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Abstract

Biocomposites containing UV absorbing inorganic nanofillers are of great interest in food packaging
applications. The biodegradable polylactide (PLA) composite films were prepared by solvent casting
method by incorporating 1 wt % of TiO, and Ag-TiO, nanoparticles to impart the photodegradable
properties. The films were exposed to UV irradiation for different time periods and morphology of the
composite films before and after UV exposure were investigated. The results showed that homogenous
filler distribution was achieved in the case of Ag-TiO, nanoparticles. The thermal properties and
thermo-mechanical stability of the composite film containing Ag-TiO, were found to be much higher
than those of neat PLA and PLA/TiO, composite films. The scanning electron microscopy and X-ray
diffraction studies revealed that the photodegradability of PLA matrix was significantly improved in

the presence of Ag-TiO, nanoparticles.
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1. Introduction

Food packaging is one of the major fields of application for polymeric materials. Because of their non-
degradable nature, there is an increasing desire for companies and consumers to reduce, recycle, and
reuse plastic packaging materials, which are derived from traditional petrochemical-based polymers or,
alternately, substitute them with environmentally friendly polymeric material, which is a more
sustainable option." Polylactide (PLA) derived from renewable resources, like corn, sugar beets, wheat,
and other starch-rich products, is such a polymer that has shown huge potential to develop

biodegradable plastics for textile, medical, and packaging industries.? ® However, neat PLA’s inherent



thermal and thermo-mechanical stability are not sufficient for a wide-range of applications.* Another
important drawback of PLA is its slower degradation under normal conditions.

Processing polymer composites with inorganic nanoparticles offers a great opportunity to enhance the
physical, thermal, and mechanical properties of neat polymers.>”" The effectiveness of fillers with
nanometric dimensions strongly depends on its shape, particle size, aggregate size, surface
characteristics, and degree of dispersion.® ° According to classical composite theory, improved
interfacial bonding between polymer matrix and filler particles leads to enhance practical properties of
the composites.™”

PLA composites have been reported using various nanoparticles, including carbon nanotubes, layered
silicates or clays, silica, graphite, magnesium oxide, etc. 2"**** Though these composites exhibited
enhanced mechanical strength and modulus, very few nanoparticles could efficiently improve the
thermal and thermomechanical stability of neat PLA.** * This may be due to the lack of strong
interfacial interactions between nanoparticles and PLA matrix.

Although the mechanical, physical, and thermal properties of PLA-based composites are important
with respect to their in-house use and storage, ideally, these materials should biodegrade efficiently on
disposal. While biodegradation of polymers like PLA takes place at higher rates in compost where
moisture and bacteria exist (it does not advance in air), more than three months is needed for the
complete decomposition.’® As an alternative strategy, by incorporating photodegradability to a
biodegradable polymer, the overall degradability can be efficiently improved under any conditions.*’ "2
Titanium dioxide (TiO) nanoparticles have been investigated in recent years because of the capability

21, 22

to absorb UV light (A < 388 nm) and generate oxygen species that decompose various organic

chemicals such as aldehyde, toluene, and polymers such as polyethylene (PE) %

, polypropylene (PP)
2 poly(vinyl chloride) (PVC) %, and polystyrene (PS).?° It is well known that the photocatalysis

reaction of TiO, produces active oxygen species such as O,’, HO,, and HO radicals from H,O or O, by



oxidative or reductive reactions under UV exposures. These active oxygen species will lead to
photodegradation reactions by attacking the interfacial polymer chains, forming carbon-centred
radicals, and accelerating chain cleavage.’

Research in composites based on TiO, and PLA has recently been focused on applications like drug
releasing > #' degradation of organic pollutants *, and textiles. 2 A few studies have reported on
improved dispersion of TiO;, nanoparticles in PLA and the resulting PLA/TiO, composites’ improved
photodegradability. However in these investigations, the TiO, nanoparticles used were surface
modified by using tedious or multi-step procedures to get good interfacial interaction with PLA
matrix.> 2! For example, Nakayama et al.? reported improved photodegradability of PLA composites
with TiO, nanoparticles modified by propionic acid and n-hexyl amine, independent of the filler
content. Luo et al.*® used functionalized TiO, with lactic acid through solution polycondensation

reaction for the preparation of PLA/TiO, composites. Zhuang and co-workers **

used organically
modified TiO; to synthesize PLA/TiO, composites with improved mechanical and thermal properties
by in situ polymerization.

In this work, PLA composites were prepared by solvent casting method employing Ag modified TiO,
without any further surface modification. This is compared to the structural and thermal properties of
composites prepared by the same method but using TiO, nanoparticles. The effect of different
nanofillers to the photodegradation property is also investigated. The powder samples and solvent
casted composite films were characterized by X-ray diffraction (XRD), UV-Visible spectroscopy (UV-

Vis), scanning electron microscopy (SEM), themogravimetric analysis (TGA), differential scanning

calorimetry (DSC), and dynamic mechanical analyzer (DMA).



2. Experimental section

2.1. Materials

PLA with a D-lactide content of 1.1-1.7% was obtained from Unitika Co. Ltd, Japan. Prior to use, PLA
was dried at 80 °C for 2 h under vacuum. Commercial TiO, nanoparticles (P25) with diameter 20—-40
nm were supplied by Degussa, Germany. The reagents such as, CHCI3;, NH,OH, ethylene glycol (EG),

and AgNOj3 were purchased from Sigma Aldrich and used as received without further purification.

2.2. Synthesis of Ag-TiO, nanoparticles
In a typical synthetic procedure, 1 g of TiO, (P25, Degussa) was mixed with 100 ml of 0.01 M AgNO;

solution and 10 ml ethylene glycol, and magnetically stirred for 24 h at 60 °C. The solid mass was

filtered, washed several times with distilled water, and finally dried in the oven at 110 °C overnight.

2.3. Preparation PLA/TiO, and PLA/Ag-TiO, composite films

PLA composite films with 1 wt % inorganic content (TiO, and Ag-TiO,) were prepared by solvent-
casting method. A known weight of PLA was dissolved in 100 ml CHCI3 by ultrasonication. The
inorganic oxide was added to the PLA solutions and magnetically stirred for 2 h at room temperature.
The mixture was then poured into Petri dishes, and the solvent was allowed to evaporate overnight. The
films were peeled off from the Petri dishes and annealed at 80 °C overnight under vacuum. Neat PLA
film was also prepared under the same conditions for comparison.

2.4. Characterization of TiO, and Ag-TiO, powder samples

The nanoparticle size and shape were analyzed by a JEOL 2100 TEM, operated at 200 kV. To prepare
the sample for TEM, the powder was sonicated in methanol for 5 min, followed by depositing the
solution on a Cu-grid with holey carbon film. The UV-Vis characteristics of the nanoparticles were

recorded by a Perkin-Elmer Lambda 750 UV-Vis spectrometer. The SEM analysis was done using a
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JEOL 7500 SEM at an accelerating voltage of 5 kV. Elemental analysis was performed using a
NORAN EDS system, which was attached to the JEOL 7500 SEM.

2.5. Characterization of PLA and its TiO, or Ag-TiO, containing composite films

The following techniques were used to characterize neat PLA and the corresponding composite films
before and after UV exposure. Differential scanning calorimetry (DSC) investigations were performed
by means of a DSC Q2000 (TA Instruments) in nitrogen atmosphere at a flow rate of 50 ml/min. The
samples were sealed in aluminum pans. To study the effect of incorporation of filler on clod
crystallization behavior of PLA, all samples were heated from 25 °C to 200 °C at a rate of 5 °C/min,
annealed for 5 min at 200 °C to erase previous thermal history, cooled down to 25 °C at 5 °C/min, and
then repeated heating scanned immediately to 200 °C at a rate of 5 °C/min. The crystallization peak
(Tc), melting peak (Tn) temperatures, and degree of crystallization () were determined from the
thermograms. . was calculated according to the relation y.= [AHw/®AH¢] x100, where ® is the weight
fraction of PLA component, AH, is the enthalpy of melting and AHs is the heat of fusion of 100%
crystalline PLA (taken as 93 J/g).** To study the effect of filler on PLA Tg, annealed samples (at 80 °C
for overnight under vacuum) were equilibrated at -25 °C for 30 min and then heated to 200 °C at a rate
of 20 °C/min. A field-emission SEM (JEOL 7500 FESEM) was used to characterize the surface
morphology of the neat PLA and composite films. The XRD analyses were conducted on a
PANalytical XPERT-PRO diffractometer using Ni filtered CuK o radiation (A = 1.5406 A) with a fixed
slit at 45 kV (voltage) and 40 mA (current) in the diffraction angle range of 2 to 80 °C. The thermal
stability of the neat PLA and two different composite films was investigated by thermogravimetric
analyzer using a Q500 TGA instrument in a normal air environment. The samples were heated in
platinum crucibles with an air flow of 50 ml/min. The dynamic measurement was conducted from
ambient temperature to 900 °C, with a ramp rate of 10 °C/min. The dynamic mechanical analysis of

neat PLA and two different composite samples were examined by means of Perkin EImer DMA 8000
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in a single cantilever mode with a pocket material. To measure the thermo-mechanical stability of neat
PLA, before and after composites formation, the temperature sweep experiments were conducted at a
constant strain amplitude of 0.02% (calculated after series of experiments) and frequency of 6.28 rad.s™
(1Hz). The heating rate was 2 °C/min over the range of -25 to 175 °C.

2.6. Degradation study under UV light

Annealed neat PLA and composite films were cut into rectangles and mounted on glass plates. The
samples were then exposed to UV monochromatic light (A=365 nm) in a UV chamber for two
irradiation intervals of 8 and 16 h (sample notation, e.g., PLA’ and PLA””) at room temperature. The
distance between the UV lamp and the sample was 15 cm at an intensity of 950 pW cm.

3. Results and discussion

3.1. Morphology and structure of TiO, and Ag-TiO, nanoparticles

Parts (a) and (b) of Figure 1 show the TEM images of TiO, and Ag-TiO, respectively. The TiO, has a
grain distribution of 20-50 nm and typically the exposed surfaces are smoother (refer to Figure 1(a)).
The TEM image of Ag-TiO, presented in Figure 1(b) shows uniform distribution of Ag nanoparticles
with a mean diameter less than 5 nm, on the surface of TiO, particles. One could clearly notice the
change in the surface morphology, i.e., increased surface roughness of the TiO, nanoparticles due to
the deposition of Ag.

The FESEM image of Ag-TiO, sample and its EDS spectrum is shown in Figure 1(c). TiO;
nanoparticles with particle sizes in the 20-50 nm can be seen in the SEM micrograph. Though the
presence of Ag nanoparticles on the TiO; surface is not clearly visible from the micrograph, the EDS
spectrum (refer to Figure 1(d)) shows the characteristic signals of Ti, O, and Ag confirming the
successful incorporation of Ag into TiO, and the high purity of the synthesized material. The average

concentration of Ag on TiO; obtained from multi-spot analysis is close to 3.95 wt % (1.3 at %).



The UV-Vis spectra of TiO, and Ag-TiO, nanoparticles are shown in Figure 2. A broad band
absorption ranging from 250—-350 nm is observed for both samples. However, it is noteworthy that Ag-
TiO, sample shows an absorption band, upward shifted (blue shifted) relative to that of TiO,
nanoparticles. The blue shift is ascribed to a phenomenon known as quantum confinement effect,
whereas in the case of nanoparticles with much smaller size; the optical edge tends to shift to higher
energy. > 3* In the case of Ag-TiO, sample, the blue shift is due to the presence of additional, very

small sized Ag nanoparticles on the TiO, surface.

Figure 1 Bright field transmission electron microscopic image of (a) TiO, and Ag-TiO, nanocparticles.
(b) Field-emission scanning electron microscopic image of Ag-TiO, nanoparticles and (c)
corresponding energy-dispersive X-ray spectrum.

The XRD patterns in Figure 3 show tetragonal anatase as the predominant crystalline phase of TiO; in

both TiO, and Ag-TiO, samples (reference code: 01-075-1537). The Ag-TiO, sample shows less



intense additional peaks at 20 = 44.4 and 77.2 °C, confirming the presence of a cubic phase of Ag

nanoparticles (reference code: 00-003-09210).
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Figure 2 UV-Vis absorption spectra of TiO, and Ag-TiO, nanoparticles
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Figure 3 X-ray diffraction patterns of TiO, and Ag-TiO, nanoparticles

3.2. Fractured surface morphology of composite films
The TiO, and Ag-TiO, nanoparticle distribution and the presence of their aggregates in PLA matrix
were studied with FESEM. Parts (a) and (b) of Figure 4, respectively, show the fractured-surface

morphology of PLA/TiO;and PLA/Ag-TiO, composite films. PLA loaded with 1 wt % Ag-TiO, shows
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a reasonably good degree of dispersion with fewer tendencies of nanoparticles for aggregation when
compared to PLA/TiO, composite containing the same amount of TiO, loading. The surface roughness
of the polymer observed in PLA/TIO; is higher with respect to PLA/Ag-TiO, indicating a higher
degree of nanoparticle aggregation in the case of PLA/TiO, composite film. The SEM micrograph of
PLA/Ag-TIO, also shows well-embedded Ag-TiO, nanoparticles with no pull-outs during fracture,
illustrating strong binding between the Ag-TiO, and the PLA matrix. This may be due to the very
rough surface of Ag-TiO, nanoparticles (refer to the TEM images in Figure 1), which leads to the

strong adsorption of PLA chains on Ag-TiO, surface. We will confirm this as we progress.

Figure 4 Field-emission scanning electron microscopy fractured-surface image of (a) PLA/TiO; and
(b) PLA/AgQ-TiO, composite films.
3.3. Thermal stability

The TGA scans for neat PLA and two different composite samples (PLA/TiO, and PLA/Ag-TiO,) are
presented in Figure 5. Table 1 shows the onset decomposition temperature (at 5 % weight loss), the
temperature at 10% weight loss, and char yield (at 600 °C) for the samples. The initial decomposition
temperature of neat PLA is 263 °C (at 5 % weight loss), which is significantly shifted to a higher value
for PLA/Ag-TiO, composite (290.1 °C), whereas the value is decreased in the case of PLA/TIO,
composite film (261.5 °C) as compared to neat PLA film. This may be due to the poor adhesion of
TiO, smooth surfaces to the PLA matrix.? Furthermore, the higher thermal stability of PLA/Ag-

TiO,composite could be attributed to a good dispersion of Ag-TiO, nanoparticles in PLA matrix.
10



According to the TEM images (refer to Figure 1), Ag-TiO, nanoparticles have rough surfaces, which
lead to better adsorption of PLA chains on Ag-TiO,. Another reason may be the presence of higher
thermally stable Ag nanoparticles in Ag-TiO,, which contribute to the enhancement of the overall
thermal stability of PLA/Ag-TiO, composite. The residue obtained at 600 °C for neat PLA is 0.03%

while those of composites are in the range 0.8-0.9%.
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Figure 5 Thermogravimetric scans of neat PLA and two different composite films under air.

Table 1. Data calculated from TGA analysis.

Films Ty oY oC Ty 12%/°C Residue at 600 °C/%
PLA 263.7 290.7 0.03
PLA/TIO, 261.5 293.8 0.92
PLA/Ag-TiO, 290.1 306.1 0.84

3.4. Thermal properties

Figure 6(a) shows the DSC thermograms of annealed neat PLA and composite films. Figure 6(b) shows
the DSC thermograms of neat PLA and the composites after erasing the previous thermal history, and
the parameters determined from these DSC scans are tabulated in Table 2. The following features are

observed, mainly:
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(i) The T4 for all samples is seen clearly (refer to Figure 6(a)). Such an observation indicates all

samples are constraint free after annealing at 80 °C overnight. The Tq of neat PLA (54.7 °C) is slightly

increased in the case of the PLA/TIO, (55.7 °C) composite. This may be due to the unfavorable

interaction between PLA matrix and TiO, particles, while the Ty of neat PLA is significantly improved

in the case of PLA/Ag-TiO, composite film. This is quite unusual in the case of PLA-based composite.

We believe this is due to the strong adsorption of PLA macromolecules on the rough Ag-TiO; surface

because FTIR analysis (refer to Figure 7) did not show the presence of any chemical interaction

between the PLA matrix and Ag-TiO; nanoparticles.
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Figure 7. Fourier-transform infrared spectra of neat PLA and composite films.
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(if) A sharp cold-crystallization peak appears for all samples. Such a result indicates that, for all
samples, the cold crystallization process of PLA matrix takes place from a single homogeneous phase.
However, it is interesting to note that the cold crystallization peak temperature of neat PLA moves
towards much lower temperatures in the case of composites, and it is significant in the case of PLA/Ag-
TiO, composite. This indicates an efficient nucleating role of the Ag-TiO, nanoparticles for PLA
crystallization. We believe this is due to the homogeneous dispersion of Ag-TiO; nanoparticles in the
PLA matrix, which consequently act as nucleators of the PLA chains to fold and join the crystallization
growth front efficiently. This is supported by the higher overall crystallinity of PLA/Ag-TiO,
composite (refer to Table 2).

Table 2 Thermal properties of neat PLA and two different composite films

Films T,/°C T/°C Tw/°C | AHJ/Jg" | AHW Jg? | xd %
PLA 54.7 140.1 166.6 6.5 6.8 7.3

PLA/TIO, 55.7 135.3 164.6 14 15.02 16.5
PLA/Ag-TiO, 59.2 134.1 164.3 24 25.1 27.9

(iii) The melting peak temperature (corresponding to the main peak) of the composites shifts to the
lower temperature region than that of neat PLA, and this effect is more prominent in the case of the
PLA/Ag-TiO, composite (refer to Figure 6(b)). Such results indicate the formation of much smaller
crystallites in the case of composites than neat PLA. The appearance of double melting peaks in the
case of composites suggests the presence of two different types of thermally stable PLA crystallites;
however, there is a significant difference in population.

3.5. Thermo-mechanical stability

The temperature dependence of tan & of neat PLA and composites are presented in Figure 8. The
temperature of loss tan & of neat PLA film is generally considered as matrix Ty (66.3 °C), which is

slightly affected by incorporation of TiO, nanoparticles in the case of PLA/TiO, composite. However,
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this improvement is significant in the case of PLA/Ag-TiO, composite film. Such a unique observation
in the case of Ag-TiO; nanoparticle-containing composite of PLA supports strong adsorption of PLA
chains on rough Ag-TiO, surfaces. This lead to the immobilization of PLA chains and, hence, enhanced

thermo-mechanical properties. This is a very important improvement in the case of PLA composite.
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Figure 8 Temperature dependence of tan 5 of neat PLA and composite films.

3.6. Crystalline structure

The crystalline structure of neat PLA before and after composite preparation was studied using XRD.
The XRD patterns of annealed neat PLA and the composites are shown in Figure 9. It can be seen that
the neat PLA film exhibits a very strong peak at 20 = 16.8° due to reflection from (200) and/110
planes, and another less intense peak at 26 = 19.5° coming from the (203) plane. These peaks are
assigned to the reflection of a-phase crystallite of PLA, which is orthorhombic with chains in a -10/3
helical conformation.® In the case of PLA/TiO, composite film, these characteristic peaks of the PLA
matrix appear almost at the same positions, while both peaks are slightly up-shifted in the case of
PLA/AgQ-TiO, composite film. Such an observation indicates that PLA matrix crystallized in a defect-
ridden form in the case of PLA/Ag-TiO, composite. This type of growth of PLA crystallites may be

due to the homogeneous dispersion of Ag-TiO, nanoparticles in PLA/Ag-TiO, composite film.
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Figure 9 X-ray diffraction patterns of annealed neat PLA and composite films.

3.7. Photodegradation

To study the photodegradation, neat PLA and its composite films containing TiO, and Ag-TiO,
nanoparticles were exposed to UV light (wave length, A = 365 nm) for two different time intervals of 8
and 16 h, thereafter the films surface morphology and crystalline structure of PLA were respectively
analyzed using SEM and XRD. From the SEM images shown in Figure 10, it is clear that the
degradation of neat PLA film gradually increases with increased UV exposure time as indicated by the
number of small cracks on the PLA surface. In the case of PLA/TiO, composite film, the degradation
rate is initially higher but decreases with higher exposure time. Since TiO, nanoparticles have the
ability to absorb the UV radiation, it seems that they suppress the photodegradation and protect the
remaining PLA surface when TiO, nanoparticles were directly exposed to the UV light after
degradation of matrix. Nakayama reported similar observations on PLA films containing a higher

amount (~10 wt %) of TiO,.2
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Figure 10 Field-emission scanning electron microscopic images of PLA and the composite films after
UV exposure for 8 (’) and 16 h (7).

On the other hand, the PLA composite film filled with Ag-TiO, nanoparticles shows the highest

degradation rate among all the films, which significantly improves after 16 h of UV exposure. The

surface of the composite is obviously degraded to a greater extent, with a noticeable increase in the size

of the cavities (refer to Figure 10).
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Figure 11 X-ray diffraction pattern of neat PLA and the composite films after UV exposure: (a) 8 h

The XRD patterns of neat PLA and composite films after UV exposure, at two different times, are

given in Figure 11. The i

splitting of the main crystalline peak of PLA matrix after 16 h of UV irradiation.
degradation rate in PLA/Ag-TiO, composite, when compared to PLA/TiO; film, is clearly seen from
the significant reduction in the peak intensity of PLA as a result of efficient photodegradation. The split
XRD peak is observed from 8 h of UV exposure in this case. This result also indicates that the Ag

content on the TiO, surface is within the range of maximum photonic efficiency (1.5 at %-optimum Ag

loading).
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ncrease degradation rate of PLA matrix with exposure time is reflected by the
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Scheme 1 Pathway of charge transfer in Ag-TiO, under UV irradiation (VB- valence band, CB-
conduction band)

It is well reported that noble metals like Pt *, Au *®, or Ag *° deposited TiO, have high Schottky
barriers and thus act as electron traps, facilitating electron-hole separation and promote an interfacial
electron transfer process.*** In this case, Ag nanoparticles accept the electrons formed on TiO, surface
under UV radiation thereby reducing the electron-hole pair re-combination, and transfer them to
oxygen forming active oxygen species (refer Scheme 1). ** The active oxygen species initiate the
degradation by attacking the interfacial PLA chains, and this process is extended to the matrix through
diffusion of reactive oxygen species.> This phenomenon describes the more efficient and faster
degradation of PLA/Ag-TiO, nanocomposite film in comparison to PLA/TiO, under UV irradiation.

4. Conclusions

The TiO, and Ag-TiO;, nanoparticles, without any further surface modification, were successfully
incorporated as fillers in biodegradable PLA matrix by solvent casting technique. The overall thermal
stability of the PLA composite film containing Ag-TiO, was found to be much higher than that of neat
PLA and PLA/TiO, composite films. The overall degree of crystallinity and thermomechanical stability
of PLA matrix was significantly increased for PLA/Ag-TiO,. The photodegradation rate of PLA was

also drastically enhanced by incorporating Ag-TiO, nanofillers. All these results are attributed to the
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homogenous dispersion of Ag-TiO, nanoparticles in PLA matrix. The Ag nanoparticles on TiO,
surface play an important role in increasing the surface roughness of TiO, nanoparticles for better
interaction with the PLA matrix as well as for the overall UV degradation ability of the resultant
composite. In our ongoing research, we are trying to fine tune the size of Ag-TiO nanoparticles in such
a way that they can absorb light in the visible region. We are also diligently working to understand the
interfacial properties of Ag-TiO, nanoparticles and PLA matrix.
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Graphical Abstract

Interesting UV degradation properties of Polylactic acid (PLA) films containing TiO, and Ag -TiO;
nanofillers are reported. The Ag-TiO, offers better dispersion in PLA matrix due to surface roughness

and thereby improves the thermal and degradation properties of the composite film.
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