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Poly(L-lactide)/ZnO nanocomposites as efficient UV-shielding coatings
for packaging applications

Erlantz Lizundia,* Leire Ruiz-Rubio,* José Luis Vilas,»? Luis Manuel Leén'2

Macromolecular Chemistry Research Group (LABQUIMAC), Department of Physical Chemistry, Faculty of Science and
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ABSTRACT: Poly(1-lactide) (PLLA)/ZnO nanocomposites have been developed as efficient UV-shielding coatings for packaging applica-
tions. ZnO have been selected as the most suitable UV-shielding material over 10 different metallic nanoparticles. Results reveal a
nucleating effect of ZnO in which PLLA crystallization half time is reduced from 7.4 to 4.7 min with only 0.05 wt % ZnO. UV-vis
spectroscopy confirms the UV-shielding effect in PLLA/ZnO nanocomposites, where the ultraviolet spectrum is blocked by 61.2% for
a concentration as low as 0.45 vol %, while the 95.9% of the visible radiation passes through the material. A schematic representation
explaining obtained UV-shielding effect is constructed based on the photon mean free path reduction as ZnO concentration increases.
Water contact angle increased from 81° up to 91° for the 5 wt % nanocomposite, which would result beneficial in view to develop
materials for packaging applications. Dynamic mechanical analysis exhibits a T, increase with nanoparticle loading arising from the

chain confinement caused by the presence of ZnO interacting surfaces. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42426.
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INTRODUCTION

The burnout of fossil resources that deals our civilization makes
imperative the development of ecofriendly materials with lower
energy consumption and environmental impact. In this regard,
the improvement of the functional properties of biopolymers
that would match the required properties for nowadays applica-
tions offer us the possibility of replacing current petroleum-
based plastics by biodegradable and renewable polymers,' avoid-
ing the use of nonbiodegradable materials such as polystyrene
(PE), polyethylene terephthalate (PET), and polypropylene
(PP). Polylactides are one of the most promising bioplastics due
to their economically feasible industrial production, high trans-
parency, printability, inherent physicochemical characteristics,
renewable aspect, and thermoplastic character.”> The presence
of an asymmetric carbon in its structure results in different iso-
meric forms of polylactides,” being the semicrystalline poly (1-
lactide) (PLLA) the most interesting one because its tunable
biodegradability and mechanical properties.*

One of the main pathways toward the sustainable development
would be the development of PLLA-based parts for packaging
industry, where nonbiodegradable materials for short-term use

applications are mainly employed. In order to compete with
commercial thermoplastic currently used for packaging applica-
tions, one of the main drawbacks that need to be faced is the
high permeability of PLLA to ultraviolet (UV) light,” which dra-
matically affects the food quality. Indeed, it is proven that lip-
ids, flavors, vitamins, and pigments undergo degradation
reactions when exposed to light (oxidation of fats, formation of
aldehydes/methyl ketones/free amino acids, loss of vitamin C,
discoloration, and so on).” In this sense, to prevent the photo-
degradation of food and preserve them during the storage, it is
essential to improve the poor UV light barrier properties of
polylactides.

In this hypothesis, an efficient cost-effective approach to address
this matter would arise from the addition of fillers in which the
dispersed phase should act as strong UV absorbing element.
Zinc oxide (ZnO) is a functional n-type semiconductor with a
band gap of 3.37 eV which up to date has been used for pur-
poses such as solar energy conversion, electrostatic dissipative
coatings, chemical sensors, hybrid solar cells, etc.”® Zinc oxide
particles are also being currently utilized in sunscreens and sun-
block formulations.”'® ZnO-based sunscreens have the advant-
age over chemical-based sunscreens that they avoid the possible

Additional Supporting Information may be found in the online version of this article.

© 2015 Wiley Periodicals, Inc.
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skin irritation and allergies derived from the use of other UV-
protecting chemicals. Accordingly, the addition of environmen-
tally friendly zinc oxide to PLLA would confer high film trans-
parency in the visible range (4 between 400 and 800 nm) and
absorb most of the UV light (1 <400 nm), especially the UV-B
light (4 between 315 and 280 nm), which is the most energetic
component of natural UV light."'

For effective UV-filtering purposes, nanometric particles are
desired, since elements with diameters smaller than one-tenth
of the visible light wavelength are free from light scattering,'”
which make ZnO nanoparticles especially interesting. Another
important aspect concerning those nanoparticles is their ability
to increase antimicrobial resistance to its hosting matrix due to
the presence of reactive oxygen species (OH™) and Zn*™ ions
when nanoparticles are in contact with water,' >4
further improve the functional properties of polymers for pack-
aging applications.

which would

In this work, PLLA/ZnO nanocomposite films with concentra-
tions up to 5 wt % have been fabricated by solvent-
precipitation followed by compression molding. Because of their
strong UV absorption behavior, photostability, and safety as
denoted by American Food and Drug Administration (FDA)
approval,’” ZnO nanoparticles have been selected to develop
PLLA-based nanocomposite films for packaging applications.
Functional properties of nanocomposites have been evaluated
by UV-vis spectroscopy, water contact angle (WCA) measure-
ments, and dynamic mechanical analysis (DMA).

EXPERIMENTAL

Starting Materials

PLLA of number-average molecular weight (M,) 120,000 g/mol
were kindly supplied by Purac Biochem (The Netherlands).
Chloroform was purchased from LabScan and methanol was
purchased by Panreac. All the nanoparticles have been kindly
purchased by L'Urederra technological center (Spain).

Sample Preparation

Samples have been prepared by solvent-precipitation followed
by compression molding. First, ZnO nanoparticles were homo-
geneously suspended in chloroform (CHCl;) via mild-
sonication (20% output for 1 min, Vibra-Cell™ CV 334) and
they were added to previously dissolved PLLA to obtain nano-
composites with 1 wt % concentration. Another sonication step
(5 min) has been applied to dispersions before precipitating
them in an excess of cold methanol, which ensures a homogene-
ous distribution of zinc oxide within the polymer matrix. After
drying the resulting materials for 48 h at 60°C in a vacuum-
oven, films with a thickness of 150 pm were fabricated in a
hydraulic hot press by compression molding at 200°C for 4 min
under a pressure of 150 MPa followed by water-quenching
(nearly amorphous specimens were obtained).

Differential Scanning Calorimetry

The thermal behavior of samples was determined using a Met-
tler Toledo DSC 822¢ calorimeter under nitrogen atmosphere
(30 mL/min). Samples of 8 mg were sealed in an aluminum
pan, heated from 0 to 200°C at a rate of 10°C/min and held at
200°C for 2 min to remove previous thermal history. Then,

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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samples have been cooled to T.= 130°C at 50°C/min and held
at this temperature for 50 min to ensure that crystallization
process is completed. A subsequent heating scan at 10°C/min
was applied from —20°C to the samples in order to determine
the thermal transitions (T, AH., and AH,,). The crystalline
fraction X (%) attributable to the PLLA crystallization during
the corresponding heat treatment was determined as follows:'®

AH;—AH,

X.(%) = —1 — ¢«
(%) AHfO - Wi

-100 (1)
where AH; and AH, are, respectively, the enthalpy of fusion
and cold crystallization of the samples determined on the DSC
and W, is the PLLA matrix weight fraction in the composite
sample. AH =106 J/g was taken as the heat of fusion of an
infinitely thick PLLA crystal."”

UV-Vis Spectroscopy

UV-vis absorption spectra were recorded with a Shimadzu
MultiSpec-1501 spectrophotometer. Total transmittance experi-
ments have been analyzed in the range of 190-800 nm with a
sampling interval of 1 nm and 25 accumulations. UV-vis spec-
tra of metallic nanoparticles have been measured by dispersing
nanoparticles in distilled water at a concentration of 0.1 mg/mL
under mild sonication conditions (20% output for 5 min,
Vibra-Cell™ CV 334). UV-vis spectra of neat PLLA and its
nanocomposite counterparts have been collected from ~12-pm-
thick films in transmission mode (see Supplementary Informa-
tion, Figure S2; the representative profilometry data for PLLA/
ZnO nanocomposite films).

Contact Angle Measurements

Water was used as the probe liquid for the determination of
hydrophobicity at the nanocomposite surface. Measurements
were carried out by sessile drop method (2 pL per drop at a
rate of 2 pL/s) using a Neurtek Instruments OCA 15 EC at
room temperature. The average values were calculated using six
measurements of each composition.

Dynamic Mechanic Analysis

DMA was performed on a DMA/SDTAS861 analyzer (Mettler-
Toledo) in tensile mode. Specimens of 150 pm, 4 mm wide,
and 5.5 mm long were cut from compression-molded sheets.
Curves displaying storage modulus (E;) and the energy loss (tan
0) were recorded as a function of temperature at a heating rate
of 3°C/min, a frequency of 1 Hz and force amplitude of 1 N.

RESULTS AND DISCUSSION

UV-Shielding of Raw Metallic Nanoparticles

It is well-known that semiconductor nanoparticles, such as
TiO,, ZnO, CeO,, Fe,03, and CdS, absorb UV light because of
their electronic structures, characterized by a filled valence band
and an empty conduction band."® In this framework, in order
to evaluate which nanoparticle absorbs UV radiation to a larger
extent, as shown in Figure 1, UV-vis transmittance spectroscopy
has been carried out for 10 different materials. Since the trans-
mittance of a sample (T) could be defined as the relative num-
ber of photons that pass through sample (I) under an incident
light (Iy), i.e,. T=1/I,, a transmittance close to 100% denotes a
completely transparent film to the incident light. The ideal UV-

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42426
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Figure 1. UV-vis transmittance spectra of metallic nanoparticles. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

blocking element should present a transmittance of 0% at wave-
lengths bellow 400 nm and a complete transparency (transmit-
tance of 100%) at wavelengths exceeding 400 nm. According to
this statement, among all the studied nanoparticles, ZnO seems
to be more effective UV-protecting agent, since they look black
in the UV spectrum (T ~ 7%) and rather transparent in the
visible region (7T ranging from 50 to 90%). This sharp change is
due to a process of electron excitation called band-gap absorp-
tion, which absorbs light in the UV region. More precisely, the
UV-vis absorption spectrum of ZnO presents a strong exciton
absorption band centered at 366 nm, which is 9 nm blue shifted
compared to the absorption spectrum of bulk zinc oxide.

On the basis of their broad UV absorption range (as shown in
Figure 1), strong photostability (the UV absorption capacity
does not decrease over time), and safety as denoted by FDA
approval,’”” in this work, wurtzite ZnO nanoparticles (as
denoted by wide-angle X-ray diffraction pattern shown in Sup-
plementary Information, Figure S3) have been chosen to pro-
duce PLLA-based UV-absorbing films.

PLA/ZnO Crystallization Behavior

It is well known that PLLA, as a stereoregular polymer, is able
to develop a partial crystallinity when is heat-treated at temper-
atures between glass transition (T,) and melting point (T,)."°
For that purpose, isothermal crystallizations of PLLA/ZnO
nanocomposites have been carried out to understand how the
presence of ZnO affects the resulting crystallization ability of

Figure 2. DSC isothermal crystallization traces obtained at T, = 130°C
after quenching PLLA/ZnO nanocomposites from the melt. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

polymer matrix. Figure 2 shows the isothermal crystallization
exotherms of PLLA-based nanocomposites containing up to 5
wt % ZnO nanoparticles obtained at a crystallization tempera-
ture of T. = 130°C, while Table I summarizes the crystallization
parameters achieved during DSC scan.

In this framework, crystallization half time (#;,,) could be used
to understand crystallization kinetics of our materials, while
crystallinity degree (X.) could be employed to determine the
extent of this process. Additionally, in polymer-based nanocom-
posites, the T, value gives us information about the confine-
ment effect induced by the reinforcing phase. It can be observed
that even a low amount such as 0.05 wt % is enough to speed
up the matrix crystallization since lower times are required for
the completion bell-shaped curve. In fact, 15-30 nm wide and
60-110 nm long rod-shaped ZnO nanoparticles (as shown by
transmission electron microscopy image at a 140,000X magnifi-
cation in Supplementary Information, Figure S4) are acting as
efficient nucleating agents as illustrated by the reduction of t;),
from 7.4 to 4.7 min with the addition of only 0.05 wt %. This
nucleation effect has been widely reported for polymer-based
nanocomposites such as Nylon-6/Zn0O,*° PVA/CNT,*' PP/
CaCO5,** and PET/MMT.*> For such a low concentration of
0.05 wt %, this reduction in crystallization time is significantly
greater than those previously reported. For instance, Brussiere
et al. found that silane-treated ZnO nanoparticles delay both
cold- and melt-crystallization of PLLA by six times.**

Table I. Obtained Isothermal Crystallization Parameters (t,,, and X.) and Glass Transition Temperature (Ty) for PLLA/ZnO Nanocomposites

0 0.05 0.1 0.2 0.5 1 2 5
Zn0O content wt % wt % wt % wt % wt % wt % wt % wt %
t1/2 (min) 7.4 4.7 4.6 4.4 4.1 4.4 4.5 10.9
Tg (°C) 59.8 59.7 62.6 63.6 65.7 61.3 57.7 578
X (%) 53.5 55.9 53.4 57.6 54 551 62.5 53.1
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Figure 3. UV-vis transmittance spectra of PLLA/ZnO nanocomposites.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Further addition of nanoparticles does not induce faster crystal-
lization kinetics, obtaining a concentration range of 0.05-2 wt
% in which t;,, comprised between 4.1 and 4.7 min. Moreover,
for the 5 wt % nanocomposite, the high nanoparticle density
reduces the efficiency of ZnO to boost the matrix crystallization,
hindering the formation of ordered crystalline regions and
resulting in a #;, of 10.9 min. The existence of a critical con-
centration in which a reduction of nucleation surfaces occurs
has been previously demonstrated for PLLA/CNT nanocompo-
sites.” The increase in T, for 59.8°C for neat polymer to 65.7°C
for its 0.5 wt % nanocomposite counterpart could be attributed
to the confinement of PLLA chains caused by the presence of
ZnO surfaces.”> Murariu et al. prepared nanocomposites con-
taining both neat ZnO and silane-treated ZnO nanoparticles
and they found that the addition of those nanoparticles slightly
decreases glass transition temperature of polymer matrix.*
They attributed this lowering of the T, to the formation of lac-
tic acid (LA) monomers and oligomers during the fabrication.
So, solvent-precipitation followed by compression molding
could be seen as an efficient approach to develop PLLA/ZnO
nanoparticles since thermal degradation of matrix is prevented.
This confining effect induced by ZnO surfaces may delay the
relatively quick structural relaxation of polylactides when they
are used at room temperature, because the achieved chain-
conformation changes would be reduced,”” which would allow
us to develop reliable materials.

The fact that X, remains nearly constant at 53-57% for all the
concentrations suggest that irrespectively of the presence of
ZnO, the amount developed crystalline domains is quite similar
for the entire composition range. The reduction of the crystalli-
zation time is accompanied with an increased T, for ZnO con-
centrations up to 0.5 wt 9%, which suggest a critical
concentration in which those nanoparticles result more effective
as constraining elements. Those results agree well with Supple-
mentary Information, Figure S1 (FE-SEM images showing ZnO
dispersion in PLLA matrix for concentrations of 1 and 5 wt %),
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where it is proven that ZnO nanoparticles trend to aggregate at
concentrations exceeding 1 wt %.

PLLA/ZnO UV-Vis Shielding

Figure 3 shows the UV-vis transmittance spectra of neat PLLA
and PLLA/ZnO films with a thickness of 12 um, while Table II
summarizes the amount of transmitted light in the UV and visi-
ble regions through PLLA/ZnO nanocomposite films. It could
be observed that neat polymer transmits nearly 100% of the
light in the studied region. PLLA/ZnO films present a
Amax = 366 nm, which is identical to that obtained for neat
nanoparticles. The transparency of a plastic sheeting is deter-
mined as the transmission of the light within the 540-560 nm
(ASTM D1746-03).® As shown in Table II, all samples are char-
acterized by high transparency properties. Indeed, nanocompo-
site films containing up to 2 wt % ZnO are in the range of the
average transparency of food packaging films, which is usually
found close to 95%,” while their UV-shielding effect is notably
larger than that of neat Poly(ethylene terephthalate) (PET),
which is widely used as packaging material. In fact, the continu-
ous addition of ZnO results in a systematic decrease of the
transmitted light in the region bellow 375 nm. PLLA/ZnO film
with a concentration of 2 wt % (0.45 v/v) is able to block
around the 57% of UV-B light (280-315 nm), which is the
most energetic component of natural light, while absorbs nearly
61% of UV-A light (400-315 nm).

As shown in Supplementary Information, Figure S1, nanocom-
posites with concentrations up to 1 wt % exhibit uniform ZnO
dispersion within the matrix, which would avoid possible
dichroism effects arising from nanoparticle orientation (differ-
ent colors are achieved at the parallel and perpendicular direc-
tions).>® This homogeneous nanoparticle distribution would
confer improved optical properties to PLLA/ZnO films. Accord-
ing to Rayleigh scattering, the light loss by scattering steeply
increases with particle size,”" yielding a notable reduction in the
transparency of the films together with a whitening effect as
particle size/aggregation degree increases. In this sense, the
reduction on the visible-light transmission (or optical transpar-
ency) from ca 100% for film containing 0.5-90.6 wt % for its 5
wt % nanocomposite counterpart denotes a nonuniform disper-
sion of ZnO nanoparticles within the polymer host, which is in

Table II. Amount of Transmitted Light (%) in the UV Region (360 nm)
and Visible Region (540-560 nm) Through PLLA/ZnO Films

Wavelength

Zn0O concentration

(wt %) 360 nm 540-560 nm
0 100 100
0.05 97.7 98.2
0.1 95.6 99.1
0.2 94.9 100
0.5 89.5 100
1 67.3 98.1
2 38.8 95.9
5 14.8 90.6
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PLLA/ZnO nanocomposite films. [Color figure can be viewed in the
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agreement with FE-SEM images shown in Supplementary Infor-
mation, Figure S1.

To the best of our knowledge, this work reports for the first
time the development of transparent nanocomposite films with
strong UV protection up to 85% based on naturally available
materials. For instance, previous works have shown UV-
protection behavior with visible transmittances of about 40%
for ABS/ZnO nanocomposites,”> 75% and 55% for 1 wt %
nanocomposites with untreated and surface-treated ZnO nano-
particles,”® total transmittance of 85% for bacterial cellulose/
acrylic resins,”® and increase in opacity of PLA films from 15 to
25% with a ZnO concentration of 3 wt %.>* Furthermore, it is
interesting to note that zinc oxide nanoparticles have been
homogeneously dispersed within hydrophobic PLLA for concen-
trations up to 1 wt % by solvent-precipitation method with no
need of dispersants such as triethoxy caprylsilane.* This
improvement in the fabrication method could lead nanocompo-
site films with improved functional properties since it has been
found that such dispersants interfere several physicochemical
processes such as crystallization.**

94
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Figure 5. Water contact angle values of PLLA/ZnO nanocomposites as a
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function of ZnO concentration. Representative images of a water drop at
the surface of neat PLLA and nanocomposite films containing 0.2 and 5
wt % are shown.
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According to obtained experimental results, a schematic repre-
sentation of UV-shielding effect in PLLA/ZnO nanocomposite
films is constructed as shown in Figure 4. Polymer host is repre-
sented as a chamfered rectangle in which ZnO nanoparticles
(grey ellipses) are randomly distributed. When nanocomposite
film is stroked by an incident light (wavy red lines), the visible
radiation almost completely passes through the material because
ZnO nanoparticles are transparent for wavelengths larger than
~380 nm. On the contrary, ultraviolet spectrum is blocked
depending on the nanoparticle concentration. ZnO nanopar-
ticles create a physical barrier for the transmission of UV light
because they behave as a labyrinth that UV light cannot cross.
Increasing nanoparticle concentration, the photon mean free
path decreases, photons travel across the film with increased
hindrance, resulting in a reduction on the UV-light transmis-
sion from 97.5% for the nanocomposite containing 0.05-38.8
wt % for its 2 wt % (or 0.45 v/v) counterpart. In overall, those
results demonstrate that PLLA/ZnO nanocomposites could
effectively be used as a coating for packaging industry, where
the products need to be preserved from UV-light until they
reach final consumers.

Surface Hydrophobicity

Water contact angle (WCA) measurements were carried out to
further characterize the functional properties of PLLA/ZnO
films for packaging applications. As shown in Figure 5, neat
PLLA shows a WCA of to 81°, which is in good agreement with
previously reported values.”> With the addition of ZnO nano-
particles, this contact angle is increased up to 91° for the 5 wt
% nanocomposite, denoting an increased surface hydrophobicity
induced by the presence of metallic nanoparticles, as previously
obtained for several biopolymer/ZnO nanocomposites."> A pri-
ori it would be expected that the hydrolytic degradation of
PLLA could be delayed due to the restricted water diffusion
into the material. This wettability reduction could be further
used toward the development of self-cleaning polylactide-based
films for packaging applications.*®

Dynamic Mechanical Properties

It has been previously shown that ZnO could be effectively used
as a reinforcing element to improve the tensile strength of poly-
mers while maintaining their flexibility.®” In this sense, DMA
has been carried out to analyze the mechanical properties of
obtained materials. Figure 6 shows the normalized storage mod-
ulus (F') and tan 6 curves of PLLA/ZnO nanocomposites over
the temperature range of 20-100°C.

Neat polymer shows a sharp glass transition at 66°C as denoted
by the marked decrease in E. Glass transition temperature of
nanocomposites slightly increases with nanoparticle concentra-
tion by 2°C, while tan 0 values remain almost unchanged.
Nanocomposites present a rather stiffer behavior than neat
polymer, especially at temperatures above T,, where the E' mod-
ulus of the specimen containing 0.2 wt % is increased by ~4
times at 100°C in regard to neat PLLA. This increase in the
rigidity of the composite may be related to the restriction of the
mobility of the polymer host at the nanoparticle surface,’®
which is usually referred as chain-confinement.*'® It is notewor-
thy that the main changes are obtained at a concentration of 1
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Figure 6. Dynamic mechanical storage modulus vs temperature (left) and tan 0 vs temperature (right) plots for neat PLLA and its nanocomposites.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

wt %, suggesting that larger concentration yields nanoparticle
aggregation (as confirmed by FE-SEM micrographs, Supplemen-
tary Information, Figure S1), decreasing the matrix/reinforce-
ment contact area.’”® Those agrees with
abovementioned DSC data, where it has been found the exis-
tence of a critical concentration in which ZnO nanoparticles
behave as effective constraining elements.

results well

CONCLUSIONS

In this work, transparent and colorless UV-shielding PLLA/ZnO
films have been developed. UV-vis spectroscopy tests demon-
strate that ZnO results especially suitable as UV-shielding mate-
rial among metallic nanoparticles. DSC results demonstrate that
crystallization half time is reduced from 7.4 to 4.7 for a 0.05 wt
% concentration given by the strong nucleating effect of ZnO
surfaces.

Nanocomposite films with a thickness of 12 ym with a concen-
tration as low as 0.45 vol % is able to block 61.2% of UV light
while maintaining a transparency of 95.9% in the visible region.
It is hypothesized that as ZnO concentration increases nanopar-
ticles create a physical barrier for the transmission of UV light,
yielding a reduction in the photon mean free path. The obtained
increase in surface hydrophobicity with ZnO concentration
would further improve their functional properties for packaging
applications since it would allow the fabrication of self-cleaning
polylactide-based films. Additionally, a chain confinement effect
induced by the numerous interacting ZnO surfaces has been
found by both DSC and DMA experiments. Obtained experi-
mental findings through this work lead the way for the develop-
ment of efficient and cost-effective transparent UV-shielding
coatings based on a renewable polymer and natural filler to be
used in packaging industry.
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