® 15.1.0.0. software (Minitab Inc., USA).

Factor Type # Value-level Effect
levels

1 0,
Percentage of fibre (%f, | & oniitative | 4 [0 10 20 30

wt%) Molar mass (My)
Use of coupling agent Qualitative 2 NO YES
(CA) Crystallinity degree
Time of burial (tbio, days) | Quantitative 5 0 9 42 79 135 (Xc)

Table 1. Summary of factors, levels and effects of the statistical factorial analysis performed in this
study.
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3. Results and discussion

The effects of biodegradation in soil of PLA/sisal biocomposites were initially assessed
by mass loss, as stated in the normative. Afterwards, an in-depth analysis by size
exclusion chromatography and differential scanning calorimetry permitted to monitor the
structural and morphological variations, as well as thermal properties. The factors of
design of the biocomposites under study were the amount of fibre and the use of coupling
agent. The variable of monitoring biodegradation was the time of burial in soil. A
statistical analysis helped understand the relevance and interaction of factors on the molar
mass and the crystallinity degree. Finally, both parameters were correlated to picture the
influence of the amount of fibre and the use of coupling agent on PLA/sisal biocomposites

subjected to biodegradation in soil.
3.1. Monitoring of biodegradation in soil by the standard 1SO846

The standard norm of biodegradation used in this study recommended the monitoring of
biodegradation in terms of mass-loss, according to n*-Z[(m¢-mo)-mo], being n the
amount of specimens, m¢ the mass at a time t and mo the initial mass of each sample. The
values of the mass-loss are gathered for neat PLA and PLA/sisal biocomposites in Figure
1. Surprisingly, the values were positive and therefore did not represent mass-loss.
Instead, a mass increase due to the absorption of water, as well as the low level of
disintegration and inclusion of soil as shown in Figure 2 This effect was more
representative for those biocomposites with higher amount of sisal, due to the hydrophilic
character of the fibres, which increased the kinetics and capability of water absorption
[41], [42]. Accordingly, the measure of an eventual mass-loss was not representative
enough to monitor the effects of biodegradation in soil on the PLA/sisal biocomposites.
It was therefore necessary to stablish in-depth analyses to point out reliable degradation
indicators and correlate the impact of biodegradation to the structural and morphological

state of the PLA/sisal biocomposites.
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Figure 1. Measurements of mass-loss of PLA/sisal biocomposites according to standard 1SO846
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Figure 2. Pictures of PLA/sisal composites subjected to biodegradation in soil
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3.2. Impact of biodegradation in soil on the chemical structure of PLA/sisal

biocomposites

The structural effects of biodegradation in soil on the PLA/sisal biocomposites were

assessed in terms of the variation of the molar mass in number My, as shown in Figure 3.

In comparison to neat PLA, the addition of sisal generally provoked a decrease of My of
a ~15%, ~24% and ~32% for PLA10, PLA20 and PLA30, respectively. Therefore, the
higher the amount of sisal, the higher the hydroxyl groups from fibers can be activated
by the thermal treatment during processing, thus leading to more extended hydrolytic
chain scission in the PLA/sisal biocomposite. This effect, along with the characteristic
intermolecular transesterification during thermo-mechanical treatment [40], is relevant
for the reduction of the Mn. This fact is in agreement with the results of Le Duigou et al
for polylactide/flax biocomposites [43], where the reduction of molar mass was explained
as a result of chain breakage in the polymer matrix during processing, which is hindered
by the increase of viscosity and shear of the fibre during processing. Similar results were
obtained during the preparation of poly(hydroxybutyrate-co-valerate)/sisal
biocomposites [9] or polylactide reinforced with cellulose kraft pulp [44].

When the PLA/sisal biocomposites were prepared with coupling agent, additional
reductions were registered, giving a total of ~38%, ~45% and ~46% of M, decrease. The
peroxy radical species incorporated by dicumyl peroxide, along with the carboxylic
groups present in maleic acid, may have accelerated the chain scission at the temperatures

of preparation of composites, leading to a decrease in My, [45].

Biodegradation in soil affected to the M, of PLA/sisal biocomposites mainly during the
first stages of burial, where the water in the soil can induce hydrolysis [6]. This fact was
especially relevant for PLA/sisal biocomposites prepared with coupling agent, which
showed most of their M reduction after 9 days. Interestingly, the reduction of molar mass
during biodegradation in soil seemed slowed down the higher the amount of fibre in the
biocomposite was. This fact could be ascribed to the self-development of a protective
mechanism against chain scission, as an increase of crystallinity might represent.
Actually, the higher the amount of fibre, would mean an increase of nucleation sites for
crystallinity, more resistant to scissoring. Therefore, the characterisation of the
crystallinity degree was subsequently addressed by means of differential scanning

calorimetry.

11
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Figure 3. Impact of biodegradation in soil on the molar mass of PLA/sisal biocomposites: influence
of fibre amount and use of coupling agent.

3.3. Statistical relevance and interaction of factors of eco-design of PLA/sisal

biocomposites on the molar mass in number My

In order to evaluate the relative importance of eco-design factors such as the amount of
sisal and the use of coupling agent, along with the variable of time of biodegradation in
soil, on the molar mass M, the statistical factorial analysis (SFA) was applied. In order
to validate the reliability of the SFA, the statistical significance of individual and pair-
combined factors was checked. P-values below 0.05 and a regression coefficient of
94.64%, positively supported the subsequent interpretation of main-effects plots and
interaction-effects plots.

The main-effects plot is shown in Figure 4. The grand-mean of samples under study, i.e.,
the average of M, of all analyses, plotted as the horizontal line in the graph, was 52.5 -10°
g-molt. Only neat PLA, the biocomposites without coupling agent and samples
biodegraded up to 9 days showed values above the grand-mean. Therefore, all factors
were relevant for the reduction of Mn. In particular, due to the addition of fibre, all

biocomposites showed a decrease of My, but no significant differences among them was

12
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found. The use of coupling agent was especially relevant in M, reduction, being as

representative as the addition of fibre or even as the action of biodegradation in soil.
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Figure 4. Statistical factorial main-effects plot to assess the impact of biodegradation in soil on the
molar mass of PLA/sisal biocomposites: influence of fibre, coupling agent and time of burial.

The interaction-effects plot obtained by the statistical factorial analysis is shown in

Figure 5.

The interaction between the eco-design factors of addition of sisal and use of coupling
agent is shown in Figure 5a and Figure 5d. The crossing lines showed slight
interdependence between both factors. Whereas for biocomposites with no coupling
agent, the increase of the amount of fibre was translated into a reduction of the My, for
biocomposites with coupling agent, the M, was maintained or even increased with the

increment of fibre sin the PLA/sisal biocomposites.

The interaction between the addition of sisal and the time of burial is shown in Figure 5b
and Figure 5e. Both plots showed similar tendencies, which revealed that biodegradation
in soil affected the M, of the PLA/sisal biocomposites regardless the amount of fibre

present in their formulation.

Finally, the interaction plots of the use of coupling agent and the time of burial, shown in

Figure 5c and Figure 5f, revealed that biodegradation in soil affected the biocomposites

13
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regardless the presence of coupling agent in their formulation, being the main difference

encountered between neat PLA and the rest of PLA/sisal biocomposites.
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Figure 5. Statistical factorial interaction effects plot of the impact of biodegradation in soil on the
molar mass of PLA/sisal biocomposites. Note that legends are shown in the boxes at the diagonal.

3.4. Impact of biodegradation in soil on the morphology and thermal properties

The use of differential scanning calorimetry (DSC) is relevant to deeply understand the
effects of any type of degradation [46]-[50]. Particularly for PLA [51]-[53] or PLA/sisal
biocomposites [6] several indicators of degradation have been proposed. Accordingly, the
thermograms corresponding to the first heating, cooling and second heating obtained by
DSC for neat PLA, PLA10, PLA30 and PLA30C subjected to biodegradation in soil are
shown in Figure 6 as model cases to explain the influence of the amount of fibre, the use
of coupling agent, along with the effect of biodegradation in soil on the morphology and
thermal properties of PLA/sisal biocomposites. The rest of biocomposites lay in between

and were omitted for the sake of clarity. During the first and second heating, the following

14
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parameters were registered: structural relaxation enthalpy 4hsr and its peak temperature
Tsr, Which isapproximated to the glass transition temperature Tg, the cold-crystallisation
enthalpy 4hcc and temperature Tcc and melting enthalpy 44m and temperature Tv. During
cooling, the glass transition temperature T and the crystallisation enthalpy A/4c and peak

temperature Tc were calculated. All values are shown in
Table 2 for those from the fist heating and the cooling scan and in

Table 3 for those of the second heating scan.
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Figure 6. Calorimetric scans of PLA/sisal biocomposites. From top down, first heating, cooling,
second heating. Note that numbers in the right Y-axis represent the days of burial in soil
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DSC first heating DSC cooling

thio (d) Ahsg (ng) Tsrp (OC) Ahcc (ng) Tcc (OC) Ahy (ng) Twm (OC) T (DC) Ahc (J/g) Tc (OC)
0 6.5 05 |62.7 #0.1|-33.1 #3.4|108.7 #13|416 #52|1738 #02]59.2 #05| -- - - -
9 6.5 +04 (644 +0.1|-338 #15|10.29 +0.1|379 =03 |1721 #0.1]584 +0.1| --- - - -
PLA 42 6.8 1.2 |651 #03|-37.2 #0.7| 96.3 #0.2|40.7 #0.1|1719 #0.1]585 01| -- - - -
79 6.7 0.2 | 645 #0.1|-32.2 #09| 93.3 #1.7|37.8 #22|1743 #0.1]57.7 01| -- - - -
135 | 6.6 0.3 |652 +0.2|-345 +0.9] 90.3 +1.2|38.1 +21|1723 +0.3]578 +0.2| --- -—- -—- -—-
0 56 0.7 |625 +04|-38.8 #3.1| 989 +0.3|415 =#1.7|173.1 #11]57.7 #0.1| -7.1 02| 99.1 0.2
9 6.1 +0.2 ({658 #0.2|-33.2 #29| 981 +03|361 #13|173.1 #08]583 +06| -6.1 05| 986 0.1
PLA10 42 6.3 +04 (656 #03(-303 05| 975 +0.2|359 +15|1723 #0.1}|57.7 01| -86 05| 988 04
79 6.6 0.2 |654 +04|-30.7 *18| 981 +0.6|436 =+03|173.7 *19]57.8 #0.1|-101 *1.2| 98.7 0.2
135 | 6.6 +0.3 {653 +0.1|-31.3 #0.9] 96.3 +0.3|43.2 #0.6 [173.3 +1.3]58.1 #04| -6.2 +0.1]| 98.6 0.1
0 47 #02 |583 #0.2|-37.6 #0.2|103.0 #0.2|39.7 #0.1|1714 #02]581 #0.2| -8.1 03| 995 =0.1
9 6.3 05 |60.3 #06|-365 #0.7| 944 #15|374 £0.1|169.9 #03]583 +0.7|-19.2 *1.8| 99.6 0.2
PLA10C| 42 75 0.1 |60.8 #0.2|-365 +09| 950 +0.1|339 =+03|169.4 +0.1]581 #0.3|-13.7 *04| 99.7 0.1
79 72 03 |605 #03|-33.3 #03| 953 #0.3|351 #04|167.6 #0.2]|57.3 #0.7|-235 *2.2| 99.8 0.2
135 | 7.1 0.2 [ 60.6 +0.3|-34.3 +0.3] 943 +0.3]36.3 0.3 |167.3 +0.3]57.7 +0.8|-26.3 #1.7| 985 0.1
0 33 0.1 613 #02|-36.6 *2.1| 96.7 #0.1|38.6 =+0.8|1721 #0.2]57.0 +*09|-155 *1.1| 988 0.1
9 6.3 0.1 |658 +0.4|-31.8 +2.0| 97.3 #05|347 =06 |172.7 *1.3]56.8 +1.2|-199 #0.1| 989 =04
PLA20 42 53 04 | 656 #0.2|-276 16| 969 =+0.2|350 =22 |1717 +0.7]574 #04|-173 *0.6| 989 0.2
79 56 0.2 |654 +03|-28.7 *19| 974 +05|434 =+0.7|173.2 #16]581 +08|-21.1 #3.2| 989 0.2
135 | 54 0.3 | 653 +0.3|-29.8 +2.3] 96.3 +0.3]41.2 0.6 |173.3 +1.3]1583 +0.7|-156 #2.1| 98.6 *0.5
0 39 0.2 |584 +0.3|-334 22| 99.2 #03|39.7 +13|171.8 +02]570 #1.1|-182 #0.2| 99.6 0.6
9 6.4 0.1 628 #12|-33.1 #0.3|95.34 #14|323 =#0.7|169.8 #06]|574 *13|-222 *1.2|101.2 *0.3
PLA20C| 42 53 0.8 |622 +0.2|-296 +3.1| 944 +0.7|364 +3.1|170.6 +04]57.3 %04 |-28.7 *3.1(101.3 0.1
79 57 0.1 |61.8 #0.3|-309 13| 945 =+0.1|357 =+11|1693 #1.1]574 #05|-289 +0.3|101.9 0.1
135 | 55 0.2 [62.1 +0.3|-32.1 +19] 932 +0.3|343 18 ]169.3 +1.3]156.8 +0.8|-25.3 #1.3|100.5 0.1
0 |37 02623 01|-297 35| 960 202|333 +13|1723 02571 0.7|-170 *01] 989 =02
9 41 07 |652 #0.1|-276 #34| 958 =*1.6|36.5 #0.8|172.6 *1.3]|551 #0.1|-27.6 =*1.9|100.2 =#0.1
PLA30 42 53 0.2 |650 +04|-256 +33| 956 +0.1|383 +1.2|1720 +0.1]56.8 *0.4|-174 *2.7| 99.6 =05
79 57 =03 |649 #0.2|-326 14| 968 +0.1|406 =+14|1722 +04]574 #0.6|-20.1 +0.6| 995 0.1
135 | 52 04 |647 +0.3|-30.3 *1.3] 953 +0.2|39.8 16 |1723 +0.3]574 +1.2|-156 #2.1| 98.7 04
0 35 0.2 |593 #0.2|-249 02| 96.6 #0.1|335 =#16|1709 +0.2]553 #0.1|-243 *1.0|101.1 0.2
9 43 #05 635 #0.1|-247 #03| 93.7 #0.1|29.1 #04|1714 #0.1]56.3 *05|-249 =%0.9|101.9 =*0.2
PLA30C| 42 45 #03 |634 #04|-282 #31| 935 #0.1|29.9 #21|1704 #0.1]54.6 #0.6|-245 =%3.6|1025 =*0.2
79 45 04 (626 *1.2|-278 *13| 921 =+03|314 0.1 |171.2 #1.2]56.3 0.7 |-249 =*2.6|1024 0.1
135 | 46 0.6 |635 +03|-30.3 +19| 913 =+03|31.2 #12|171.3 #1.3]57.3 +0.8|-328 #2.2|103.2 *05

Table 2. Calorimetric results from the first heating scan and cooling scan of PLA and PLA/sisal biocomposites
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DSC second heating

thio (d) Ahggr (ng) Tsric (OC) Ahce (ng) Tcc (OC) Ahy (ng) Tm (OC)
0 19 +03 |604 +0.1| -35.3 +1.3|1222 +0.1| 36.8 +3.1|173.6 0.5
9 15 +03 |60.2 +0.2| -354 121231 16| 36.2 +2.3|173.3 0.1
PLA 42 16 06 |604 +02| -37.3 +13|1133 =#0.1| 389 +31|172.7 x04
79 11 +03 |60.2 +0.1| -33.3 141133 18| 352 +2.3|173.9 0.3
135 05 0.1 [599 #0.4| -36.7 +2.1|113.6 #0.2| 37.2 +3.4|173.1 0.1
0 14 +05 |60.2 +0.1| -328 13| 99.6 +0.1| 415 +1.6|172.3 0.2
9 13 +03 |60.3 +0.1| -284 12| 992 +0.1| 359 +1.2|1724 0.9
PLA10 42 15 03 |604 +03| -28.7 31| 987 #0.1]| 392 311715 #0.1
79 02 0.1 [60.1 0.1 -294 21| 983 01| 347 241725 %15
135 04 0.2 [595 #0.1| -239 +12] 982 +0.2| 343 121715 0.1
0 —— --- 597 +0.1| -349 +13|102.2 #0.3| 40.7 =*25|171.2 0.1
9 - --- | 585 £0.6|-19.83 +1.4|1004 03| 36.2 +3.1|170.3 +04
PLA1OC| 42 - --- | 575 #0.1|-13.37 21| 986 =#0.7| 331 +18|1694 04
79 —— --- |56.4 +0.6|-10.82 +23| 96.2 #0.1| 36.8 =+1.7|168.1 0.2
135 --- --- | 56.3 #05| -6.05 18| 96.7 +0.3| 37.6 +2.4]169.2 +0.3
0 —— --- 1601 #0.3| -223 17| 949 03| 377 *19|1719 =01
9 - - |59.7 #0.7| -21.6 14| 959 01| 355 +1.8]|172.2 1.3
PLA20 42 - --- |60.3 #0.7| -18.7 21| 965 03| 347 +3.2|1714 0.2
79 —— --- 599 10| -147 19| 968 #0.2(39.14 +23|1723 1.1
135 --- -—- | 59.8 #0.9] -16.7 +1.2| 96.2 +0.1|39.32 +24|171.2 +0.5
0 - --- 597 +0.1| -199 13| 949 01| 379 =+16|1709 0.1
9 - --- |59.6 06| -7.8 +0.7| 959 13| 314 +24|170.3 0.2
PLA20C| 42 - - |59.0 #0.7| -7.7 +0.7| 965 01| 359 +15]|170.5 0.6
79 - -- |614 +12| -32 15| 968 01| 364 +2.8|169.1 0.7
135 --- --- | 56.6 #0.2]| -3.0 +0.8| 96.2 +0.2| 365 +1.9]169.6 +1.5
0 - --- 1608 +0.3| -123 13| 99.1 #0.3| 332 +1.7|1719 =01
9 - --- |60.8 02| -96 15| 970 =+04| 312 +23|1726 1.3
PLA30 42 - --- |60.2 02| -84 +11| 972 01| 294 +24|171.6 0.1
79 - -- 591 +0.2| -85 07| 972 #03| 294 +18|1720 x04
135 =—- --- |611 *12| -87 04| 975 =#11| 312 =+16|173.0 #1.1
0 - --- |59.7 01| -104 07| 945 =#01| 312 +24|1710 0.1
9 - -- 592 19| -12 12| 943 02| 314 +21|1717 0.2
PLA30C| 42 - - |625 13| -05 13| 953 03| 301 +1.8|170.5 0.1
79 - -- 605 13 - -- | 943 02| 36.8 #21| 172 1.2
135 - -- 1609 03 - --- | 947 02| 435 +£13|169.6 0.2

Table 3. Calorimetric results from the second heating scan of PLA and PLA/sisal biocomposites




Biodegradation in soil provoked scission of the PLA matrix, as suggested by SEC results.
During the first scan, the parameter that showed the most remarkable tendency was the
cold-crystallisation temperature Tcc, which decreased with the time of burial in soil, being
more relevant with those PLA/sisal biocomposites prepared with coupling agent.
Therefore, Tcc, was an appropriate indicator of chain scission, which pointed out the
liability of shorter macromolecular segments to rearrange into a crystalline morphology
[28].

The impact on the amorphous fraction could be obtained from the glass transition
temperature Tg of the cooling scan. According to the Fox-Flory relationship between the
molar mass Mn and the glass transition temperature Tg [54], although the chain scission
reduced the molar mass of the neat PLA, it was still high enough to keep the Tg in the

invariant regime, which was in agreement with the absence of disintegration of samples.

At the second heating scan, a clear reduction of the cold-crystallisation enthalpy and a
maintenance or slight increase of the melting enthalpy were encountered as a function of
time of burial in soil, being more representative for those PLA/sisal biocomposites

prepared with coupling agent.

Biodegradation in soil had a clear impact on the crystallinity of PLA/sisal biocomposites.
In order to quantify the degree of influence of the eco-design factors under study, i.e,
amount of fibre and use of coupling agent, along with the variable of time of burial in
soil, the degree of crystallinity was calculated as Xc (%)=(1-m¢)™-[(Ahm-|Ahcc|]- Ahmo™
-100, where ms represents the weight fraction of sisal in the PLA/sisal biocomposite and
Ahmo is the melting enthalpy of a 100% crystalline PLA [55]. The evolution of Xc is given
in Figure 7 for all biocomposites subjected to biodegradation in soil. Neat PLA showed
very low Xc, due to its amorphous character, in agreement with previous studies [6], [7].
The addition of fibre almost three-folded Xc for PLA10, six-folded for PLA20 and nine-
folded for PLA30, with no apparent relevance of the coupling agent during the
preparation of the biocomposites, prior to biodegradation in soil. This was in agreement
with the reported formation of transcrystalline regions between fibre and polymers such
as polypropylene/sisal [56], polypropylene/flax , polylactide/hemp [57] or thermoplastic
starch/cellulose [58], among others, related to the presence of nucleation sites in the fibre

where the matrix can develop a crystalline fraction along the longitudinal axis of fibres.
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The use of coupling agent was not relevant for the modification of the initial Xc. Only in
the case of PLA10C, this biocomposite showed lower Xc due to the restriction of available
molecules in uncoupled biocomposites which slowed down the crystallisation effect of
fibres, as reported for polypropylene/kenaf composites [59]. The rest of biocomposites
showed no specific variation of initial Xc, as also reported for composites such as

polypropylene/palm [60].

The difference of coupled and uncoupled biocomposites was relevant in terms of
performance during burial. In agreement with the evolution of molar mass due to
biodegradation in soil, the first stages of burial were the most relevant. In particular, after
9 days of exposure in soil, the PLA/sisal composites with coupling agent developed
almost half of the total Xc increase. During the whole biodegradation process, the
PLA/sisal biocomposites without coupling agent just showed small variations of Xc. In
contrasts, the evolution registered for PLA/sisal biocomposites with coupling agent was

more significant.
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Figure 7. Impact of biodegradation in soil on the degree of crystallinity of the PLA/sisal
biocomposites: influence of fibre amount and use of coupling agent.
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3.5. Statistical relevance and interaction of factors of eco-design of PLA/sisal

biocomposites on the crystallinity degree Xc

In order to evaluate the relative importance of eco-design factors such as the amount of
sisal and the use of coupling agent, along with the variable of time of biodegradation in
soil, on the crystallinity degree Xc, the statistical factorial analysis (SFA) was applied. In
order to validate the meaningfulness of the SFA, the statistical significance of individual
and pair-combined factors was evaluated. Low p-values < 0.05 and high regression
coefficient of 99.06%, certainly supported the subsequent explanation of the main-effects

plots and interaction-effects plots.

The main-effects plots, obtained by the statistical factorial analysis, are shown in Figure
8. The grand-mean of samples under study was 20%. As previously suggested, both eco-
design factors were relevant for the development of Xc: first, the addition of fibre, which
gave and increment of Xc means from ~ 2 % to ~ 30 % from neat PLA to PLA/sisal
biocomposites with 30 wt% of sisal, with and without coupling agent; second, the use of
coupling agent, which gave and increment of Xc means from ~ 15 % to ~ 30 % from
PLA/sisal composites without coupling agent to those with coupling agent. Finally,
biodegradation in soil gave and increment of Xc means from ~ 15 % to ~ 27 % from 0 to

135 days of burial, in the same level of influence as the use of coupling agent.
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Figure 8. Statistical factorial main-effects plot to assess the impact of biodegradation in soil on the
crystallinity degree of PLA/sisal biocomposites: influence of fibre, coupling agent and time of burial
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The interaction-effects plot obtained by the statistical factorial analysis is shown in
Figure 9. The interaction between the eco-design factors of addition of sisal and use of
coupling agent is shown in Figure 9a and Figure 9d. In contrast to what was shown by
the molar mass My, there was no particular interaction between both factors, as suggested

by the parallel lines.

The interaction between the addition of sisal and the time of burial is shown in Figure 9b
and Figure 9e. They showed significant dependence for the evolution of Xc¢ from neat
PLA to PLA/sisal biocomposites during biodegradation in soil, with slight variations

among PLA/sisal biocomposites.

Finally, the interaction plots of the use of coupling agent and the time of burial, shown in
Figure 9c and Figure 9f. They clearly stated that PLA/sisal biocomposites with coupling
agent were more sensitive to the evolution of Xc, in contrast to PLA/sisal biocomposites

without coupling agent, which were almost insensitive to biodegradation in soil.
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Figure 9. Statistical factorial interaction effects plot of the impact of biodegradation in soil on the
degree of crystallinity of PLA/sisal biocomposites. Note that legends are shown in the boxes at the
diagonal.
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3.6. Outline of results

The influence of the addition of fibre and the presence of coupling agent in the PLA/sisal
biocomposites on their behaviour throughout biodegradation in soil can be summarised
hereby in terms of molar mass M and crystallinity degree Xc.

Due to the addition of fibre, without presence of coupling agent:

(1) A reduction of My, caused by chain scission due to thermo-mechanical
degradation during the preparation of the biocomposites was found.

(if) An increase of Xc promoted by the rearrangement of polymer segments of the
PLA matrix at nucleation sites of the sisal fibres was encountered.

(iii) Biodegradation in soil reduced the M, mainly during the first days of burial,
with independence of the amount of fibre present in the biocomposite. There was
no relevant increment of Xc associated to the molar mass reduction.

Due to the presence of coupling agent in the PLA/sisal biocomposites:

(i) The reduction of M, during the preparation of the biocomposites was enhanced,
due to the action of the peroxide groups present in the coupling agent.

(i) The increase of Xc was slightly affected during the preparation of
biocomposites,

(iii) During biodegradation in soil, the chain scission process was intensified,

which affected both the reduction of M, and the related increase of Xc.
The correlation between molar mass and crystallinity degree during biodegradation in soil
is finally pictured in Figure 10 to support the discussions given by statistical factorial
analysis. Biodegradation in soil mainly affected PLA/sisal biocomposites prepared with
coupling agent, which gave out massive chain scission, and thus remarkably reduced
molar mass and promoted crystalline fraction. These results may help interpret the
competitive balance between degradation and assimilation, since degradation not only
causes chain scission, which would release short polymer segments, easily transformable
by microorganisms, but also provokes crystallisation, which might difficult their

catabolism.
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Figure 10. Correlation between degree of crystallinity and molar mass along biodegradation in soil
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4. Conclusions

The eco-design of biocomposites should take into account the end-of-life scenario. The
addition of sisal fibre and the use of coupling agent in PLA/sisal biocomposites will play
a role in the balance between the facilitation of microbial assimilation of polymer
segments due to chain scission of the polymer matrix, or its hindrance by the promotion

of crystalline fractions.

The addition of fibre was more relevant in terms of crystallinity degree -which increased
according to the amount of sisal, due to the augment of nucleation sites-, than in terms of
molar mass — which was quite similar between biocomposites and just remarkably
different in comparison to neat PLA. During biodegradation in soil, hydrolytic chain
scission provoked a reduction of molar mass, and a slight increment of crystallinity
degree.

The coupling agent was the most relevant factor in the design of PLA/sisal biocomposites,
since the presence of peroxide groups accelerated chain scission and subsequent
crystalline nucleation, both after the preparation of the PLA/sisal biocomposites and

mainly during biodegradation in soil.
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