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ABSTRACT

Active nanocomposite films based on poly(lacticdac{PLA), thymol and silver
nanoparticles (Ag-NPs) were prepared and charaetkrPLA films containing 6 and 8
wt% thymol and 1 wt% Ag-NPs were processed by eiruto obtain binary and
ternary formulations. The addition of thymol and-N&s modified the PLA thermal,
optical and barrier properties; in particular wateapour permeability (WVP),
maintaining oxygen transmission rate (OTR) valueshanged. Homogeneous surfaces
in all films were obtained as proved by FESEM migephs. The presence of the active
additives enhanced the disintegration rate of Ph#élen composting conditions, which
was completed in 14 days. Results suggest thae thasocomposite films could be
considered promising degradable active packagintgnmaés with low environmental

impact.

KEYWORDS: poly(lactic acid); thymol; silver nanoparticlesctize packaging;

disintegration; characterization.
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1. Introduction

The preservation of the environment and the atmerpland soil pollution caused by
fossil fuel-derived plastics have focused on risiregearch interest towards the
development of bio-based and biodegradable matenahigh-impact sectors, such as
food packaging [1]. These materials are under a@gwveent by strictly following the
guidelines for the efficient use of natural and ensable resources, keeping the
properties of conventional thermoplastics to pneséood quality and consumer safety,
while reducing waste disposal and L£@otprint by offering new recycling and
recovery options [2]. Among them, poly(lactic aciBLA) has received attention
mostly due to its inherent renewable source, adequtical and mechanical properties,
and high biodegradation/biocompatibility capaleftito be easily degraded into water
and CQ[3]. In addition, PLA is classified as “Generallye&gnized as Safe” (GRAS)
for food packaging applications, fulfilling the rdgements to be in direct contact with
aqueous, acidic and fatty foods [4].

Innovations in food packaging have focused on thevelbpment of active
nanocomposites, which are particularly useful inesgimg technologies due to their
improved structural integrity and barrier propestiebtained by the addition of
nanomaterials (either nanoclays or metal nanopes)ic and the increase in
antimicrobial/antioxidant properties in most casssthe action of active additives
and/or the own nanofiller. The use of nanofillersnnovative food packaging materials
has also resulted in improving some of their kegpprties, such as strength and
flexibility, barrier to gases, moisture stabilitgdahigher resistance to heat and cold [2,
5-7]. Nanocomposites with metal nanoparticles aagnigg importance in active
packaging, since they could play a double rolenasofillers (enhancing mechanical

and barrier properties) and active agents withnaintobial performance [8-11]. In this
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context, silver nanoparticles (Ag-NPs) have beewlistl by their strong antimicrobial
effect to a wide range of microorganisms in hedtibd packaging and textile industries
besides of a number of environmental applicati®tgsNPs have been already used in
some commercial products by their antimicrobialfgenance and they have been
approved by the US Food and Drug Administration ARDUS Environmental
Protection Agency (EPA), Society of Industrial-Teology for Antimicrobial Articles
(SIAA) of Japan, Korea’'s Testing and Research timstifor Chemical Industry and
Functional Textile & Clothing Testing Institute (H) in Korea [12]. Ag-NPs have been
also used in polymer formulations by their stapilat high temperatures and low
volatility to improve the antimicrobial resistanagf polymers used in specific
applications, such as food packaging [13-16]. Adowy to the Council Directive
94/36/EC (1994), silver is accepted as food adelitiuth the code E174 if used as
“external coating of confectionary, decoration bbcolates, liqueurs”. Nevertheless, in
food contact materials, Ag-NPs are not still allowbut the presence of certain silver
zeolites is already authorized in plastic food eordrs and rubber seals [17]. Therefore,
toxicological issues should be taken into accounall new developed materials with
Ag-NPs in their composition. Lavorgna et al. systhed active nanocomposites by
loading chitosan with Ag-MMT nanoparticles. The segsful intercalation and the
interaction between chitosan and Ag-NPs led to ¢hbancement of the thermal
stability of the developed active nanocomposités.[1

The combination of additives from natural sourcés @ntimicrobial and/or antioxidant
performance with nanofillers to improve polymer i@d@eristics while having positive
impact on food shelf-life extension and safety basn also introduced in this novel
concept of active nanocomposites [19]. In particulaymol has been extensively used

as a natural active antimicrobial and antioxidagerd. Different strategies for the
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incorporation of this type of active agents to @apkg materials have been proposed,
by the inherent volatility of these compounds, lasy in some drawbacks related to
their thermal stability and full control of the ealse kinetics [20-21]. Recent studies
have proposed the use of new methodologies to weptbe permanence of active
agents during polymer processing. One interestppyaach consists of controlling the
addition times of the nanocomposite componentbamielting state. Other possibility
to protect volatile essential oils during procegsis based on reinforcement with
nanofillers [20, 22-24] or encapsulation techniq{2s-28]. Thymol is recognized by
the Food and Drug Administration (FDA) as a GRA®stance for its use in direct
contact with food [29]. It is used in active packepby its high diffusion rate into most
of the polymer matrices and its ability to be rel minimizing the bacterial growth
and delaying the oxidation processes in food [21].

In a previous study, the influence of thymol and-ls on the degradation of PLA-
based nanocomposites under composting conditiondombone tensile bars was
reported. These formulations were used for theyaigabf thermal, morphological, and
mechanical properties of these PLA-based nanocateppsvhich showed suitable
properties to be used as biodegradable active fwmarkaging systems, with clear
improvement in the inherent biodegradable charamt&LA after the addition of both
additives [23].

Nano- and thin-film technologies based on novelesys associating metal particles
and natural additives to polymer matrices openoadbrrange of new applications, such
as bio-films with antimicrobial effect for the foaddustry. In this context, the present
work aims to develop biodegradable thin nanocomeddms (around 4Qum thick)

based on PLA with thymol and Ag-NPs as active agebstto extend their applicability
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to packaging systems [30]. For this purpose, thaluation of their thermal,

morphological, optical, barrier and disintegratmoperties is presented in this work.

2. Materialsand methods

2.1 Materials

Thymol (99.5 % purity) was supplied by Sigma-AldritMadrid, Spain). Commercial
silver nanopatrticles (Ag-NPs), P203, with a siz&trddution range of 20-80 nm, were
purchased from Cima Nano-Tech (Saint Paul, MN, USAg-NPs were thermally

treated at 700 °C for 1 h as reported elsewherp BXommercial poly(lactic acid)

PLA-4060D (Ty= 58 °C, 11-13 wt% D-isomer) was supplied in pslley NatureWorks

Co., (Minnetonka, MN, USA).

2.2. Nanocomposite films preparation

PLA-based nanocomposites were processed in a twaws microextruder (Dsm
Explore 5&15 CC Micro Compounder, Heerlen, The Ne#mds). PLA pellets were
dried overnight at 45 °C before extrusion to prévpolymer hydrolysis during
processing. A 170-180-190 °C temperature profile arscrew speed of 150 rpm were
used in the extrusion process. Different binary &vhary PLA-based formulations
were obtained (Table 1): three binary systems, aoimyg 6 and 8 wt% of thymol
(PLA/T6 and PLA/TS, respectively) or 1 wt% of Ag-BIRPLA/AQ); and two ternary
systems, containing 6 wt% of thymol and 1 wt% ofMBs (PLA/Ag/T6), and 8 wt%
of thymol and 1 wt% of Ag-NPs (PLA/Ag/T8). An addihal sample without any
additive was also prepared as control (PLA).

For binary systems, a total mixing time of 6 minswssed. Thymol was added in the

last 3 minutes and the screw speed was then redoc&@0 rpm to limit losses by



134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

vaporization. For ternary systems (PLA/Ag/T6, PLA/A8), a masterbatch of PLA and
Ag-NPs was first processed in the extruder durimgi3 and it was then combined with
6 or 8 wt% of thymol for 3 additional minutes. Aftenixing, PLA and PLA
nanocomposite films were obtained in a hot-pregh wihead force of 1500 N and a
maximum temperature of 195 °C (Table 1); Films khess was determined to be
around 40um with a 293 MDC-Lite Digimatic Micrometer (Mitutoy Japan) at five

random positions.

2.3. Characterization of nanocomposite films

PLA-based nanocomposite films were characterizedtenms of their thermal,
morphological, optical (colour, light transmissip@nd barrier (oxygen transmission

rate, water vapour permeability) properties.

2.3.1. Thermal properties

Thermogravimetric analysis (TGA) was carried outusing a TGA Seiko Exstar 6300
(USA) instrument. Samples (7 mg) were heated frdnt® 700 °C at 10 °C miin
heating rate under nitrogen atmosphere (flow ralenf. min'). Analyses were
performed in triplicate.

Differential scanning calorimetry (DSC) measurersemére conducted, in triplicate, by
using a DSC Mettler Toledo 822/e (Schwerzenbachitzériand) under nitrogen
atmosphere (50 mL mif). Samples (3 mg) were introduced in aluminium p@@spL)
and were submitted to the following thermal progra2s to 200 °C at 10 °C mitnwith
two heating and one cooling scans. Glass transiéioperature (J) was determined in

the second heating scan.
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2.3.2.Field emission scanning electron microscopy (FESEM)

The surface profiles of neat PLA and PLA active ommposite films were evaluated
by FESEM (Supra 25-Zeiss, Jena, Germany) to sthéy thomogeneity and the
influence of thymol and Ag-NPs on the polymer maiplgy. Samples were coated
with a gold layer prior to analysis in order to nease their electrical conductivity by
using a B7341 Agar automatic sputter coater (Agaer8ific Ltd, Stansted, United

Kingdom).

2.3.3.Optical properties

The light transmission of PLA-based films was detieed, in triplicate, by using a
Perkin EImer Lambda 35 UV-Vis spectrophotometerl{iigan, MA, USA). Tests were
carried out at 500 nm in transmittance (%) modevaluate the transparency of all
films in the visible region. Each film was cut irb 2.5 ¢ strips.

Modifications on the films colour caused by addiswvere determined with a Konica
CM-3600d COLORFLEX-DIFF2 colorimeter (Reston, VASH) using the CIELab
colour parameters. Changed.in (lightness)a* (red-green coordinate) ad (yellow-
blue coordinate) were determined from the resuttsioed with the colorimeter. The
instrument was calibrated with a white standarel tWleasurements were taken at five
different random locations over the film surfaced aaverage values were calculated.
Total colour differencesAE*) were calculated by using Eg. (1), comparing vatheat
PLA film (standard):

AE*= [(AL*) *+(Aa) *+(Ab%) 2 1)

whereAL*= L*siandara— L* sample Aa@* = a* standard— a* sampleandAb*: b* standara— 0* sample

2.3.4.Barrier properties
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Oxygen transmission rate (OTR) is defined as thal tamount of oxygen passing
through a plastic film per time unit. An oxygen mpeation analyser (8500 model
Systech, Metrotec S.A, Spain) was used for OTRs t@gh pure oxygen (99.9 %). Film
samples were cut into 14-cm diameter circles aeg there clamped in the diffusion
chamber at 25 °C before testing. Tests were peddnm triplicate and average values
were expressed as oxygen transmission rate petHitkness (OTR*e).

Water vapour permeability (WVP) was determined gnerically by following the
ASTM E 96M-05 Standard test method. Films wereioutircles of 95 mm diameter
and mounted on stainless steel permeation cellgicamg anhydrous calcium chloride,
sealed with paraffin. These cells were placed iglimatic chamber (Dycometal,
Barcelona, Spain) at 23 °C and 50% relative humi(iRH). The amount of water
vapour transferred through the film and absorbethbydesiccant was determined from
the weight gain of the cell after 24 h. A minimuifrseven determinations were taken to
plot the weight variation with time resulting inli@ear characteristic graph. Water
vapour transmission (WVT) was calculated with B). (

WVT = (G/t)/A (g-H-m?) 2)
where A is the film area exposed (0.009 mnd G/t is the slope obtained from plotting
the weight gained in the permeation cell (G, graves3us time (t, hours).

The water vapour permeability (WVP) of films wadeatenined, in triplicate, by using
Eq. (3).

WVP (kg-m-P&-s-m?) = WVT xe/ (S(R-R»)) (3)
wheree is the film thickness, S is the saturation vagan@ssure at 23 °C, andi(Ry) is
the difference in relative humidity between theeexir and interior of the permeation

cell (0.5).
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2.4. Disintegrability under composting conditions

Disintegration tests under composting conditionseweerformed by following the 1SO
20200 standard method. A commercial compost wikadiamounts of sawdust, rabbit
food, starch, sugar, oil and urea was used. Aerobitditions were guaranteed by
mixing the compost softly and by the periodical iadd of water according to the
standard requirements. Testing samples (20 x 2@ films), in triplicate, were
weighted and buried at 5 cm depth in perforatecebaontaining the prepared mix and
were incubated at 58 °C.

Several disintegration times were selected to receamples from burial: 0, 1, 2, 4, 7
and 14 days. Samples were washed immediately @tiction with distilled water to
remove traces of compost extracted from the coetand were further dried at 37 °C
for 24 h before gravimetrical analysis. The disgnébility value for each material at
different times was obtained by normalizing the gknweight with the value obtained
at the initial time. Photographs of recovered sasplvere also taken for visual

evaluation.

2.5. Statistical analysis

Statistical analysis of results was performed VB#SS commercial software (Version
15.0, Chicago, IL). A one-way analysis of varian@@NOVA) was carried out.
Differences between means were assessed on tlsedbasinfidence intervals using the

Tukey test at a p < 0.05 significance level.

3. Resultsand discussion

3.1. Thermal properties

10
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The effect of the addition of thymol and Ag-NPs thie thermal properties of PLA-
based films was investigated by DSC and the maulte are summarized in Table 2,
while the thermograms obtained for the second hgacan are shown in Fig. 1a. The
glass transition temperaturegf{Tof PLA and all nanocomposites was clearly obs#rve
due to the amorphous character of the PLA usedisstudy, while no crystallization
or melting phenomena were detected (Fig. 1a).

The addition of Ag-NPs to PLA (PLA/AgQ) did not realesignificant differences with
respect to neat PLA in terms of Tp > 0.05), in agreement with previous studies [16
23]. However, thymol-based binary and ternary systshowed a significant decrease
(p < 0.05) in F values with differences higher than 10 °C (TableThis reduction in
Ty by the addition of thymol was related with the Heg mobility of the polymer
macromolecules caused by the increase in the tleene of the matrix, promoting the
torsion oscillation of the carbon backbone due faasticizing effect of thymol. It is
well known that the addition of low molecular weigtompounds decreases the PLA
rigidity and brittleness by reducing its glass #iion temperature and increasing the
mobility of macromolecules [32-33]. A similarg Bhift to lower temperatures by the
incorporation of thymol to different polymer magg producing a plasticization effect
was also reported in a previous work [20]. A sigaiht decrease inglcaused by the
incorporation of thymol to PLA-based films was ateported by other authors [22, 34].
A similar behaviour was reported fow-tocopherol, resveratrol, buthylated
hydroxytoluene (BHT) and tert-butylhydroquinone eddo PLA [33, 35-36]. In all
cases, an effective plasticizing effect was obskaral it was related to the addition of
these compounds, with the consequent decreasg in T

The thermal stability of neat PLA and PLA activenoeomposite films was studied

with TGA under nitrogen atmosphere. Fig. 1b and Eigshow the weight loss (TG)

11



258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

and derivative curves (DTG) of the obtained PLAdzhBIms. A main degradation peak
around 332-363 °C associated to PLA thermal degmadavas observed in all
materials. A first degradation step starting atuacb 120 °C was also detected, and it
could be related to the thymol degradation. Thig faonfirms the permanence of a
detectable amount of thymol in the nanocompositéer aprocessing at high
temperatures, as already reported in a previouk \\@8]. Moreover, the remaining
amount of the active additive in the polymer masfter processing was estimated from
the obtained TG curves. For binary systems, PLAM@ PLA/T6, 5.63 £ 0.02 wt% and
4.2 £ 0.2 wt%, respectively, were obtained; andtéwnary systems, PLA/Ag/T8 and
PLA/AgQ/T6, the concentrations of remaining thymdtea processing were 6.0 + 0.2
wt% and 4.2 = 0.2 wt%, respectively. These regeltgaled significant differences (p <
0.05) between binary and ternary systems with 8 wif%hymol. The main TGA
parameters, i.e the initial degradation temperaflifg) determined at 5 % weight loss
and the maximum degradation temperaturg,Tfor the main peak (associated to the
PLA thermal degradation), are shown in Table 2. $&earate addition of thymol and
Ag-NPs into PLA matrices did not affect significhnthe thermal behaviour of the
polymer matrix in terms of Jaxand T (p > 0.05). However, a significant reduction (p
< 0.05) was observed for PLA-based active nanocaitgwith thymol and Ag-NPs,
suggesting some loss in the PLA thermal stabilityis phenomenon could be related
with some degradation of these materials duringgssing caused by the presence of
metal nanoparticles, which enhanced the thermafluciivity of the nanocomposites,
speeding up the degradation process of the polgmmaatrix [37].

Table2

Figurel

12



283  3.2. Morphological analysis

284  The surface morphology and microstructure of PLAI active nanocomposite films
285 were studied by FESEM in order to evaluate theuerice of the incorporation of
286 thymol and Ag-NPs into the polymer matrix. Fig. Rows the FESEM surface
287 micrographs obtained for neat PLA and PLA nanocasiips after processing.
288 Homogeneous and smooth surface morphologies wesengdd for all materials, with
289  no apparent effect of the addition of thymol andMgs into the PLA matrix. Similar
290 morphologies were observed by other authors for R other polymer matrices
291  blended with Ag-NPs or thymol [16, 38-40]. Rhimatt reported also smooth surfaces
292 with evenly dispersed silver nanoparticles on thé RIm surface [40]. These results
293 demonstrate a positive combination between PLAmttilyand Ag-NPs to obtain

294 homogeneous surfaces after film processing.

295 Figure?2

296

297  3.3. Optical properties

298  All PLA-based films were visually homogeneous arahsparent regardless of their
299  composition (Fig. 3). The colour distribution obssd in all films suggests that
300 additives were uniformly distributed through thelypoer matrix during processing.
301 However, nanocomposite films containing Ag-NPs sbdwsome darkening in the
302 initially clear surface as well as some decreasgansparency, which is an important
303 physical property in food packaging films whereritjais desirable [41]. In fact, it has
304 been reported that the incorporation of some addfitto PLA can lead to substantial
305 modifications and transparency losses, represensingimportant drawback for

306 consumer acceptance [42]. Rhim et sliggested that surface plasmon phenomena

13



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

caused by silver nanoparticles and phenolic comg®usuch as thymol, may modify
PLA colour during processing and storage leadingptoe darkening of films [40].

Figure3

Results obtained for colour and transmittance 8try@ of all films are shown in Table
3. The modifications in surface colour in the PLAdy and ternary films was
significant (p < 0.05) depending on the additivehid/ some decrease (p < 0.05) in film
lightness (L-value) was observed in PLA films camtag Ag-NPs, it slightly increased
in those with thymol (p < 0.05) when compared ttuga obtained for the neat PLA
film. In addition,a* andb* parameters were modified by the presence of badftigaes
(Table 3). In particular, Ag-NPs-containing binaaypd ternary systems resulted in
significant shifts (p < 0.05) i* and b* towards positive values, indicating an
increasing trend in redness and yellowness, respigctof the active nanocomposite
films. Consequently, the total colour differenaes*, of those films with Ag-NPs
increased significantly (p < 0.05) compared to nBa&A. This behaviour can be
explained by the development of brown colour ina@mposite films caused by the
plasmonic effect of Ag-NPs [43]. Regarding binagstems containing thymol, the
obtained results indicated that these films werenmach different in colour compared
to neat PLA.

PLA is a transparent polymer with a transmittanloses to 95% in the visible region
(Table 3), as already reported [41]. The evaluatbthe light transmission of PLA-
based nanocomposites at 500 nm revealed thateablittary and ternary films were, in
general, highly transparent, showing transmittaveees higher than 90 %. A slight
decrease (p < 0.05) in transmittance was observethary systems containing thymol,

which might be due to the colourless transparemeamance of this additive. The

14
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inclusion of Ag-NPs into the PLA films also proddcsome significant reduction (p <
0.05) in transparency, which was related to thegmrgon of light transmission by the
nanoparticles homogeneously dispersed throughdhener matrix [14]. The obtained
results suggested that the amount of additivesnohyand Ag-NPs, used in these
formulations did not affect dramatically the coloamd transparency of PLA films.
Therefore, their incorporation into the PLA matcould be suitable for food packaging
applications without compromising, to an unaccelgtaegree, its optical properties.

Table3

3.4. Barrier properties

The effect of the addition of thymol and Ag-NPs thwe barrier properties (OTR and
WVP) of PLA-based films was studied and the masults are shown in Table 2. Films
with low oxygen permeability are desirable for fopteservation, since oxygen can
accelerate food oxidative degradation and faoditathe growth of aerobic
microorganisms, thereby shortening the food shikffL1]. TheOTR-evalues obtained
in this study showed that the oxygen barrier offdbg neat PLA was not significantly
modified (p > 0.05) in the presence of additivethatstudied concentrations.

The evaluation of the barrier properties to watapour of these PLA-based
nanocomposite films is important to assess thessibdities to be used as food
packaging materials since one of their main fumgichould be to decrease the
moisture transfer between food and the surroundmgronment keeping quality and
increasing shelf-life [44]. Water vapour barrier fiims could be considered as the
balance between the hydrophobic/hydrophilic charastics of all their components.
The WVP of the neat PLA film (Table 2) was not sigantly affected (p > 0.05) by

the incorporation of Ag-NPs (PLA/Ag). This behaviamay be due to the spherical

15
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shape of silver particles and their high dispersiothe polymer matrix which may not
develop a tortuous pathway to limit water vapodiudion [43].

It has been stated that high water vapour permgasbilof films intended for food
packaging could restrict considerably their usq.[#bthis case, the addition of thymol
to PLA-based films resulted in a significant deseedp < 0.05) in WVP values for
binary and ternary systems, up to 40 % compardbdse values obtained for the neat
PLA film. These results could be explained by tepulsion to water molecules caused
by the addition of a highly hydrophobic componestich as thymol, at high
concentrations [46]. Therefore, these thymol-comigy nanocomposites allowed an
important improvement in barrier properties to watapour, which is a remarkable
feature in food packaging applications, especiatlgtorage conditions with high RH.
Similar results were found by other authors undgrivalent environmental conditions
(23 °C, 45% RH), reporting a WVP value of 1.99 ¥1kg m m? s* Pa* for neat PLA,
and a 25 % reduction in WVP for PLA films loadediwii-tocopherol (4 wt%) [33].
Meanwhile, the addition of 2 wt% marigold flower teact containing astaxanthin
resulted in the decrease in 21 % in WVP of PLA, cehwas attributed to the
hydrophobic nature of this extract [47]. Conversalp significant differences were
observed for WVP of PLA/PCL-based films with thym@-12 wt %) compared to

PLA/PCL films, showing 2.54 x 1t kg m m® s* Pa' as WVP value [22, 34].

3.5. Disintegrability under composting conditions

Biodegradability tests are necessary to evaluateetivironmental impact of plastic
materials and to find solutions to avoid the distug accumulation of polymers after
their commercial shelf-life. The disintegrability BLA and PLA active nanocomposite

films under composting conditions was studied taleate their degradation in natural
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environments. The visual evaluation of all sampd¢sdifferent degradation times
showed considerable changes, with a clear whitehasg of transparency and evident
deformation and size reduction after 2 days (FigThese results were indicative of the
beginning of the hydrolytic degradation as it weparted in a previous study [23]. The
hydrolytic degradation process in PLA nanocompasited the increase in their opacity
can be attributed to various simultaneous phenomsumeh as the formation of low
molar-mass degradation by-products during hydrslgsie to the water absorption and
the increase in PLA crystallinity [48]. After 4 dayneat PLA and binary and ternary
systems became brittle and just small pieces ofisfiwere recovered. The faster
degradation of these active nanocomposite filmsnwb@mpared to previous results
obtained with injection moulded samples [20] carekplained by the lower thickness
of films, which showed considerable modificatioms dolour and a general loss of
transparency after 7 days under composting comditio

Figure4

Fig. 5 shows the evolution of disintegrability vedu (%) of films with time. A

progressive degradation of samples with the burmmk was obtained, which was
visually corroborated by the clear whitening andnsparency loss and evident
deformation observed in samples (Fig. 4). A simitehaviour was reported by
Fortunati et al., who indicated that the PLA hyglstd begins in the amorphous region
of the polymer structure producing an overall iase in polymer crystallinity [16].

This increase in crystallinity was expectable by ititrinsic amorphous character of the
PLA used in this work with a large content in D-leghantiomer [49]. Furthermore,
results obtained before the beginning of the butest (day 0) suggested that the

influence of thymol on PLA degradation profile lmportant, since significantly higher
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disintegration values were obtained for PLA/T6, PT3 PLA/Ag/T6 and PLA/AgQ/T8
compared to PLA or PLA/Ag samples (p < 0.05). Isvdescribed that thymol hydroxyl
groups can contribute to PLA hydrolysis after absay water from the composting
medium, resulting in a noticeable increase in tkgrability values for thymol-
containing PLA nanocomposites [23].

After 4 days of treatment, no significant differeac(p > 0.05) were observed for all
samples regardless of their composition and theabtime (Fig. 5), showing similar
weight loss and disintegrability ratio. It shoul@ lalso highlighted that the testing
temperature (58 °C) was higher than theflthe PLA-based films, previously reported
in the 40-45 °C range, resulting in some inductbthe crystallization process into the
amorphous zones in the polymer matrix and chainilibgtaccelerating the hydrolytic
degradation process. This behaviour could alsoelsted to the low thickness of the
tested samples [50].

It was observed that after 14 days of the buriat sl materials reached complete
degradation with weight losses higher than 90%n@isated in the 1ISO 20200 standard
for a biodegradable material). These results sugipes these active nanocomposite
films could be used as biodegradable materialsimegushort disintegration times.

Figure5

4. Conclusions

Degradable active films based on PLA, thymol andN®Rps were successfully obtained
by extrusion and further characterized in theirmtaermal, morphological, optical and
barrier properties. Disintegrability under compogtconditions was also studied. It was
found that the presence of thymol and Ag-NPs thinotlgg PLA matrix influences the

thermal stability of the ternary systems. The additof thymol to PLA-based films
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resulted in a decrease i ®f PLA, due to a slight plasticizing effect of $hadditive.
Optical properties suggest that the amount of aadif thymol and Ag-NPs, used in
these formulations did not affect dramatically dodour and transparency of PLA films.
FESEM micrographs showed a good incorporation ¢ laolditives and homogeneous
film surfaces. An enhancement in the barrier progerto water vapour was also
obtained by the incorporation of thymol, which pd®s improved protection to
packaged food. Additionally, the degradation stafigictive nhanocomposite films under
composting conditions showed that the inherentatyle character of PLA remained
after the incorporation of these additives. In faleé incorporation of 8 wt% of thymol
to PLA-based formulations increased the disintégmatate of the polymer matrix, due
to the presence of the reactive free hydroxyl gsoup the thymol molecule. The
combination of thymol and Ag-NPs induced higherrdegtion rates, suggesting their
advantages in industrial applications where dediadaould be an issue, such as in
food packaging.

Further work is currently on-going to evaluate thaltifunctional applicability of the
proposed active nanocomposite films, such as adaox and antibacterial behaviour or
kinetics release from the polymer matrix, to enstner ability to be used in food

packaging applications.
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Figure Captions

Fig. 1. DSC thermogram from the second heating scan (a)b)@nd DTG (c) curves of PLA-
based films.

Fig. 2. FESEM surface images of PLA and active nanocomgdisms.

Fig. 3. Visual observation of neat PLA and binary and tgrmanocomposite films.

Fig. 4. Visual appearance of neat PLA and active nanocsitgéims at different testing days
under composting conditions at 58 °C.

Fig. 5. Disintegrability (%) of neat PLA and nanocompodilens at different times under
composting conditions at 58 °C (mean + SD, n =T3)e line at 90 % represents the goal of
disintegrability test as required by the ISO 202@hdard. Different superscripts over different

samples at the same time indicate statisticallyiSaznt different values (p < 0.05).
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600 Tablel. PLA-based active nanocomposite films and thickifessan + SD, n = 3).

Formulation PLA (wt%) Ag (wt%) Thymol (wt%)  Thickness (um)
PLA 100 - - 35+
PLA/Ag 99 1 - 39+3
PLA/T6 94 - 6 402
PLA/T8 92 - 8 418
PLA/Ag/T6 93 1 6 42+3
PLA/Ag/T8 91 1 8 39+%

Different superscripts within the same column i@adkc statistically significant different
values (p < 0.05).
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Table 2. Characterization of neat PLA and nanocompositesfiimean + SD, n = 3).

Formulation Ty Tini Trax WVE*lg‘” B “Reduction OTR’_*ze B

(°C) (°C) (°C) (kgms'm?Pa)  inWVP (%)  (cm?® mm ni® day*)
PLA 56.3+2.2 320+4 3632 1.84 +0.12 - 19.9+2.%
PLA/Ag 53.7+0.8 316+4 3543 1.77 +0.0% 4 26.2+8.4
PLA/T6 433+02 321+3 3513 1.33+0.1% 27 185+1.8
PLA/TS 435+108 312+2 354x3 1.10 +0.09 40 207+1.8
PLA/Ag/T6 42.6+08 281+3 332+% 1.12 +0.08¢ 39 183+1.1
PLA/Ag/T8 43.0+0A 284+% 334+¢@ 1.17 +0.08¢ 36 18.3+1.9

T, determined by DSC from the second heating scaf &t mint.
Tini @nd T,as determined by TGA at 10 °C mtrin N,atmosphere. Corresponding to thédegradation step.
Different superscripts within the same column iatkcstatistically significant different values (j905).
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Table 3. Optical properties of neat PLA and nanocompositesfimean + SD, n = 3).

Colour parameters Transparency
Formulation L* a* b* AE* Ts00nm (%)

PLA 47.36 +0.09 -0.19+0.08  -0.12+0.02° 94.77 +0.01
PLA/Ag 46.67 +0.29 1.53+0.08 8.04 +0.0% 8.37 +0.08 91.31+0.0%
PLA/T6 48.25 0.2 -0.15+0.02  -0.22+0.04 0.89£0.18 93.53 +0.03
PLA/TS 48.33 £0.31 -0.28 £0.02  -0.06 +0.02 0.97 £ 0.34 94.41 +0.03

PLA/Ag/T6 45.47 0.2 1.21 +0.08 8.83 +0.08 9.25+0.16 90.21 +0.0%
PLA/Ag/T8 46.38 +0.22 1.04 +0.02 9.57 +0.08 9.81 +0.08 90.80 +0.02

Different superscripts within the same column iatkcstatistically significant different values (905).
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