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ABSTRACT:

Antioxidant nano-biocomposites based on poly(e-caprolactone) (PCL) were prepared by
incorporating hydroxytyrosol (HT) and a commercial montmorillonite, Cloisite®30B
(C30B), at different concentrations. A full structural, thermal, mechanical and
functional characterization of the developed nano-biocomposites was carried out. The
presence of the nanoclay and HT increased PCL crystallinity, whereas some decrease in
thermal stability was observed. TEM analyses corroborated the good dispersion of
C30B into the PCL macromolecular structure as already asserted by XRD tests, since no
large aggregates were observed. A reduction in oxygen permeability and increase in
elastic modulus were obtained for films containing the nanoclay. Finally, the presence
of the nanoclay produced a decrease in the HT release from films due to some
interaction between HT and C30B. Results proved that these nano-biocomposites can be
an interesting and environmentally-friendly alternative for active food packaging
applications with antioxidant performance.

KEYWORDS: Poly(e-caprolactone), Hydroxytyrosol, Nano-biocomposites,

Characterization, Active packaging.
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INTRODUCTION

Biodegradable and/or bio-based polymers show a number of properties adequate
to different applications, including food packaging, automotive, and biomedical fields'.
Most of these materials have properties comparable to many petroleum-based plastics
and are readily biodegradable, making them an attractive potential alternative to reduce
the environmental problems induced by the accumulation of plastic waste’. Among
biodegradable polymers, aliphatic polyesters, such as poly(g-caprolactone) (PCL), are
now commercially available offering an interesting alternative to conventional
thermoplastics. PCL can be synthesized either by ring-opening polymerisation (ROP) of
the monomer, g-caprolactone, with a variety of anionic, cationic and coordination
catalysts or via free radical ROP of 2-methylene-1-3-dioxepane’. PCL is a
semicrystalline polymer with a high degree of crystallinity, reaching 69 %®, but with
this value decreasing at higher molar masses. The good solubility of PCL in some
common solvents, low melting point (59-64 °C) and exceptional blend-compatibility
has raised some interest for the extensive research on potential applications of PCL’.
However, some drawbacks in using PCL as polymer matrix should be taken into
account, particularly its poor thermal and mechanical resistance and limited gas barrier
properties. In this sense, PCL commercial uses are currently tempered by its high water
solubility, high hydrophilicity, brittleness, low heat distortion temperature, high gas
permeability and low melt viscosity’.

The use of PCL formulations in food packaging applications has been recently
evaluated by several authors. In fact, the main current commercial application of PCL is
in the manufacture of biodegradable bottles and compostable bags’. Martinez-Abad et
al. suggested that the combination of cold storage with PCL incorporating

ciannamaldehyde, as a natural biocide, could be suitable for the controlled diffusion of
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this agent extending the shelf-life of packaged food products’. Antimicrobial
nanocomposites of PCL with thymol were also developed by Sanchez-Garcia et al®. On
the other hand, Perez-Masia et al.” used PCL to encapsulate dodecane developing
coating materials with energy storage capacity in refrigeration conditions. Blends of
chitosan and poly-(e-caprolactone) for food packaging applications with good tensile
strength and low water vapor permeability were studied by Swapna et al.'’, concluding
that fruits and vegetables packaged in PCL films were expected to extend their storage
life.

In order to improve PCL properties, the incorporation of nanoclays into this
matrix is attracting some interest. It is known that the addition of montmorillonites
(MMT) in contents lower than 10 wt% to polymer matrices leads to remarkable
increases in rigidity (elastic modulus), thermal stability and barrier to gases and
Vapoursl. This strategy will be explored in this study to limit the current PCL
disadvantages in food packaging applications.

In the last years, several authors have worked on the preparation and
characterization of PCL-based nanocomposites'' . Pantoustier et al'* used the in-situ
intercalative polymerization method and compared the properties of nanocomposites
prepared with both pristine MMT and after modification with amino-dodecanoic acid.
Fukushima et al developed nanocomposites of PCL with MMT and sepiolite showing a
good dispersion level of clays within the polymer matrix as well as thermomechanical
improvement in the resulting nanocomposites15 .

An additional functionality recently proposed for nanocomposites is the controlled
release of active substances embedded in food packaging materials'. Active packaging
is based on the release of specific compounds present in the polymer formulation with

controlled kinetics in particular environments'®. It is known that the addition of active
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agents to polymer matrices avoids food degradation processes improving quality, safety
and health properties of foodstuff'’. In this sense, the combination of active
technologies, such as the addition of antioxidant and/or antimicrobial agents to
packaging materials, with the use of nanocomposites can synergistically lead to
formulations with balanced properties and functionalities®'®. Regarding the
development of active films based on PCL, Salmieri et al'’ incorporated oregano,
savory and cinnamon essential oils (EOs) at 1 % (w/w) as natural antioxidants to
alginate/PCL-based films. Their results confirmed the plasticizing effect of EOs in
addition to their bioactive role, being the oregano-based films the most effective
antiradical systems. fB-carotene is another widely available natural antioxidant, and it
has been reported that the addition of low amounts of this compound to PCL resulted in
a significant plasticization of the matrix improving its ductile properties™. In this sense,
the use of hydroxytyrosol (3,4-dihydroxyphenylethanol, HT), a compound with the
highest antioxidant effect amongst the various polyphenols present in olives>', could be
a promising approach from an economical point of view, since it would turn agricultural
residues into higher added-value active food packaging additives. In previous studies,
certain decrease in thermal properties of natural antioxidants has been observed for
compression moulded packaging materials at high temperatures. However,
hydroxytyrosol showed a good performance in polypropylene materials acting as
antioxidant and it might be considered as a promising alternative to use in active
packaging formulations.

The novelty of this work lies on the use of HT as natural antioxidant combined to
a commercial nanoclay to develop films for active packaging based on PCL. The
addition of the nanoclay could help to improve the intrinsically poor PCL barrier

properties. Also, the use of HT is justified to improve shelf-life of foodstuff by the
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antioxidant performance of this compound. At the best of our knowledge, there is no
evidence in scientific literature of PCL-based packaging systems where the poor
thermal resistance and barrier properties of PCL are overcome. In this way, this study is
focused on the development and full characterization of new nanocomposites based on
PCL, HT and a commercial MMT (Cloisite®30B, C30B), with high potential to
improve thermal and barrier properties in biopolymers™. Active nano-biocomposite
films were obtained by melt-blending followed by compression moulding, which were
further characterized on their thermal, structural, mechanical and functional properties.
In addition, the release of HT from these nano-biocomposites at different times was also

evaluated.

MATERIALS AND METHODS
Materials.

Poly(e-caprolactone) (PCL, CAPA®6800) commercial grade (pellets) was kindly
supplied by Perstorp Holding AB (Sweden). Hydroxytyrosol (98% purity) (HT) was
kindly supplied by Fine & Performance Chemicals Ltd (Middlesbrough, UK). The
commercial organo-modified montmorillonite used in this study was Cloisite®30B
(C30B) and it was supplied by Southern Clay Products (Austin, TX, USA). This
nanoclay was synthesized by replacing sodium ions in different silicate layers by methyl

bis(2-hydroxyethyl) tallow alkyl ammonium cations by ion exchange.

Nano-biocomposites Preparation.
PCL nanocomposites were processed by melt blending in a Haake Polylab QC
mixer (ThermoFischer Scientific, Waltham, MA, USA) at 80 °C for 5 min at 100 rpm.

Before processing, PCL and C30B were left in an oven at 50 °C for 20 h and 100 °C for
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24 h, respectively, to eliminate moisture. Both additives were introduced in the mixer
once the polymer was in the melt state in order to avoid unnecessary losses. The 50 cm®
mixing chamber was filled with 50 g total mass. Eight different formulations were
obtained by adding different amounts of HT and C30B in concentrations ranging 5-10
wt% and 2.5-5 wt%, respectively (Table 1). An additional sample without any additive
was also prepared and used as control (PCLO).

Films were obtained by compression-moulding at 120 °C in a hot-plate hydraulic
press Carver Inc, Model 3850 (Wabash, IN, USA). Materials were kept between the
plates at atmospheric pressure for 5 min until melting and then they were successively
pressed under 2 MPa (1 min), 3 MPa (1 min) and finally 5 MPa (5 min) to liberate the
trapped air bubbles. The average thickness of the obtained films was around 200 um, as
measured with a 293 MDC-Lite Digimatic Micrometer (Mitutoyo, Japan) at five
random positions (Table 1), after 48 h of conditioning at 50 % relative humidity (RH)

and 23 °C. The final appearance of the films was completely homogenous.

Nano-biocomposites Characterization.

Differential scanning calorimetry (DSC) tests were conducted in triplicate by
using a TA DSC Q-2000 instrument (New Castle, DE, USA) under inert N, atmosphere.
Samples (3 mg) were introduced in aluminium pans (40 uL) and were submitted to the
following thermal program: heating from -90 °C to 160 °C (3 min hold), cooling to -90
°C (3 min hold) and heating to 160 °C, all steps at 10 °C min ", The crystallization and
melting parameters were determined from the second heating scan. The crystallinity at

room temperature () of each material was evaluated by using equation (1):
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(M
x. AI_{)’” x100
0 1 A) Wtclay
" 100

where AH,, is the specific melting enthalpy of the sample and AH,,’ is the melting
enthalpy of the 100 % crystalline PCL matrix (142.0 J g)'°.

Thermogravimetric analysis (TGA) was performed in a TGA/SDTA 851¢ Mettler
Toledo thermal analyzer (Schwarzenbach, Switzerland). Samples (5 mg) were weighed
in alumina pans (70 pL) and were heated from 30 °C to 700 °C at 10 °C min” under N,
atmosphere (flow rate 50 mL min"). Analyses were repeated three times for each
sample.

Tensile tests were carried out by using a 3340 Series Single Column System
Instron Instrument, LR30K model (Fareham Hants, UK) equipped with a 2 kN load cell.
Tests were performed in rectangular probes (100 x 10 mm?), an initial grip separation of

!, Before testing all samples were

60 mm and crosshead speed of 25 mm min
equilibrated for 48 h at 50 RH %. Tensile strength, elongation at break and elastic
modulus were calculated from the resulting stress-strain curves by following the ASTM
D882-09 standard”*. Tests were carried out at room temperature. Five repetitions were
performed for each film composition and mean values were reported.

Oxygen transmission rate (OTR) was determined with an oxygen permeation
analyzer (8500 model Systech, Metrotec S.A, Spain). Tests were carried out by
introducing O3 (99.9% purity) into the upper half of the diffusion chamber while N, was
injected into the lower half, where an oxygen sensor was located. Films were cut into
14-cm diameter circles for each formulation and they were clamped in the diffusion

chamber at 25 °C. Tests were performed in triplicate and were expressed as oxygen

transmission rate per film thickness (OTR-e).
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Scanning electronic microscopy (SEM) micrographs were obtained for surfaces
and cross sections of cryo-fractured films with a JEOL JSM-840 microscope (Peabody,
MA, USA) running at 12kV. Samples were coated with gold layers prior to analysis to
increase their electrical conductivity. Images were registered at magnifications 100x and
500x.

Transmission electron microscopy (TEM) tests were performed by using a JEOL
JEM-2010 microscope (Tokyo, Japan) operated at 100 kV. Films were previously ultra-
microtomed to obtain slices of 100 nm thickness (RMC, model MTXL).

X-ray diffraction (XRD) patterns were recorded at room temperature in the 2.1-40°
(20) range (step size = 0.01°, scanning rate = 8 s step'l) by using filtered CuK,, radiation
(A= 1.54 A). A Bruker D8-Advance diffractometer (Millerica, MA, USA) was used to
determine the interlayer spacing of clay platelets.

Colour changes on films surfaces due to the additives were analyzed with a
KONICA CM-3600d COLORFLEX-DIFF2 colorimeter, HunterLab, (Reston, VA,
USA). The L*, a*, b* system (CIELab) was employed; the L* axis represents the
lightness from black (L* = 0) to absolute white (L* = 100), the a* axis varies from
green (—) to red (+), and the b* axis varies from blue (—) to yellow (+). These
parameters were measured at five different locations on each specimen and average
values were calculated. The total colour difference, AE*, between the control PCL film

and nanocomposite films was calculated by using equation (2):

1/2

AE" = [(AL ) +(aa’) + (Ab*)z} @

where AL*, Aa* and Ab* are the difference between initial and final values (before and

after the additives addition) of L*, a* and b*, respectively.

HT Release from films.
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The evaluation of the release rate of HT from each film at different times was
carried out for 4 cm” samples immersed in 100 mL of methanol. The extracts were
periodically taken and further analyzed by UV-visible spectroscopy with a Shimadzu
Spectrophotometer 2450 (Kyoto, Japan). Spectra were obtained on extracts directly
inserted in the cell compartment, and they were studied over the 200-300 nm
wavelength range, which includes the maximum absorption wavelength of HT at 281
nm. Spectra were acquired each minute for one hour to ensure that the release of the
active agent to the methanol solution had reached a maximum value. In order to
quantify the amount of HT released, the specific extinction coefficient, & (mg™ L cm™),
for HT in methanol was calculated to be 0.0124 mg'1 Lcm’, through the measurement
of the absorbance 4 at 281 nm of a set of HT standard solutions with concentration, ¢
(mg L), and by using the Lambert-Beer law equation:

A=cle (3)
where / = 1 cm. In all experiments, temperature was kept constant at 25.0 °C with a
Multistirrer 6 thermostatic bath from Velp Scientifica (Usmate, Italy). During HT

release experiments, composite-containing solutions were stirred at ca. 220 rpm.

Statistical Analysis.

Statistical analysis of results was performed with SPSS commercial software (Chicago,
IL, USA). A one-way analysis of variance (ANOVA) was carried out. Differences
between average values were assessed on the basis of confidence intervals by using the

Tukey test at a p < 0.05 significance level.

RESULTS AND DISCUSSION

Thermal Characterization.

ACS Paragon Plus Environment 10
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DSC tests were performed to elucidate the effect of the nanoclay and HT addition
on the thermal properties of the PCL matrix. Four parameters were determined:
crystallization temperature, T.; melting temperature, Tp,; crystallization enthalpy, AH;
and melting enthalpy, AH,,. These results are summarized in Table 2. It should be
highlighted that the melting temperature of neat PCL was lower than those obtained for
the rest of materials formulated in this study. This result gives an indication of the lower
crystallinity of neat PCL when compared to nano-biocomposites, as it has been reported
by other authors'".

Regarding crystallinity values, this parameter increased with the addition of HT (p
< 0.05), due to the interaction between the polymer matrix and the additive molecules,
which can show some plasticizing effect. On the other hand, the addition of the polar
C30B to the polyester matrix also resulted in a significant increase (p < 0.05) of the
crystallization rate and could modify the PCL crystalline structure due to the ability of
the nanoclay particles to heterogeneously nucleate the crystallization of the polymer
matrix, as it has been well documented for a wide range of nanocomposites®. Similar
results were obtained by Persico et al. in LDPE nanocomposite films containing
carvacrol, where differences in crystallinity values were considered a consequence of
two main factors: the presence of heterogeneous nucleation sites and changes in chain
mobility. In this sense, they reported that clay platelets could act as nuclei for the initial
heterogencous nucleation and subsequent growth of crystallites. Furthermore, they
hypothesized that the increase in chain mobility promoted by carvacrol enhanced the
ability of the polymer to crystallize®.

However, no significant differences (p > 0.05) were observed in crystallinity
values for films containing 2.5 and 5 wt% of nanoclay (Table 2). Similar results were

found for the ternary nano-biocomposites containing the same amount of C30B (p >

ACS Paragon Plus Environment 1
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0.05), and a decrease for those with 5 wt% of nanoclay, although without significant
differences (p > 0.05). In this sense, it was reported that the variations in the
crystallinity by the addition of nanoclays can be accounted for by two factors:
nucleation that increases crystallinity and reduction in the flexibility of polymer
macromolecular chains that impedes their rearrangement into ordered crystalline
structures, reducing crystallinity. Both factors are related to nanoclay dispersion and
content and different results should be obtained depending on the prevailing effect''.
Furthermore, the addition of HT enhanced polymer chain mobility promoting its self-
nucleation and crystallinity. In conclusion, the neat crystallinity observed for materials
with both additives (HT and C30B) can be attributed to the superposition of all these
contributions. The reduction in chain mobility as the result of the nanoclay addition can
be considered an important factor in controlling the final properties and structure
developed by the material.

TGA results indicated that the thermal degradation of PCL in inert atmosphere
took place through the rupture of the polyester chains via ester pyrolysis reaction with
the release of CO,, H,O and carboxylic acids. In the case of polyesters, such as PCL,
pyrolysis results in chain cleavages randomly distributed along the macromolecular
chains. It was reported that when two pyrolysis reactions occur with neighbouring ester
functions, 5-hexenoic acid is one of the reaction products'>. TGA curves obtained for all
the studied PCL nano-biocomposites just showed one main degradation step. The initial
degradation temperatures (Ti,), determined at 5 % weight loss, and maximum
degradation temperatures (T.x) obtained for all formulations are shown in Table 3. The
incorporation of the active compound and the nanoclay brings about a significant effect
on the thermal stability of the obtained nano-biocomposites (p < 0.05). In this sense, the

addition of 10 wt% HT to PCL resulted in 18 °C reduction in Tj,;. This result could be

ACS Paragon Plus Environment 12
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explained by the plasticizing effect of HT to PCL, as already stated in the DSC study. In
this sense, it was reported that the addition of plasticizers to bio-polyesters, such as
PLA, results in some decrease in the polymer thermal stability27. On the other hand, the
addition of the nanoclay also produced some significant decrease (p < 0.05) in the PCL
thermal stability, but this decrease was not enough to result in PCL degradation at
processing temperatures. It was reported that layered silicates could catalyze PCL
pyrolysis by a catalytic action played by the nanoclay due to the presence of Lewis

P . . . .13
acidic sites, created upon organic modifier degradation .

Mechanical properties.
The addition of low nanoclays contents (less than 10 wt%) to polymers is
expected to improve mechanical properties, particularly when effective nanoclay

. 22,1
exfoliation occurs™ .

The enhancement in mechanical properties of polymer
nanocomposites can be attributed to the high rigidity and aspect ratio of nanoclays
together with the good affinity through interfacial interaction between polymer matrix
and dispersed nanoclay®.

In this study, tensile tests were performed to evaluate the influence of the addition
of the nanoclay and/or the active additive on the mechanical properties of PCL-based
nano-biocomposites. Results are shown in Table 3, where the elastic modulus E (MPa),
elongation at break eg (%) and tensile strength TS (MPa) were determined in all
materials. The addition of HT to PCL resulted in some modification in E and ¢ values (p
< 0.05), while no significant differences were observed in TS (p > 0.05). In this sense,
an increase in the HT concentration caused an increase in ¢ and a decrease in E values

compared to the neat polymer. This behaviour could be explained by the plasticizing

effect of HT resulting in the increase in ductility of the polymer and it is consistent with

ACS Paragon Plus Environment 13
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results obtained by other authors with the addition of similar additives to biopolymer
matrices”™*. In this sense, it should be noted that the physical state of HT is a viscous
liquid, with the consequence of the intimate mixture of HT molecules within the
macromolecular chains, permitting the enhancement on the internal movement and
consequently on ductile properties.

On the other hand, the addition of the nanoclay caused a significant increase in
both, the elastic modulus and elongation at break of the nano-biocomposites (p < 0.05).
Concomitantly, a decrease (ca. 40%) of tensile strength (p < 0.05) was observed when
the amount of the nanoclay in the film increased from zero to 5 wt%. The constrained
polymer model developed by Beall can be used to explain some of the general
phenomena observed in polymer/clay nanocomposites, including changes in mechanical
properties, such as modulus improvement and increased eclongation at break. In this
sense, the constrained polymer region could be viewed as temporary crosslinks, which
certainly contribute to increase moduli but when strained can break and reform as the
stress and strain increase. In examining the crazes formed in composites that exhibit this
increase in elongation at break it has been observed that fibrils form where the clay
plate align along the direction of the fibril length. This gives a convenient platform for
the polymer to break the temporary crosslinks and then reattach along the clay
platelets™. For the ternary nano-biocomposites, and regarding the E values, it was
observed that the effect of the nanoclay was predominant for C30BS5 ternary composites
resulting in a clear increase in E values (p < 0.05) while a superposition of the influence
of both additives, i.e. nanoclay and HT, should be taken into account to explain results
obtained for C30B2.5 materials. In fact, the ultimate behaviour observed in mechanical
properties can be considered as the result of several factors, such as crystallinity,

polymer plasticization, filler-matrix interface, which affect the stress-strain properties in
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Page 14 of 38



Page 15 of 38

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

Journal of Agricultural and Food Chemistry

a complex way*®. Although the difficulties of considering antagonist effects by HT and
C30B in ternary composites, it could be concluded that the addition of the nanoclay
induced reinforcement effects provided by the high aspect ratio and surface area of
silicate layers. The improvement in these properties could be considered a clear
indication of the high dispersion of the nanoclay through the polymer matrix and their

high compatibility®".

Morphological study.

SEM micrographs of films (not shown) showed a featureless and non-porous
morphology, indicating a good dispersion of C30B and HT in the PCL matrix; ie., no
phase separation was observed.

The morphological characterization of these materials was completed by
transmission electron microscopy (TEM), allowing a qualitative evaluation of the
dispersion degree of the nanoclay in the PCL matrix. TEM micrographs of PCL
nanocomposites containing C30B showed partial exfoliation, since swollen and single
dispersed clay layers were observed (Figure 1). Complete exfoliation of nanoclays into
individual platelets is not often achieved in nanocomposites and consequently a mixed
morphology consisting of intercalated and exfoliated structures is usually obtained'.

In general terms, TEM tests suggested the good dispersion of C30B in the PCL
matrix, since no aggregates were observed. These results could be attributed to the
strong interactions between polymer and nanoclay, caused by the hydrogen bonding
between the carbonyl group in the polymer structure and the hydroxyl groups of the

organo-modified nanoclayl.

XRD analysis.

ACS Paragon Plus Environment 15
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The dispersion of clays in nanocomposite films was studied by using X-ray
diffraction (XRD). The XRD pattern of PCL was characterized by the presence of two
distinct peaks at 20 = 24.9° and 27.5° corresponding to the (110) and (200) planes,
respectively suggesting a semi-crystalline structure'®. No noticeable differences were
found from the XRD patterns for all formulations in this angle range, suggesting that the
polymer matrix structure was not influenced by the presence of the filler and/or HT.

The most important variations in XRD patterns of these PCL-based nano-
biocomposites were found in the low angle range (below 10°), which gives indication of
the clay dispersion into the polymer matrix (Figure 2). C30B was characterized by a
single diffraction peak at 20 = 4.8°, corresponding to the (001) basal reflection'®,
accounting for 18.6 A interlayer distance. A shift of the clay diffraction peak to lower
angles in these nano-biocomposites was observed, indicating a good interaction of the
nanoclay with the polymer matrix, showing an increase in the interlayer distance up to
32.7 A for PCL/C30BS5 due to the intercalation of PCL macromolecular chains into the
clay galleries. Luduena et al. reported similar results for PCL/C30B nanocomposites
showing a final dyy; spacing value increased to 33.1 A (79% from the initial Value)32.
These results could be also correlated with those obtained for oxygen barrier properties,
since an inverse correlation between d-spacing and oxygen transmission rate was
apparent™. However, there was no shift in the interlayer distance in nano-biocomposites
with different clay content, suggesting that clay load did not affect the clay platelets
intercalation. Similar results were found by Ahmed et al. for PCL/C30B films with
nanoclay compositions ranging from 2.5-10 wt%'?.

In addition, some decrease in the C30B peak intensity was observed, in particular
when the active additive was introduced in the formulation. Since C30B is characterized

by the presence of free hydroxyl groups, the short alkyl chains of the C30B organic
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modifier would make these groups available for interactions with the polymer
macromolecules and HT reactive functional groups, resulting in higher dispersion
degree of the nanoclay in the polymer matrix'*. On the other hand, the basal diffraction
around 5.2° in nano-biocomposites XRD patterns may correspond to a fraction
characterized by a different alkylammonium chain arrangement in the interlayer space

or to a small amount of unmodified C30B%.

Barrier properties.

Barrier to oxygen is one of the main issues in the design of materials for food
packaging applications. The high sensitivity of many food products to oxygen
degradation, microbial growth stimulated by moisture and aroma retention needed for
keeping the food quality requires the improvement in biopolymers barrier properties to
gases, vapours and aromas’. In general, permeability of a polymer to oxygen or water
vapour is dependent on some interrelated factors, including polarity, hydrogen bonding
between side chains, molar mass and polydispersity, cross-linking, processing
methodology, and crystallinity™.

Results obtained for the oxygen transmission rate per film thickness (e), OTRee,
for all the studied materials are shown in Table 4. Films containing nanoclay showed a
slight decrease in OTRee (p > 0.05) due to the nanoclay intercalation into the PCL
structure. On the other hand, some increase in OTRee was observed for samples with
HT (p > 0.05). This effect could be due to the plasticizing effect of HT resulting in the
increase in the mobility of PCL chains®®. A significant improvement in oxygen barrier
(p < 0.05) was achieved for ternary nano-biocomposites containing C30B and 10 wt%
HT, rendering more competitive materials for oxygen sensitive products. This result

also suggests that the incorporation of the active additive could promote the
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intercalation of the nanofiller into the PCL matrix by improving the dispersion of the
nanoclay in the PCL matrix and finally improving oxygen barrier properties. A similar
effect was observed in nano-biocomposites based on plasticized PLA containing
C30B*. This improvement in barrier properties may be explained by the theory
developed by Nielsen®, based on the tortuous pathway that gas molecules should follow
to diffuse through the polymer. This tortuosity is produced by the good dispersion in the
matrix of the layered silicates platelets, and the consequent longer diffusion pathway
increasing the diffusion time and decreasing permeability®®>°. According to Duncan®,
barrier properties are not only influenced by tortuosity, but also by changes in the
polymer matrix at the interfacial regions. In the case of favourable interactions between
polymer and nanofiller, polymer strands close to each nanoparticle can be partially
immobilized, working against the gases diffusion. In this sense, the Beall*” model states
that the polymer region around the clay affecting diffusion is the constrained region,
characterized by lower free volume and diffusion coefficient.

Regarding the nanofiller content, no significant differences were observed by
comparing OTRee results for films containing 2.5 and 5 wt% of nanoclay (p > 0.05),
suggesting a possible filler agglomeration in films with higher amounts of C30B. In this
sense, Sanchez et al. found that composites containing 5 wt% of different nanofillers
exhibited the highest oxygen barrier performance, and that the addition of larger
amounts of nanoclays (10 wt%) to various biopolyesters did not result in further oxygen
barrier improvements'. These results suggest that there should be a balance between the
filler content, the nanocomposite morphology and the possibility of permeability

deterioration caused by filler agglomerationzz.

Colorimetric analysis.
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Colour is an important factor to be considered for some industrial applications.
Colorimetric analysis of films was carried out to evaluate the effect of the presence of
the studied additives (Table 4) in this important property. Significant differences in
colour were observed as the result of the HT and/or C30B addition to PCL (p < 0.05). In
this sense, neat PCL showed the highest L* value, with a significant decrease in the
presence of additives; especially for the ternary nano-biocomposites, indicating a
significant darkening of these films. AE* wvalues increased in ternary nano-
biocomposites. A significant improvement in a* and b* values was also found for these
films (p < 0.05) resulting in a slightly amber colour. Similar colour changes were
reported for polypropylene stabilized with hydroxytyrosolzz, contributing to strengthen
the colour of the obtained films. Rhim®” also reported a decrease in L* values and an
increase in b* and AE* values in films produced by blending agar with C20A and
C30B, suggesting that differences in colour might be attributed to the dispersion of the

nanoclays in the polymer matrix.

Release of HT from PCL nano-biocomposites.

The combination of active additives and nanocomposites can synergistically lead to
materials with balanced properties and functionalities for food packaging applications.
The formulation of novel antioxidant nano-biocomposites based on PCL and HT can be
considered as a way to control solubility and release of the antioxidant agent to
foodstuff. In this sense, phenolic compounds from virgin olive oil, such as HT, are
known to play an antioxidant role in preventing biomolecules damage. One of the most
abundant components of olive oil is an oleuropein derivative named oleacein
(dialdehydic form of decarboxymethyl elenolic acid linked to HT)*. The evaluation of

equilibrium and kinetic properties of hydroxytirosol in these nano-biocomposite films
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was carried out with methanol as release media. It is known that the tendency of HT
(and other phenols) to be solubilized, transferred, or diffused into a given solvent is
governed by thermodynamics. One of the primary thermodynamics factors describing
this tendency is the activity coefficient’” which increases as solubility decreases.
Although methanol is not commonly used as food simulant, the activity coefficient of
HT at 25 °C in this solvent (0.20) is in-between those shown in ethanol (0.027) and
water (0.91)* allowing to explore broader applications of these nano-biocomposites.
Figure 3a shows the HT release for the three obtained nano-biocomposite films
containing HT 10 wt%. As it can be seen, desorption equilibrium was reached after ca. 1
hour from the beginning of the process. It is important to note that the release
experiment was very aggressive, because materials were completely immersed in
methanol. The presence of the nanoclay leads to the decrease in the HT release, with
cumulative release values of 7.9 and 7.7 % for C30B2.5 and C30BS5, respectively (Table
5). This behaviour could be probably related to interactions between C30B and HT. In
this sense, Sanchez et al. found an enhancement in thymol solubility in PCL
nanocomposites due to the presence of nanoplatelets, possibly due to the retention of the
active agent over their surface'. They also found a decrease in the thymol diffusion
coefficient with the addition of nanoclays, as the result of the tortuous path imposed to
the diffusion of the active agent through the nanocomposite bulk. These results suggest
that it is possible to control the release of natural agents with interest in the design of
novel active films and coatings through incorporation of laminar nanoclays into
bioplastics, such as PCL. A similar behaviour was found for Pereira et al. for urea-
montmorillonite nanocomposites, showing slower release when compared to pure
urea*'. This profile was probably related to the fact that, as a consequence of some

interaction between montmorillonite and urea, this compound would need to adsorb in
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montmorillonite platelets after its dissolution; also showing the importance of
exfoliation in the controlled release.

The assessment on the release mechanism was performed by using the power law
Korsemeyer-Peppas equation42

C/Cyx =kt" @)
where C, and C, are the cumulative concentrations of HT released at time ¢ and at
infinite time respectively, and k and »n are fitting parameters, giving the later useful
information on the release mechanism. The validity of eq. (4) is restricted to C/Cy, <
0.60".

Figure 3b shows the fitting of Eq. (4) to the experimental data and the computed
fitting parameters are summarized in Table 5. It was observed that the desorption
mechanism of HT in PCL/HT10 is non-Fickian (0.5 < n < 1), which is indicative of
coupling diffusion and relaxation mechanisms. However, for nano-biocomposites n
values were approximately 0.5, showing that HT desorption is diffusion-controlled (so-
called Fickian). In this case, the apparent diffusion coefficients, D,,, can be computed

directly from k, by using the following equation
k=(4/D)*(D,, | )" (5)

where 1 is the film thickness (cm). The calculated diffusion coefficients for HT
desorption from PCL/HT10/C30B2.5 and PCL/HT10/C30B5 were 2.9 (£ 0.5) x 1071
cm® s and 4.5 (+ 0.6) x 107'° cm® s, respectively. These values show that the release
of HT under these conditions is very slow and also suggests that the diffusion follows
the trend of the O, permeation; that is, an increase in the nanoclay content leads to an
increase in O, permeation and HT diffusion. Taking into account these data, it comes

out that the transport mechanism is rather complex and the reasons behind that are not

yet well understood.
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Conclusions

In conclusion, the effect of the addition of HT and C30B on properties of PCL-
based nano-biocomposites was evaluated by using several analytical techniques. In this
sense, some decrease in elastic modulus was observed for films containing HT,
suggesting some plasticizing effect in the polymer matrix. On the other hand, the
incorporation of C30B resulted in some decrease in thermal stability and a significant
enhancement in oxygen barrier and tensile properties, due to the successful intercalation
of the nanofiller into the matrix. Slight differences in colour with the addition of the
additives for all films were also observed. Nano-biocomposites showed slow release for
HT, which is an important result for its potential application as PCL-based active films
and coating systems, with eventual substitution of common synthetic antioxidants used
in packaging materials. The obtained PCL-based nanocomposites have shown improved
functional properties and can be regarded as potentially interesting materials for active
packaging applications within the food manufacturing and agricultural sectors. To
complete these investigations, further tests are to be carried out in order to evaluate the
migration and antioxidant performance of these nano-biocomposites by contact with

food.
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FIGURE CAPTIONS

Figure 1. TEM images of neat PCL (A) and PCL/HT5/C30B2.5 (B) nano-
biocomposite.

Figure 2. XRD patterns of C30B, PCL, and the obtained PCL bio-nanocomposites in
the (2-10°) angle range.

Figure 3. (a) Desorption release profiles (a) and short-time range (C/C,<0.6)
desorption kinetics (b) of HT from PCL/HT10 (o), PCL/HT10/C30B2.5 (o) and
PCL/HT10/C30BS5 (A) films; solid lines (b) represent the fitting of Eq.(4) to desorption

kinetic experimental data.
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TABLES

Table 1. PCL nano-biocomposites and thickness (mean + SD, n = 5).

Table 2. DSC results obtained for all formulations in nitrogen atmosphere (mean + SD,
n = 3). Different superscripts within the same column indicate statistically significant
different values (p < 0.05).

Table 3. Thermal (mean + SD, n = 3) and mechanical properties (mean = SD, n = 5) of
the studied films. Different superscripts within the same column indicate statistically
significant different values (p < 0.05).

Table 4. Colour coordinates (mean = SD, n=5) and OTR-e values from active films (e:
thickness, mm; mean + SD, n=3). Different superscripts within the same column
indicate statistically significant different values (p < 0.05).

Table 5. Concentration of HT released in the HT 10 wt% formulations.
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Table 1.

Formulation HT (wt %) C30B (wt %) Thickness (um)
PCLO - - 204 + 3
PCL/HTS 5 - 202+ 6
PCL/HT10 10 - 206 £ 6
PCL/C30B2.5 - 2.5 191 £4
PCL/C30BS - 5 198 +3
PCL/HTS5/C30B2.5 5 2.5 196 £5
PCL/HT10/C30B2.5 10 2.5 201 +£3
PCL/HTS/C30BS 5 5 191 +£2
PCL/HT10/C30B5 10 5 198 +4
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Table 2.

Sample Tc(CC) Tm(C) AHc(Jg") AHL,(Jg")  x (%)

PCL0 28 +2° 51+2° 48 £ 1° 66 + 4° 46 + 1°
PCL/HT5 32 2% 56+ 1° 53 +£3° 70 £ 2° 49 +1°
PCL/HT10 27 +3° 55+ 2% 55+1° 72 +£2° 51+2°
PCL/C30B2.5 35+£1° 59 +£2° 58 +3° 72+ 1° 52 £2°
PCL/C30B5 34 + 4% 58 +1° 53 +£2° 69 + 2° 51+1°
PCL/HT5/C30B2.5 31+1° 57 +3° 52+ 1° 69 + 3° 50+ 1°
PCL/HT10/C30B2.5 28 +2° 56+ 1° 49 + 2% 71 +2° 51+2°
PCL/HT5/C30B5 28 +2° 56 +2° 51+ 2% 63 +2° 47 +2°
PCL/HT10/C30B5 27+ 3° 55+ 1° 49 + 1% 60 + 4° 48 + 1°
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Table 3
Sample Tiniswte CC)  Tuax CC)  £8(%) E (MPa) TS (MPa)
PCLO 348 +2° 415 + 3° 201 507 £21° 12+£2°
PCL/HT5 350 + 2° 412 + 4° 204+2° 453 +£25° 10 + 2%
PCL/HT10 330+£3°  416+1° 38 £2° 413 £25° 10+1°
PCL/C30B2.5 300 + 5° 409 + 4° 40 +£2° 687 +31° 9+1°
PCL/C30B5 280+3Y  390+2° 49 +1% 794 +24° 7+1°

PCL/HT5/C30B2.5  330+1°  405+4° 36+£3° 491 +£33° 94 1%
PCL/HT10/C30B2.5 330 +3° 411 1% 41+£2° 463 +18° 8 + 2%
PCL/HT5/C30B5 328 +3° 403 +3° 43+£2° 622 £29° 9 4 2%
PCL/HT10/C30B5 327 +4° 407+ 3° 46 + 1 732 +45¢ 7 + 3%
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Table 4.
Sample , OTR-e2 Colorimetric parameters
(cm” mm m™” day) L* a* b* AE
PCLO 51+ 2° 83.6+0.6° -09+0.4° 24+0.6" -
PCL/HT5 54+ 1° 791+12° -06+06° 6.1+£03° 2.5+£0.2°
PCL/HT10 56 + 3% 755+1.7° -07+02° 98+03 3.1+0.1°
PCL/C30B2.5 49 + 4° 76.0+£22° -09+0.2° 4102 2.1+02°
PCL/C30B5 49+ 5° 75.4+12° -13+0.5 69+04° 26+02°
PCL/HT5/C30B2.5 50 + 4° 529+08" 23+02° 104+04° 32+02°
PCL/HT10/C30B2.5 31+1° 51.622.97 36+0.8° 12.9+04° 3.6+0.3°
PCL/HT5/C30B5 40 + 3° 475+09° 3.1+0.65 11.9+06° 3.4+02
PCL/HT10/C30B5 32420 40.6+2.8" 29+0.5° 10.1+0.3° 3.240.2"
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Table 5
Sample HT released Eq. 4)
(%) n k/s™ R’
PCL/HT10 9.2 0.65 (£0.02) | 0.008 (£0.001) | 0.9942
PCL/HT10/C30B2.5 7.9 0.56 (0.01) | 0.013 (£0.001) | 0.9952
PCL/HT10/C30B5 7.7 0.57 (£0.02) | 0.016 (£0.002) | 0.9914

R%: correlation coefficient.
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Figure 1.
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cumulative HT release (%)
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