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Abstract Poly(r-lactic acid)-TiO, nanocomposite films were prepared by twin-
screw mixer and compression molding. Compatibility between polymer matrix and
nanoparticles were improved by modification of the TiO, surface with fluorocarbons
plasma treatment. 2 and 5 were the % in weight of modified functionalized TiO,
(fTi) used in this work. Not modified TiO, nanoparticles were also used at the same
% for comparison. The nanocomposites were analyzed in terms of molecular mass,
structure, morphology, thermal stability, mechanical properties and UV absorbance.
It was found that TiO, nanoparticles affected slighly the PLA molecular weight
during mixing and the phenomenon was more marked for functionalized nanopar-
ticles (fTi). All the films presented a good dispersion of nanoparticles in PLA
matrix. However, a better interfacial interaction was found for nanocomposites
containing modified nanoparticles, and this was reflected in the improved
mechanical properties. Moreover, all the nanocomposites showed extension of UV
absorption area and increase of the thermal stability. Both UV adsorption and
thermal stability increased by increasing TiO, content and at a given composition
for nanocomposites containing modified TiO,.

D<K Antonella Marra
antonella.marra@ipcb.cnr.it

Istituto per i Polimeri, Compositi e Biomateriali (IPCB)-CNR, via Campi Flegrei 34,
80078 Pozzuoli, Naples, Italy

Faculty of Engineering, International Balkan University, Samoilova 10, 1000 Skopje, Republic
of Macedonia

Faculty of Technology and Metallurgy, Sts. Cyril and Methodius University, Boulervad Goce
Delchev 9, 1000 Skopje, Republic of Macedonia

4 Istituto per le Macchine Agricole e Movimento Terra (IMAMOTER)-CNR, Strada delle Cacce
73, 10135 Turin, Italy

@ Springer


http://orcid.org/0000-0003-4846-4878
http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-016-1881-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-016-1881-2&amp;domain=pdf

3028 Polym. Bull. (2017) 74:3027-3041

Keywords Biopolymers and renewable polymers - Nanoparticles - Properties and
characterization - Mechanical properties - Thermogravimetric analysis (TGA)

Introduction

Conventional polymer materials are produced mostly from fossil fuels and their
disposal by incineration produces carbon dioxide emission and contributes to global
warming and pollution. Thus, the development of polymers made from sustainable
and renewable sources is growing at a rapid rate. Poly(lactide), PLA, as a
biodegradable polymer, has attracted a big attention from both fundamental and
practical perspectives. In fact it can be synthesized by chemical synthesis from bio-
derived monomers and is environmentally and economically appropriate [1-3]. PLA
has potential for use in a wide range of applications and commercially available
products are already on the market [4]. Initially, the high production cost confined
the PLA applications to biomedical sector such as material for bioabsorbable
surgical sutures and implants, for drug delivery systems [5, 6], scaffolds for growth
and proliferation of cells [7, 8]; however, the new production technology [4]
decreased its cost and enlarged its range of applications, such as for disposable
products (baby diapers and plastic bags), as well as for traditional applications in
substitution of traditional thermoplastics for instance, industrial devices, packaging
films and fiber materials [4, 9, 10]. However, to further increase PLA applications,
some properties such as thermal stability, mechanical properties, barrier properties,
need to be improved [11].

Many different techniques, such as copolymerization [12, 13], preparation of
composites [14, 15], etc., have been applied for improving some PLA properties.
Anyway, the most successful practice, as reported in literature, is the preparation of
nanocomposites with various fillers [16-36] such as clays [21-27], silica [28]
carbon based nanoparticles [29-32], metal oxides [17, 19, 33, 34] and polysaccha-
ride nanofillers [35, 36]. Among them, titanium dioxide (TiO,) is a very important
chemical and environmental material. Nano-TiO, particles possess many good
properties such as attractive photocatalytic activity, chemical reactivity, excellent
photostability, biocompatibility and relevant antimicrobial activity [34, 37, 38].
Most investigations about PLA/TiO, nanocomposites have mainly been dedicated to
the analysis of the influence of nanoparticles on photo-degradability [19], toughness
[39], kinetics of crystallization [40] and the drug-releasing in target cancer cells of
PLA [41].

According to literature data the direct mixing of TiO, with PLA yields to the
formation of large nanoparticles aggregates into the polymer matrix. In this context,
some surface treatments of TiO, nanoparticles were reported to improve their
dispersion into the PLA as matrix [19, 42-44].

The aim of this article is twofold: (1) to report the study on the optimization of
the conditions for the modification of TiO, surface using perfluorocarbons through
plasma treatment and for the preparation of PLA/TiO, nanocomposites films at 2
and 5 wt% TiO, through melt mixing followed by compression molding; (2) to
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investigate the properties of the films in terms of molecular mass, structure,
morphology, thermal stability, mechanical properties and UV absorbance.

Experimental
Materials

Poly(L,L-lactide), PLA 4032 D (M, = 1.3 x 10° g/mol, M,, = 2.1 x 10°> g/mol,
density = 1.24 g/cm?) was provided by NatureWorks, USA. Hydrophilic titanium
dioxide TiO, (Ti) nanoparticles (P-25 standard, 99.5% purity, with average particle
size 25 nm, 80% anatase and 20% rutile) were obtained from Degussa, Germany.
Fluorocarbon functionalized TiO, nanoparticles (fTi) were supplied by University
of Texas Arlington.

Functionalization of TiO, nanoparticles

Fluorocarbon functionalized TiO, nanoparticles (fTi) were used for increasing the
compatibility between particles and PLA and also for enhancing their dispersion in
the polymer matrix. The functionalization has been obtained using plasma
treatment. The reactor details are similar to that previously described [45]. The
plasma was generated using RF (13.56 MHz frequency) power input. Initially the
TiO, nanoparticles underwent to a brief, high power O, plasma discharge to remove
any adsorbed carboneous materials and, simultaneously, to activate their surfaces.
Immediately following the oxygen treatment, the perfluorocarbon monomer was
introduced and a high power continuous wave plasma discharge was employed
briefly (I min) to graft a thin, strongly adherent, amorphous carbon-like layer to the
TiO, particles. The function of this layer is to overcome the inherent chemical
incompatibility between the inorganic particles and the plasma deposited organic
films. Subsequently, the RF power input was converted to a pulse operational mode
and the plasma duty cycle, i.e., ratio of plasma on to plasma off times, was slowly
decreased, thus creating a gradient layered structure in which the fluorine content of
the plasma polymer film is slowly increased as the pulsed plasma duty cycle is
decreased. The process was terminated at a plasma duty of 10 ms on and 100 ms off
and peak power input of 200 W. The final F/C reached 2.1/1 measured by FTIR and
XPS spectra [45].

Nanocomposites preparation

Before mixing, TiO, and PLA were dried in an oven for 24 h at 65 °C under
vacuum. PLA was mixed with TiO, powder using a torque rheometer Brabender
Plastograph EC (Kulturstr, Duisburg, Germany) at a screw speed of 50 rpm and
mixing temperature of 180 °C for 15 min. Two formulations were prepared: 2 and
5 wt% of neat (from this point they will be referred as PLATi2, PLATi5) and
functionalized TiO, (from this point PLAfTi2 and PLAfTi5). Neat PLA was
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processed in such a way so that all the samples analyzed have the same thermal
history.

Films were obtained by compression molding in a press Dr. Collin GmbH P200E
(Ebersberg, Germany) at a temperature of 180 °C for about 6 min, without any
additional pressure, to allow complete melting of the material. Subsequently the
pressure was increased up to 100 bars and kept constant for about 3 min. The press
is equipped with water cooling system which brings the system to room temperature
in about 5 min. Pure PLA and nanocomposites films have been prepared with the
thickness of about 150 pm.

Characterization
Attenuated total reflection spectroscopy (ATR)

ATR spectra of nanoparticles were recorded after drying at 65 °C for 24 h to verify
the chemical link nature between the nanoparticles and fluorocarbon layer. Samples
were prepared as KBr pellets and scanned against a blank KBr pellet background at
wave numbers ranging from 4000 to 400 cm ™" with resolution of 4.0 cm™" through
the accumulation of 8 scans using a Perkin Elmer Spectrum 100 (Shelton,
Connecticut, USA).

Gel permeation chromatography (GPC)

It was performed on GPC-150C Waters Chromatography instrument (Milford,
Massachusetts, USA) equipped with two linear columns Polymer Laboratories and
elution with tetrahydrofuran (THF). The flow rate was 1 ml/min. The eluent was
monitored by PL-ELS 2100 detector. Molecular weights and molecular weight
distributions were calculated by reference to a PS standard calibration curve, with
the Kuhn—Mark-Houwink equation for poly(L-lactide) in THF: M,
(PLA) = 0.4055 x M, (PS)"%4%¢ [46].

Wide-angle X-ray diffraction (WAXD)

Measurements were performed using a Philips XPW diffractometer (Philips
Analytical, Almelo, The Netherlands) with Cu Ko radiation (1.542 A) filtered by
nickel. The scanning rate was 0.02 °C/min and the scanning angles were from 5° to
45°.

Scanning electron microscopy (SEM)
The analysis was performed using a Fei Quanta 200 FEG electron scanning
microscope (Hillsboro, Oregon-USA) on cryogenically fractured surfaces. Before

the observation, samples were coated with a Au/Pd alloy using an E5 150 SEM
coating unit.
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Differential scanning calorimetry (DSC)

The thermal behaviour of the nanocomposites was examined by differential
scanning calorimetry (DSC) using a calorimeter TA Q2000 (Milano, Italy). DSC
measurements were carried out by heating samples from 25 to 200 °C at a rate of
2 °C/min. Heat fusion and temperature were calibrated with an indium standard and
background subtraction was done by TA instruments protocols.

Thermogravimetric analysis (TGA)

The thermal stability of the nanocomposites was examined by thermogravimetric
analysis (TGA) using a Perkin Elmer-Pyris Diamond apparatus (Boston, Mas-
sachusetts-USA) with a heating rate of 20 °C/min in air.

Mechanical properties

The films for tensile tests were cut in the form of dumbbell width of 0.4 cm,
according to ASTM (D368), using a die steel. Stress—strain curves were obtained
using an Instron dynamometer, model 4505 (Pianezza, Torino, Italy), the tests were
carried out at room temperature (25 °C) and at a cross-head speed of 5 mm/min.
Twenty tests were performed for each sample.

UV—visible spectrophotometry

UV-visible spectra of PLA and nanocomposites were monitored with Jasco V-570
(Cremella, Como-Italy) spectrophotometer in the range between 200 and 900 nm at
50 nm per step.

Results and discussion
Characterisation of TiO, nanoparticles

In Fig. 1 the ATR nanoparticles spectra are reported in the range between 1500 and
400 cm ™. Ti nanoparticles give no peak around 1500 and 1000 cm™', while when
they are functionalized by fluorocarbons, a new broad vibrational band is visible. It
arises from the fluorocarbon sequences (—CF,-),,, e.g., the symmetric [vs (CF,)] and
the antisymmetric [v,s (CF,)] CF, stretching modes at about 1226 and 1140 cm ™!,
respectively. Distinct peaks are not well visible due to the heterogeneity of the
surface adsorption sites [47]. Anyway they are well known as characteristic features
in spectra of perfluoroalkanes and poly(tetrafluoroethylene) (PTFE) [48]. The
infrared adsorption bands between 400 and 800 cm ™' are assigned to the vibrations
of Ti—O and Ti—O-Ti framework bonds [49]. From IR spectroscopy, it is possible to
confirm that TiO, nanoparticles are indeed functionalized by perfluorocarbons that
will adsorb on TiO, via the surface hydroxyl groups.

@ Springer



3032 Polym. Bull. (2017) 74:3027-3041

0.8+
047;
0.6;
0.5;

0.4+

Absorbance

0.3+

024 )
“7 v, CF,

0.1+

O«O T T T T T T T T T 1
1400 1200 1000 800 600 400
Wavelenght (cm™)

Fig. 1 ATR spectra of bare (filled squares) and functionalized (open squares) TiO, nanoparticles
GPC

PLA is known to rapidly degrade when melted at high temperatures, losing from 20
to 80% of its initial M, on melt processing [46, 50]. It was, therefore, interesting to
compare the effect of filler incorporation on the evolution of M, with thermal
treatment. Table 1 shows the molecular parameters of unfilled PLA and nanocom-
posites after mixing and after compression molding. The mixing does not seem to
affect the molecular weight of neat PLA and the following process step of
compression molding induces a decrease in M, of 22.3%. This result can be
probably ascribed to the presence of a stabilizer in the commercial PLA and to the
mild processing condition used in this work. The introduction of TiO, nanoparticles
only slightly affects the PLA molecular weight during mixing due to some
hydrolysis at high temperature. PLA degradation increases by increasing the amount

Table 1 Molecular parameters

—4da —4da
for the PLA and nanocomposites My x 10 My x 10 My/My
after mixing (mix) and after b
compression molding (film) PLApete: 13.0 210 161
PLA ix 133 20.8 1.56
PLATI2 nix 13.1 22.3 1.70
PLASTI2 i« 13.0 21.9 1.68
PLATIS mix 12.8 21.6 1.69
* Calculated by reference to a PLASFTI5 nix 12.0 20.3 1.69
PS standard calibration curve PLA 101 155 1.54
with the Kuhn-Mark-Houwink i ) ' ’
equation for PLA in THF: M, PLATi2gym 9.7 14.3 1.47
(PLA) = 0.4055 x M, PLASTI 24, 8.2 12.6 1.54
1.0486
(PS) [46] PLATi5gm 95 14.7 1.54
b Data obtained from the PLAleSﬁ]m 93 14.7 1.58
manufacturer
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of nanoparticles and the phenomenon is more marked for functionalized nanopar-
ticles (fTi). The maximum M, reduction of 9.8% was observed for PLAfTI5 ;i
respect to PLA,ix. The compression molding process further reduces the PLA
molecular weight in all the nanocomposites. Anyway the M, reduction of
nanocomposites is not so high and varies in the range from 4 to 18% respect to
PLAg, and from 27 to 38% respect to PLA,,;x in accordance with other results
found in literature for PLA nanocomposites [51, 52].

Structure and morphology of nanocomposites

WAXD profiles of PLA and its nanocomposites are reported in Fig. 2. All the
samples are amorphous. TiO, does not affect the crystallization process of PLA
during the preparation of films in the condition used in this work. The observed
reflection at 20 = 25.3° in the nanocomposite profile corresponded to the (101)
reflection of anatase phase of TiO, nanoparticles [53].

SEM micrographs reported in Fig. 3 clearly show that nanoparticles are well
dispersed in PLA film. Their distribution is quite uniform and homogeneous and no
aggregate phenomena are visible even at higher TiO, compositions.

Thermal analysis

Figure 4 shows the DSC thermograms of PLA and nanocomposite film in the first
heat scan. The addition of bare and functionalized TiO, in PLA does not result in a
noticeable change in the glass transition (61 °C) of PLA. The cold crystallization
temperature (7,. = 94 °C) does not depend on the TiO, content, this suggests that
small-size particles are dispersed enough in the PLA matrix, and that only a small
amount of them serves well as a nucleating agent. Similar results can be found in

2
)
=
2
= PLA
PLATI2
PLAfTi2
LATiS
LAfTi5

T T T T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50
26 (deg)

Fig. 2 WAXD spectra of neat PLA and its nanocomposites
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Fig. 3 Scanning electron micrographs of PLATi2 (a), PLAfTi2 (b), PLATI5 (¢) and PLAfTi5 (d) films
fractured in liquid nitrogen, at a magnification of 20,000x

other PLA nanocomposites [43, 54, 55]. Moreover, all the thermograms present an
exothermic shoulder before melting at about 153 °C which is function of the process
conditions and DSC heating program and that can be attributed to the recrystal-
lization of disordered o-crystals into o form [56, 57]. The o form melts at 169 °C in
all the nancomposites indicating that also this process is not affected by the TiO,
nanoparticles.

Thermogravimetric analysis

The thermogravimetric curves of all samples and their derivative (DTG) are shown
in Fig. 5a, b, respectively. TD' and Tnax that are the temperature at a 5% weight loss
and at the maximum of the derivative curves, respectively, are reported in Table 1.
PLA depolymerization by back-biting (chain end scission or intramolecular
transesterification) occurs in the range from 289 to 340 °C [58]. For the
nanocomposites, the initial degradation temperature (TD') increases with the
increasing amount of TiO, with a maximum of 10 °C from the value of pure PLA
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Fig. 4 DSC curves (IRUN) for PLA and PLA/TiO, nanocomposites, heating rate of 2°C/min

for 5% TiO,. Moreover, at the same TiO, loading, TD' is higher for nanocomposites
containing fTi respect to that of nanocomposites containing Ti. The same trend is
found for Ti,,x as can be seen in Table 2. Because inorganic species have good
thermal stabilities, it is generally believed that the introduction of inorganic
components into organic materials can improve their thermal stabilities. This
increase can be attributed to the high thermal stability of TiO, and to the interaction
between the TiO, particles and the polymer matrix. The same results have been
found for other nanocomposites [59-62]. However, opposite behaviour has also
been found [63].

As it can be seen from DTG curves, only for PLAfTi2 and PLAfTi5 the global
degradation process is shifted to higher temperatures respect to neat PLA. PLATi2
and PLATI5 nanocomposites shows sharper DTG curves respect to PLA and
nanocomposites containing fTi. This result indicates that when the TiO, nanopar-
ticles are not functionalized, they hinder the degradation of PLA at low
temperatures, but also act as degradation accelerators at higher temperatures.

Tensile properties

Neat PLA exhibits yielding with a short quasi-constant stress regime and failed at
ca. 6.1% (Fig. 6; Table 2). The specimen yields with stress-whitening bands. All
neat PLA specimens fracture without necking. In PLATi nanocomposites, yield and
break parameters decrease with Ti loading and more visually observable stress
whitening in the specimen is observable. On the other hand, Young’s modulus
shows a slight increase with Ti. Conversely, the addition of fTi to PLA results in a
slight increase in yield stress. The nanocomposites PLAfTi show intense stress
whitening resulting in a large yielding regime and hence significant strain-at break
(ca. 9.3% at 2 wt% fTi and ca. 14.5 at 5 wt% fTi). Young’s modulus increases with
fTi concentration. These results clearly indicate that PLA chain have a good
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Fig. 5 TGA (a) and DTG (b) of PLA, PLATi2, PLATIS, PLAfTi2 and PLAfTi5 nanocomposites
recorded at 20 °C/min in air

compatibility and strong interfacial interaction with fTi that increase stress transfer
to the fTi nanoparticles resulting in high tensile parameters.

UV-visible spectrophotometry

UV-vis measurements are carried out to study the optical transparency of the
nanocomposites and the UV barrier due to the presence of TiO, nanoparticles in the
polymer matrix. Figure 7 shows the UV-vis transmittance spectra of the neat PLA
and nanocomposites. The neat polymer shows the highest UV—vis transmittance. In
the visible region PLA film has a transmittance of about 76%, the PLA
transmittance starts to decrease at about 382 nm and becomes O at 225 nm; this

@ Springer



Polym. Bull. (2017) 74:3027-3041

3037

Table 2 Thermal degradation temperatures

and tensile parameters for PLA

and PLA/TiO,

nanocomposites

TD! Timax &y (%) oy (MPa) &, (%) o, (MPa)  E (MPa)

(°0) O
PLA 280 +1 317+1 13+£0.17 349+£56 57+04 283+47 31002+ 131.7
PLATi2 295+1 319+1 1.1+0.14 29.1+£40 50+£05 244+21 34658 +276.2
PLATiS 303+1 331+£1 12+0.11 307+47 44£03 229 +3.1 3599.0+ 228.1
PLAfTi2 299 +1 328+1 144+0.13 393439 101 +£05 304 +33 32252+ 181.7
PLAfTiS 300+ 1 344+1 144013 414+47 145+£0.7 307 +£24 33958 +201.5
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Fig. 6 Stress-strain curves of PLA, PLATi and PLAfTi nanocomposites
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Fig. 7 UV-visible spectrum of PLA (filled circles), PLATI2 (filled triangles) PLATIS (filled sqaures)
PLATTi2 (open triangles) and PLAfTi5 (open squares) film nanocomposites
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saturation of the spectra at 225 nm is due to the absorbance of PLA ester groups
[64]. Increases in the light adsorption (reductions in transmittance) in both visible
and UV ranges are observed with the increase of the concentration of TiO,. This
effect is even more evident in the nanocomposites containing fTi. The transmittance
reaches 0% at higher wavelength by increasing the TiO, content. Again, by
comparing spectra with the same TiO, content, the saturation is reached at higher
wavelength for fTi respect to Ti. These results indicate that the scale of TiO,
inclusions (both bare and functionalized) is probably large enough to scatter visible
light. Furthermore, TiO, nanoparticles, in particular when they are functionalized
with fluorocarbons extend the UV absorption area.

Conclusions

The aim of this work was to study the influence of functionalised nanoparticles on
the molecular weight, structure, morphology, thermal, mechanical and UV
properties of PLA. Modified TiO, nanoparticles were functionalized with fluoro-
carbons by plasma treatment. PLA/TiO, nanocomposites were obtained by melt
mixing and the films were prepared by compression moulding.

TiO, nanoparticles (both Ti and fTi) did not affect the crystallization process and
the thermal parameters of PLA during the film preparation in the condition used in
this work: all the nanocomposites were amorphous and had same T, T, and T,

The morphological analysis has evidenced that the functionalization of TiO,
nanoparticles with fluorocarbons plasma treatment improved their dispersion into
the PLA matrix that leads to samples that present improved mechanical properties
(higher break parameters and toughness), thermostability and a larger UV absorp-
tion area. The improvement of these properties is more evident for the higher
content of fTi nanoparticles (i.e., 5 wt%).
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