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1 | INTRODUCTION

| Wagner M. Pachekoski? |

Daniela Becker!

Abstract

The objective of this paper is investigating the effect of different localizations
of titanium dioxide (TiO,) and hexagonal boron nitride (hBN) nanoparticles in
the poly(lactic acid) (PLA)/poly(e-caprolactone) (PCL) blends on the ultravio-
let (UV) blocking, infrared reflection (NIR), and thermal conductivity of the
nanocomposites for the fabrication of bionanocomposites with high perfor-
mance. Transmission electron microscopy images demonstrated that the differ-
ent mixing sequences induced different nanoparticle localization in the
immiscible PCL/PLA blend. These different localizations yielded differences in
the properties of the hybrid quaternary nanocomposite. When the
nanoparticles had different localizations, TiO, at the interface and hBN in the
PCL phase, the thermal conductivity was 0.86 Wm™ K™, 100% of UV radia-
tion (A = 300 nm) was blocked and 74% of NIR radiation was reflected. This
nanocomposite has a strong potential for application as a multifunctional bio-
degradable film for agriculture, capable of absorbing UV radiation, reflecting
NIR radiation, and conducting thermal energy.
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have lower weather resistance and thermal stability than
inorganic products.!

Studies have shown that the use of polymeric films with
a high near-infrared reflection (NIR) reflection and a
high ultraviolet (UV) filtration or UV blocking, in appli-
cations such as greenhouse plastic films, results in
increased efficiency of agricultural and horticultural pro-
duction."?! UV radiation affects film degradation and
pollinators’ behavior, and NIR radiation is a direct source
of heat, which penetrates the greenhouses, excessively
increasing the temperature, which is harmful to people
who work inside and to the crops.*! Thus, organic and
inorganic chemicals have been added to polymeric mate-
rials to reflect NIR radiation, reducing heat inside the
greenhouse, and absorbing UV radiation protecting the
film from degradation.[*®! However, organic substances

Among the inorganic substances, studies have shown
that titanium dioxide nanoparticles have a high UV radi-
ation absorption potential and boron nitride
(BN) nanoplatelets have a high potential to reflect
NIR.[>®! One of the interesting properties of TiO,, when
added to polymeric materials, is its ability to absorb UV
radiation (4 < 400 nm), since polymer exposure to that
radiation causes degradation and/or aging that affects
their appearance (coloration) and their chemical and
physical properties, for example.”®! Zhang et al.®
observed that the UV radiation transmittance in
poly(lactic acid) (PLA) was null at wavelengths between
250 and 350 nm, with 2 wt% TiO,. An absorption
increase in the UV wavelength region between 200 and
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400 nm, with the addition of 4.8 wt% TiO,, was observed
in poly (vinyl chloride) nanocomposites (0.6 pure PVC
for 1.2 in nanocomposites).°! In our previous study,!®! we
observed that, with the addition of 1 wt% TiO, to the poly
(e-caprolactone) (PCL)/PLA blend, 96% of UV-B rays
(4 = 300 nm) were blocked. BN nanostructures have been
studied in polymeric materials mainly due to their high
thermal conductivity (>300 W/mK), allowing, for
example, heat dissipation in polymeric materials in certain
applications.'*** Ghaffari et al.'> obtained a PLA/BN
system's thermal conductivity increase from 0.2 Wm™ K™
to 0.7 Wm™" K~ with 8 wt% BN. Mosanenzadeh et al.''?!
were able to improve the PLA/BN nanocomposite's ther-
mal conductivity from 0.16 Wm™ K™ (pure PLA) to
2.77 Wm™' K~! with 33% by BN volume. Lee et al.l'®]
observed an increase in thermal conductivity of the
epoxy/BN system from 0.2 Wm™ K™* t0 0.57 Wm ™' K™*
with 10 wt% BN. More recently, in our work,[é] we
observed that BN also has a great potential to reflect
NIR radiation. Recent work shows that hybrid-filled
polymer nanocomposites (two or more types of inor-
ganic nanoparticles dispersed in an organic
matrix)'7°! exhibit superior properties when com-
pared to those obtained by an individual nanoparticle,
due to potential synergy resulting in multifunctional
materials.[2*2!]

Studies have shown that the properties of ternary
nanocomposites with immiscible polymeric phases
and one type of nanoparticle are directly related to
the selective localization of the nanoparticles in the
blend.[?>2°! In a blend with co-continuous morphol-
ogy, for example, if the nanoparticles are localized at
the interface, a smaller amount of them is required
to build an electrical or thermal conductive percola-
tion network.?”*°! However, studies involving
immiscible polymer blends and hybrid fillers do not
explore how different hybrid localizations may inter-
fere with the properties of these quaternary
nanocomposites.!?>2131-331 Thys, the main objective
of this study is to obtain films with UV blocking,
infrared reflection, and thermal conductivity, with
potential practical application in agriculture and
horticulture, and investigating the effect of different
localizations, TiO,/hBN nanoparticles in the
PCL/PLA blends affect the properties and verify the
existence of synergy in the thermal and optical prop-
erties. Biodegradable polymers, such as PLA/PCL
blends, are chosen for their mechanical strength,
good processability, transparency, toughness, and
ductility,**37] showing great potential to be used as
films for agriculture as an alternative to reduce the
environmental impact caused by the slow degrada-
tion of disposable synthetic polymers.

2 | EXPERIMENTAL PROCEDURES

2.1 | Materials

PCL (CAPA 6500 type) pellets with a molecular weight of
about 50 000 g/mol and a melting temperature of 58°C to
60°C were purchased from Perstorp. PLA (3251D type) pel-
lets with a density of 1.24 g/cm?, a glass-transition tempera-
ture of 55°C to 60°C, and a melting temperature of 155°C to
170°C were purchased from Nature Works. TiO, (titanium
dioxide anatase) nanopowder, with a <25 nm diameter and
>99.7% purity, and hBN nanopowder with <150 nm particle
size, a molecular weight of 24.82 g/mol, and a density of
2.24 g/cm®, were supplied by Sigma-Aldrich.

2.2 | Preparation of the PCL/PLA blend
with a hybrid nanofiller

The PCL and PLA polymers, the TiO, and the hBN
nanofiller were dried at 50°C for 24 hours in an oven. The
PCL and PLA pellets were first mixed manually with
the TiO, and the hBN to prepare the quaternary systems.
The premixed material was mixed in a co-rotating twin-
screw extruder (AX Plasticos—Brasil), at a temperature
ranging from 120°C to 170°C, with a rotation speed of
100 rpm. The samples were obtained after melting and
pressing in a hydraulic press (0.170 + 0.02 mm-thick sheets
and 5.0 mm-thick disks with a diameter of 30 mm). The
polymers' proportion was kept constant at 58% PCL and
42% PLA (wt%/wt%)—defined in an earlier study,[S] in
which a co-continuous-like morphology was obtained, and
1.0 wt% of TiO, and 2.0 wt% of hBN. This morphology was
chosen because the thermal conductivity can be improved
in this kind of morphology because a conductive thermal
path can be formed more easily."”! The PCL/PLA/TiO, ter-
nary system was prepared by simultaneously mixing the
three components (1.0 wt% of TiO,). The quaternary sys-
tems were prepared with different mixing sequences:
(a) simultaneous mixing of the four components
(PCL/PLA/TiO,/hBN); (b) simultaneous mixing of three
components (PCL/PLA/TiO,) and later addition of the hBN
on second processing (PCL/PLA/TiO, + hBN); (c) simulta-
neous mixing of three components (PCL/PLA/hBN) and
later addition of the TiO, on a second processing (PCL/
PLA/hBN + TiO,).

2.3 | Characterization

Transmission electron microscopy (TEM) on a JEM 2100
JEOL microscope and field emission gun-scanning elec-
tron microscopy (FEG-SEM) on a JSM 6701F JEOL
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microscope were performed to evaluate the samples’ mor-
phology and observe the TiO, and hBN nanoparticles'
localization and dispersion in the hybrid quaternary
nanocomposites. For the TEM images, the specimens were
cut into thin sections with a nominal thickness of 30 nm
on an RCM Power Tome X ultramicrotome with a dia-
mond knife under cryogenic conditions at —70°C. Sections
were collected on the surface of a water-dimethyl sulfoxide
bath (60/40 vol/vol) at —60°C. The voltage used in the
TEM analyses was 200 kV. For the FEG-SEM images, a
voltage of 10 kV was used, the samples were submerged in
N, for 5 minutes, and the cryo-fracture surfaces of the dif-
ferent samples were coated with a gold layer.

To determine the thermal conductivity, C-Therm TCi
equipment was used at room temperature (~23°C). The

UDESC 10.0kV

FIGURE 1 FEG-SEM
micrographs of hybrid quaternary
nanocomposites: A, PCL/PLA/
TiO,/hBN; B, PCL/PLA/hBN

+ TiO,; C, PCL/PLA/

TiO, + hBN. (A, B and C, parallel
to the extrusion direction); (D, E
and F, compression). FEG-SEM,
field emission gun-scanning
electron microscopy [Color figure
can be viewed at

UDESC El 10.0kV

wileyonlinelibrary.com]
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TCi C-Therm conductivity is based on the transient
method using a planar source. For the thermal conductiv-
ity tests, four disks (5.0 mm thickness and 30 mm diame-
ter) were selected from each nanocomposite, and the
equipment performed five measurements of each sample.
In this study, the orientation of the hBN nanoplatelets
was considered random because the samples were com-
pression molded.

The UV-Vis-NIR spectra were obtained on a
SHIMADZU model UV-3600 UV-Vis Plus spectropho-
tometer with three detectors, consisting of a PMT (photo-
multiplier tube) for the UV and visible regions, and
cooled InGaAs and PbS detectors for the near-infrared
region with a maximum resolution of 0.1 nm. Analyses
were performed at room temperature (~22°C), and
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barium sulfate was used as the reference material. The
analyzed wavelength range went from 200 to 1400 nm in
film mode. The samples used for this analysis were films
of 30 mm length, 20 mm, width and 0.170 + 0.02 mm
thickness.

3 | RESULTS AND DISCUSSION

Analyzing the samples obtained after extrusion, SEM-
FEG images Figure 1A-C (fracture parallel to extrusion
direction), the PLA phase presents an elongated fiber
structure (as highlighted by the rows), a morphology very

similar to that found in the study by Pd&tschke and
Paul.!®®! In the samples after the compression process, as
there is no longer a preferential direction forced by the
processing/flow, the elongated fibrillar phase is randomly
oriented in space (as highlighted by the rows), Figure 1D-F,
suggesting that hybrid quaternary nanocomposites have a
co-continuous-like morphology (composed of discontinuous
irregular PLA domains, distributed in the PCL continuous
matrix).***°! Figure 2 presents the TEM image and as pre-
viously observed in Aguiar et al.*!! the light phase is the
PLA and dark phase the PCL. In previous studies individu-
ally adding the nanoparticles to the PCL/PLA system,'>°! a
co-continuous-like structure was observed and the TiO,

FIGURE 2 TEM micrographs of hybrid
quaternary nanocomposites: A, PCL/PLA/
TiO,/hBN; B, PCL/PLA/hBN + TiO,; C,
PCL/PLA/TiO, + hBN. TEM, transmission
electron microscopy
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FIGURE 3 Thermal conductivity results of PCL/PLA blend,
ternary and hybrid quaternary nanocomposites. *Decol et al'®

preferred localization was at the interface,[s] while the hBN
was in the PCL phase.!! In the TEM images, Figure 2A,
when all components were simultaneously added to the
extruder's feeder (PCL/PLA/TiO,/hBN), TiO, nanoparticles
were mixed with hBN nanoplatelets, both selectively in the
PCL phase, and only some TiO, localized at the interface.
When the hBN was added first to the PCL/PLA mixture
(PCL/PLA/hBN + TiO,) and the TiO, was only added dur-
ing a second stage, the TiO, nanoparticles were localized at
the interface and the hBN nanoplatelets in the PCL phase
(Figure 2B). When TiO, was added first to the PCL/PLA
mixture (PCL/PLA/TiO, + hBN) and the hBN was only
added during the second stage, the TiO, and the hBN
nanoparticles were partly located in the PCL phase and
partly at the interface (Figure 2C). Thus, for these hybrid
quaternary nanocomposites, the mixing sequence altered
the migration dynamics of the hBN and the TiO,
nanoparticles, that is, it had a direct influence on the locali-
zation of the TiO,/hBN hybrid in the PCL/PLA blend. In
the study by Decol et al.,* the factors that influenced the
localizations were discussed, highlighting that nanoparticles
can strongly interact with each other, which may favor the
synergy between them by changing the dispersion state, or
they can interact with a polymer phase, changing the selec-
tive localization of nanoparticles. Thus, nanoparticle/nano-
particle and/or nanoparticle/polymer interaction can
influence the selective localization and dispersion of hybrid
nanoparticles in an immiscible blend.

Analyzing the thermal conductivity results for the hybrid
quaternary nanocomposites, Figure 3, the PCL/PLA/TiO,/
hBN presented a thermal conductivity of 0.6 Wm™ K™, the
PCL/PLA/TiO, + hBN of 0.63 Wm™ K™, and the PCL/PLA/
hBN + TiO, of 0.86 Wm™" K™'. Comparing these results with
those obtained for the PCL/PLA/TiO, (1.0 wt% of TiO,) and
the PCL/PLA/hBN (20 wt% of hBN) ternary
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(A) PCL/PLA/TiOy/hBN

Interphase
TiO,

(B) PCL/PLA/hBN+TIO,

Interphase

FIGURE 4 Proposed mechanism for thermal conductivity: A,
PCL/PLA/TiO,/hBN and PCL/PLA/TiO, + hBN; B, PCL/PLA/
hBN + TiO, [Color figure can be viewed at wileyonlinelibrary.com]

nanocomposites,'® the PCL/PLA/TiO,/hBN nanocomposite
clearly did not obtain a synergy in thermal conductivity. The
difference in the intrinsic thermal conductivity of TiO,
nanoparticles (average 5-12 Wm ™ K~")***3 compared to that
of hBN nanoplatelets (greater than 300 Wm ™" K~ may
have generated resistance to heat conduction, that is, a pho-
nons dispersion at the TiO,/hBN interface, according to the
mechanism proposed in Figure 4A as, in this nanocomposite,
the TiO, and the hBN nanoparticles were both localized in
the PCL phase and in contact or very close to each other. Stud-
ies show that the interface between two different solid phases
is heat resistive due to differences in vibrational and/or elec-
tronic properties of different materials, so the heat carrier
(phonon or electron) that reaches the interface can be dis-
persed, reducing the thermal conductivity.****! In the PCL/
PLA/TiO, + hBN nanocomposite, the TiO, and the hBN
nanoparticles did not show a preferential localization, both
being partially at the interface and in the PCL phase,
and some TiO, and hBN nanoparticles were in contact
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FIGURE 5 Spectras of PCL/PLA blend and hybrid quaternary nanocomposites: A, Absorption; B, Transmittance; C, Reflectance

with each other. This may also have caused phonons to
disperse in the TiO,/hBN interphase, hindering heat
dissipation (Figure 4A). In the PCL/PLA/hBN + TiO,
nanocomposite, the hBN nanoplatelets possibility
formed a more effective heat conduction network, since
the TiO, nanoparticles localized at the PCL/PLA inter-
face may have created a thermal barrier to the PLA
phase, confining the heat flow even more to the PCL
phase. A more effective heat conduction occurred
throughout the sample through the hBN nanoplatelets,
since the interface between the hBN nanoplatelets has
a lower heat conduction resistance (Figure 4B), possi-
bility a synergy in thermal conductivity. Due to the co-
continuous-like structure, which allows the continuity
PCL phase, in which hBN is selectively located, the
hBN sheets can form a percolated, thermally conductive
network throughout the nanocomposite.?®! Moreover,
in this nanocomposite the hBN nanoplatelets have

undergone two extrusion processes, certainly helping to
improve the dispersion and distribution of the hBN in
the PCL phase, reducing the size of the primary
agglomerates and improving the conductive network,
and consequently the macroscopic properties. In addi-
tion, the selective localization of the hBN nanoplatelets
in a single phase (PCL) helped this effect, because of
the relative amount of nanofiller in a phase increases.
Thus, the thermal conductivity of nanocomposites
clearly had a direct influence on the selective localiza-
tion of the TiO,/hBN hybrid in the PCL/PLA blend.

In the UV region absorption (Figure 5A) and the
transmission (Figure 5B) spectra, adding the TiO,/hBN
hybrid evidently generated an increase in the absorp-
tion of UV radiation of the PCL/PLA blend. The PCL/
PLA/hBN + TiO, and the PCL/PLA/TiO,+ hBN
hybrid quaternary nanocomposites blocked 100% of
UV-B radiation (Figure 6A), since no such radiation
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Photos of films [Color figure can be viewed at

passes the films (Figure 5B). For the UV-B blocking
calculation (Figure 6A) the transmittance graph
(Figure 5B) was used in the UV region at a wavelength
of 300 nm. It is meaning the radiation percentage that
did not pass through the films, for example, if the
transmittance is zero, the UV blocking is 100%. As a
result, the radiation that did not pass through the films
was absorbed and/or transmitted. In the PCL/PLA/
hBN + TiO, nanocomposites, the TiO, nanoparticles
were selectively localized at the interface and the hBN
nanoplatelets in the PCL phase, enabling the formation
of a TiO, network at the interface and an hBN network
in the PCL phase. In the PCL/PLA/TiO, + hBN
nanocomposites, some TiO, and some hBN were local-
ized in the PCL phase and some at the interface. The
PCL/PLA/TiO,/hBN hybrid quaternary nanocomposite
showed a 92% UV-B block, in which nanocomposites
the TiO, nanoparticles were localized in the PCL
phase, along with the hBN nanoplatelets. It is reported
that the TiO, nanoparticle size and surface area

influence the absorption properties: the smaller the
nanoparticle, the greater the absorption potential of
UV radiation.!*! Thus, as in this nanocomposite the
TiO, and the hBN nanoparticles were in the same
phase and close to each other, a change in the
nanoparticles' surface area may have occurred. The dif-
ferent localization of the TiO,/hBN hybrid in the
PCL/PLA blend may have enabled greater or lesser
polymer protection against UV-B absorption.

In Figure 7, pictures of the films are presented for
direct visualization of the opacity caused by the addition
of the TiO,/hBN hybrid and its different localizations in
the hybrid quaternary nanocomposites. The PCL/PLA/
TiO,/hBN hybrid quaternary nanocomposite films
became more translucent than the others, allowing for a
greater passage of visible light, as confirmed in the trans-
mittance spectrum (Figure 5B). Transmittance may also
be affected by the differences in the crystallinity degree of
the nanocomposites. The nanocomposites crystallinity
was discussed in our previous paper.*® The opaquest
film, PCL/PLA/hBN + TiO,, showed the highest crystal-
linity degree (37%,) and PCL/PLA/TiO,/hBN, the most
translucent, presented 17% of crystallinity degree.!>)

Analyzing the behavior of hybrid quaternary
nanocomposites in the NIR wavelength region, in the
reflectance spectrum (Figure 5C), the PCL/PLA/TiO,/
hBN nanocomposite had a lower NIR reflectance capac-
ity (54%) than the PCL/PLA/TiO, + hBN and the PCL/
PLA/hBN + TiO, nanocomposites (Figure 6B). Sun
reflectance occurs on the surface of the samples, and as
the nanocomposites exhibited a co-continuous-like mor-
phology with different localizations of the TiO, and the
hBN nanoparticles, some areas of the film may have been
uncovered, that is, without nanoparticles, allowing the
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passage of NIR radiation. To the best of our knowledge,
there are no papers that looked at NIR reflectance prop-
erties in polymeric matrices by the addition of inorganic
nanoparticles.

Looking at ternary nanocomposites regarding UV
blocking (Figure 6A), it is important to highlight that
TiO, nanoparticles have a higher potential to absorb
UV radiation and hBN nanoplatelets to reflect UV radi-
ation.!>®! In the NIR region, both the TiO, and the
hBN are capable of reflecting this radiation, being
superior in the case of the hBN.[>®! Adding the TiO,/
hBN hybrid to PCL/PLA, the ability to block 100% of
UV-B radiation while reflecting as much NIR radiation
as possible (77%) was obtained when the nanoparticles
were localized in different regions: all TiO, at the inter-
face and all hBN in the PCL phase (PCL/PLA/hBN
+ Ti0,), corroborating the thermal conductivity results
for this nanocomposite, showing a potential synergy
between TiO,/hBN nanoparticles. The lowest UV-B
absorption and NIR reflection performance occurred
when the nanoparticles were both in the PCL phase of
the PCL/PLA/TiO,/hBN quaternary nanocomposite, as

together they inhibited each other's individual
performance.
4 | CONCLUSION

Mixture kinetics altered the migration dynamics of the
hBN and the TiO, nanoparticles, that is, had a direct
influence on the localization and properties of the
nanocomposites. When all components were added
simultaneously (PCL/PLA/TiO,/hBN), both
nanoparticles (TiO, and hBN) were distributed over the
PCL phase. When the hBN was added first to the
PCL/PLA blend (PCL/PLA/hBN + TiO,), the TiO, was at
the interface and the hBN in the PCL phase. When the
TiO, was added first to the PCL/PLA blend (PCL/PLA/
TiO, + hBN), part of the hBN and the TiO, nanoparticles
were in the PCL phase and part in the interface. The
thermal conductivity of the PCL/PLA/hBN + TiO,
nanocomposite (0.86 Wm™' K™') was higher than that of
the PCL/PLA/TiO,/hBN (0.60 Wm™ K™!) and the PCL/
PLA/TiO, + hBN (0.63 Wm™' K™'), due to the dispersion
of the phonons at the TiO,/hBN interface. When the
nanoparticles had different localizations, TiO, at the
interface and hBN in the PCL phase, that is, they did not
have contact with each other, a more pronounced
increase in the thermal conductivity of the PCL/PLA/
hBN + TiO, nanocomposite occurred. Regarding optical
properties, the PCL/PLA/TiO, + hBN and the PCL/PLA/
hBN + TiO, hybrid quaternary nanocomposites, which
blocked 100% of UV-B radiation (4 = 300 nm), performed

better than the PCL/PLA/TiO,/hBN nanocomposites. In
the NIR reflectance properties, the PCL/PLA/TiO,/hBN
nanocomposite had a lower NIR reflectance capacity
than the PCL/PLA/TiO, + hBN and the PCL/PLA/hBN
+ TiO,, while the PCL/PLA/hBN + TiO, showed the
highest NIR reflectance (77%). Thus, the different locali-
zations of the TiO, and the hBN nanoparticles directly
influenced the thermal and optical properties of these
hybrid quaternary nanocomposites. And when local-
ized in different positions, hBN in the PCL phase and
TiO, at the interface, they performed better than the
ternary systems, indicating synergy between TiO,/hBN
nanoparticles, meaning that the use of TiO,/hBN
hybrids has great potential for agricultural film appli-
cations requiring UV and NIR radiation control, and
heat dissipation.
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