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ABSTRACT

Ca0 nanoparticles sized ca. 26 nm were organically modified with oleic acid (0l-Ca0), and both were
incorporated into PLA at concentrations of 5 and 8 wt.% by a melting process. Modification of nanopar-
ticles improved the distribution into PLA, as seen by transmission electron microscopy (TEM). Thermal
analysis revealed that the presence of Ol-CaO in the PLA matrix promoted a decrease ca. 13% in the
glass transition temperature (Tg). The thermal stability of the PLA/Ol-CaO decreased ca. 23% compared
to the neat PLA due to the catalytic activity from nanoparticles, while Vickers Microhardness (HV) for
nanocomposites PLA/OIl-Ca0 increased ca. 9%, compared with the neat PLA, due to the good dispersion
of modified-surface OI-CaO nanoparticles in PLA. PLA/OI-CaO nanocomposites reached 99.9% of antimi-
crobial effectiveness against E. coli for nanoparticles content above 8 wt.%. From photodegradation tests
under irradiation during five days, it was verified that the presence of CaO nanoparticles accelerated the
photodegradation of the polymer matrix nanoparticles into PLA promoted a decreasing ca. 13% of Tg and
an increase in the degree of crystallinity (Xc) (ca. 7%), compared to PLA/CaO without irradiation. Besides,
the viscosity molecular weight (Mv) of PLA/CaO showed a higher decrease than neat PLA after irradia-
tion, and SEM analysis showed that the nanocomposites presented cavities around the nanoparticles after
irradiation. Our results showed that incorporating CaO nanoparticles into the PLA polymer matrix allows
future development of more sustainable materials as nanocomposites for food packaging or medical de-
vices.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

in landfills and oceans [2,3]. Among many biodegradable polymers
as an alternative in replacing conventional polymers, poly (lactic

Over the recent decades, the use of petroleum-based polymers
has increased considerably due to versatility, low-cost production,
and excellent mechanical and thermal properties [1]. However,
these polymers require hundreds of years to degrade, (ca. >200
years) compared with the short time of use, causing its build-up

Abbreviations: PLA, poly (lactic acid); PET, polyethylene terephthalate; LDPE, Low
density polyethylene; TEM, Transmission Electron Microscopy; Tg, Glass transition
temperature; Ty, Melting temperature.
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acid) (PLA) is one of the most promising materials. PLA derives
from sustainable raw materials such as corn, beets, and wheat,
presenting attractive properties such as good biodegradability, low
toxicity, easy processability, transparency, and being environmen-
tally friendly [4,5]. PLA is the primary candidate for food packag-
ing due to its biocompatibility, excellent transparency, and excep-
tional degradability. However, this polymer has disadvantages for
packaging, such as high production cost compared with petroleum-
derived conventional polymers [6,7], low barrier properties, poor
temperature resistance, and brittleness. Due to permeability issues,
PLA is considered inferior to polyethylene terephthalate (PET) for
long-term food storage applications [6,7].
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A possible solution has been incorporating nanometric particles
into PLA to obtain a nanocomposite material [8-12]. In addition,
organic and inorganic nanoparticles have been considered reinforc-
ing agents in the PLA matrix to improve its thermo-mechanical
properties [13-15]. The main advantage of nanoparticles is the high
specific surface that provides a larger contact area between the
particle and the polymer matrix [16].

Metal oxide nanoparticles such as silver (Ag,0), copper (CuO),
or photoactive oxides, such as titanium dioxide (TiO,) and ZnO
with antimicrobial activity, are usually considered feasible alterna-
tives to avoid growth and reducing microorganisms’ adhesion in
the PLA [4,17].

For example, Fonseca et al. reported obtaining PLA with 5 and
8 wt.% of TiO, (10 nm) by a melting process. The elastic modu-
lus of PLA/TiO, nanocomposites increased ~54% compared to pro-
cessed PLA, and this can be related to the excellent distribution
of the nanoparticles into the PLA matrix. Besides, nanocompos-
ites showed a reduction of 94.3 and 99.9% against E. coli bacteria
and Aspergillus fumigatus fungus, respectively [4]. ZnO particles (0-
5 wt.%, 100-500 nm) were incorporated into a PLA matrix by a
melt-mixing extrusion process. Composites loaded with 5 wt.% of
ZnO reduced 99% of colony-forming units of E. coli. Regarding the
mechanical properties, Young modulus increased ca. 11% with ZnO
content, and the oxygen permeability decreased by incorporating
1 wt.% of ZnO [18]. Nevertheless, the toxicity of silver nanopar-
ticles is still under evaluation, and TiO, and ZnO require UV ir-
radiation for activation, making them unattractive for industrial
applications [19-21]. In contrast, calcium oxide (CaO) nanoparti-
cles have received scientific attention due to their high basicity,
non-corrosive, recyclable, low-cost bactericidal, and ease of process
[22,23]. They are also generally regarded as safe materials, having
low toxicity and high biocompatibility [24,25]. Several studies have
demonstrated their effectiveness in eliminating natural pathogens
such as E. coli, Salmonella typhimurium, Staphylococcus aureus, and
Bacillus subtilis [26-28].

The incorporation of CaO nanoparticles into the polymer ma-
trix has been much less studied than in other systems. The an-
timicrobial properties of the nanocomposites have not been evalu-
ated either [29]. Previously, our research group demonstrated an-
timicrobial properties for LDPE/Ca0 nanocomposites (sizes of CaO
from 55 nm and 25 nm). The nanoparticles were modified with
oleic acid (0Ol-Ca0), and the CaO and OI-CaO nanoparticles in dif-
ferent amounts (3, 5, and 10 wt.%) were incorporated into the
LDPE by the melting process. Ol-CaO nanoparticles of 25 nm acted
as nucleating agents, increasing the polymer’s crystallinity. The
Young's Modulus of PLA/OI-Ca0 increased ca. 36%, regardless of the
nanoparticle size, in comparison with the neat PLA. With increased
nanoparticle amounts at 10 wt.% and a decrease in size, the reduc-
tion in E. coli bacteria increased. Besides, the highest antimicrobial
behavior was found in the composites with a Ol-CaO of 25 nm,
presenting a decrease of 99.9% [30]. Therefore, CaO nanoparticles
are considered bactericidal materials with great potential in food
packaging or medical devices.

There are few studies of CaO nanoparticles incorporated into
PLA. Liu et al. modified calcium oxide (CaO) with n-octadecyl
trichlorosilane (CaO-M), and the nanoparticles with and without
modification were incorporated into PLA by melt-blend to pre-
pare PLA/CaO and PLA/CaO-M (0-1 wt.%) nanocomposites. CaO-
M nanoparticles in the PLA inhibited the cold crystallization of
PLA and blocked recrystallization during the second heating pro-
cess, thus facilitating heterogeneous nucleation. As a result, the
PLA/CaO-M (with 0.1 wt.%) increased the degree of crystallinity
fivefold compared to that of neat PLA. The tensile strength and im-
pact strength of the PLA/CaO-M nanocomposite material reached
their maximum value when the CaO-M content was 0.1% by ca.
32% and 243% higher than neat PLA, respectively [31]. Although
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the previous reports have studied the manufacturing of polymeric
nanocomposites with CaO incorporation, they did not report the
antimicrobial properties [30].

In this study, the calcium oxide (CaO) nanoparticle surface was
modified with oleic acid to obtain modified calcium oxide (OI-CaO)
in order to improve the interaction between the nanoparticles and
the polymer. Then, PLA/CaO nanocomposite films were obtained
by varying the loading of CaO and Ol-CaO nanoparticles (5 and
8 wt.%) using a melt blending method. First, the study of thermal
and microhardness properties of nanocomposites was performed.
Then, the biocidal properties of nanocomposites films were eval-
uated against E. coli bacteria. Finally, the effect of the addition of
nanoparticles (CaO) on the photodegradation of PLA was also stud-
ied. These biodegradable nanocomposites with antimicrobial prop-
erties will allow for future advances in sustainable antimicrobial
materials for the medical or food packaging fields.

2. Materials and methods
2.1. Materials

Calcium nitrate tetrahydrate (CaNOs),-4H,0, 99%) and oleic acid
(90%, technical grade) were purchased from Sigma-Aldrich. Sodium
hydroxide (pellets) was obtained from Mallinckrodt Chemicals,
USA. Ethylene glycol (99.5%) and chloroform (Emsure®, analytical
reagent) were obtained from Merck, Germany. Nitrogen (99.95%,
extra pure degree) was obtained from AGA S.A., Chile; ethanol
(99.85%) was obtained from Equilab, Chile, and hexane (99.8%) was
purchased from ].T. Baker, USA. The pellets of poly (lactic acid)
(PLA) were purchased from Oxiqum S.A., Chile, with a density of
1.24 g/cm3 and 4% content of D-isomer.

2.2. Synthesis of CaO nanoparticles

Calcium oxide (CaO) nanoparticles were prepared by calcina-
tion of calcium hydroxide (Ca(OH),), previously synthesized un-
der assisted sonication [30,32]. As the first step, a solution of
Ca(NO3);-4H,0 (2.0 M in ethylene glycol) was prepared and placed
under sonication for 10 min. Then, the second solution of NaOH
(4.2 M in distilled water) was added by dripping to the first so-
lution. The resulting solution was sonicated for 5 min and left to
stand for 5 h. The precipitate was then separated by vacuum filtra-
tion with distilled water and dried for 24 h at 60 °C. Finally, CaO
nanoparticles were obtained by calcination at 500 °C for 5 h.

2.3. Surface-modification of CaO nanoparticles (Ol-CaO)

Ca0 nanoparticle modifications were made as reported in a pre-
vious work by Li and Zhu [33] and our research group [30,34,35].
n-Hexane (50 mL) and oleic acid (800 uL) were added to 1.0 g of
Ca0 nanoparticles. The resulting suspension was placed under son-
ication for 20 min to improve homogenization. Next, the solution
was kept under a nitrogen atmosphere with vigorous stirring for
5 h at 60 °C. Finally, CaO modified (0l-Ca0O) nanoparticles were fil-
tered, washed with ethanol, and dried for 24 h in an oven at 60 °C.

2.4. Characterization of CaO nanoparticles

The morphology and size of CaO nanoparticles were obtained
through Transmission Electron Microscopy (TEM) using a Philips
Tecnai 12 (The Netherlands) microscope at 80 kV. First, the CaO
nanoparticles were sonicated for 1 h in ethanol. Then, a drop of
CaO-solution was put on a carbon-coated standard copper grid
previously sonicated for 20 min, waiting for the solvent evapo-
ration to complete the preparation. Finally, samples of ultrafine



C. Loyo, V. Moreno-Serna, J. Fuentes et al.

PLA/Ca0 and PLA/OI-CaO nanocomposites, with a ca. 100 nm thick-
ness were cut with diamond blades in an ultramicrotome Sorvall
MT 5000.

The crystallographic structure of CaO nanoparticles was ana-
lyzed using an X-ray diffractometer. The crystalline phase study
was carried out in a Siemens D5000 diffractometer, using 0° < 6°
<80° scanning.

The characteristic bands of synthesized and modified CaO were
analyzed by Fourier Transform Infrared (FTIR) spectroscopy in a
Bruker 22 FTIR spectrometer using a pellet containing a mixture of
nanoparticles with KBr. All spectra were obtained in a range of the
infrared spectrum with wavelengths between 4000 and 500 cm™!,
with a resolution of 4 cm~1,

2.5. Preparation of PLA/CaO and PLA/Ol-CaO nanocomposites films

Previously, the PLA was dried at 60 °C during 24 h before the
melting process. Concentrations of 5 and 8 wt.% CaO and Ol-CaO
nanoparticles were incorporated into the PLA polymer matrix by
the melting process using a Brabender Plasti-Corder internal mixer
at 200 °C and 110 rpm for 5 min. Predetermined amounts of
the nanoparticles and neat polymer were incorporated to obtain
nanocomposites with 5 and 8 wt.% of nanoparticles. Films were
molded from nanocomposites using a hydraulic press (Scientific,
LabTech Engineering) with heated plates at 180 °C and 50 bar pres-
sures, equipped with a cooling system by potable water circulation.
The films were kept at rest during 1 month for aging not to affect
the properties.

2.6. Characterization of PLA, PLA/CaO, and PLA/Ol-CaO
nanocomposites

The glass transition temperature (Tg), melting temperature (Tr),
melting enthalpy (AHp), cold crystallization temperature (Tc.), and
cold crystallization enthalpy (AHc) were measured on a Mettler
Toledo DSC-1 start system. The samples were heated from 25 to
200 °C, at a rate of 10 °C-min~!, and then cooled to 25 °C and
heated again at the same rate (10 °C. min~!). The thermograms
and values were taken from the second heating scan to avoid the
contribution of the thermal history. The percentage of crystallinity
was calculated using Eq. (1), using the melting enthalpy of an ideal
PLA with 100% crystallinity (AH®y) by integrating the DSC curve
from around 70 to 180 °C [4].

5 _ (AHn — AH)+100
T AHY, (1-%)

Where AH, is 93 (J-g — 1), the enthalpy of fusion of an ideal
PLA with 100% crystallinity [4], AH; and AHc are the melting
enthalpy and cold crystallization enthalpy (J-g ~— 1) of the polymer
nanocomposite, respectively, and x is the percent of nanoparticles
in the polymer matrix [36].

The thermal stability was evaluated through thermogravimetric
analysis (TGA) using a TGA/SDTA 851 Mettler-Toledo setup under
Argon inert atmosphere (50 mL-min-1). Samples in triplicates were
introduced into alumina crucibles and heated from 25 to 600 ° C
at a heating rate of 10 °C-min~!. The TGA analysis has a standard
deviation of ca. &+ 2 °C.

The Microhardness (MH) of neat PLA and PLA/CaO and PLA/OI-
Ca0 composites were measured in and Vickers hardness, Leitz
Miniload 2 device at 29 °C under a charge of 0.981 N and an ap-
plication time of the charge of 25 s.

(1)

2.7. Antimicrobial properties of PLA/CaO nanocomposites

The antimicrobial effect of the different samples was deter-
mined using a plate count method described in the ISO 20,743.41
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E. coli ATCCC 25,922 was used as microbes for analysis [30,37]. In
brief, the initial number of bacteria present after incubation was
calculated by counting the number of colonies in a ten-fold dilu-
tion. A microbial suspension of 1 x 107 CFU-mL-! (CFU: colony
forming units) by Densimat bioMérieux® was prepared in a BHI
broth plus Triton 100x in a humid chamber. 0.5 mL of the sus-
pension was placed in contact with every 2.5 cm? sample. Control
and antibacterial-treated samples were recovered by suspension in
10 mL of sterile saline solution and then serially diluted down to
1/10, 1/100, and 1/1000. Then, 0.2 mL of each dilution was plated
in duplicate on trypticase soy agar plates and incubated at 37 °C
for 24 h under UV and white light. After incubation, the num-
ber of colonies in the Petri dishes was counted, and the percent-
age of inhibition was determined compared to its corresponding
control. The percentage of colony reduction was calculated using
Eq. (2), which relates the number of colonies of the neat polymer
to the number of colonies from the nanocomposites (PLA/CaO and
PLA/OI-Ca0).

% Reduction = CFUneat polymer — CFUnanocomposite x 100 (2)

CF Uneat polymer
2.8. Photodegradation properties of PLA/CaO nanocomposites

Films generated from neat PLA, PLA/Ca0, and PLA/OI-Ca0, with
5 and 8 wt.% of nanoparticles, with 0.1 mm of thickness were
put in the camera and irradiated using a Suntest/Atlas XLS oven
2200 W with a standard solar filter (borosilicate), which pro-
vides irradiation of 550 W-m ~ 2 (Irradiation acc. to 1SO 4892/DIN
53,387) in the 300 to 800 nm wavelength region. Previous studies
of Therias et al. [38] and Gardette et al. [39] concerning the photo-
oxidation mechanism of neat PLA have demonstrated that PLA can
directly absorb light in the range of 300 nm and PLA can be sen-
sitive to photo-oxidation with wavelengths greater than 300 nm,
promote the chains scission and therefor its degradation [38,39].
The temperature was kept constant at 45 °C during the test. Mon-
itoring was done by taking samples every 24 h for five days.

Viscosimetric analysis before and after irradiation was mea-
sured in chloroform at 25 °C in an Ostwald viscometer. The vis-
cosity average molecular weight (M,) values of the polymer were
obtained from the Mark-Kuhn-Houwink (Eq. (3)), and the constants
K and a were 5.46x10~% dL-g — ! and 0.7, respectively.

[n = K«M; 3)

Where [n] is the intrinsic viscosity, K and a are constants, values
of which depend on the nature of the polymer, solvent, and tem-
perature.

Before and after irradiation of nanocomposite films, the mor-
phological analysis was analyzed using a scanning electron micro-
scope (SEM) Hitachi TM 3000. The samples are previously coated
with a thin layer of gold to give them a conductive character.

3. Results and discussion
3.1. CaO and OI-CaO nanoparticles characterization

The CaO nanoparticles were obtained as a fine white powder
with a 56% weight yield. The TEM image is displayed in Fig. 1. It
shows that the nanoparticles presented a spherical shape with an
average diameter of 26.1 + 3.3 nm.

Fig. 2 displays the crystalline structures of the CaO nanoparti-
cles. The XRD pattern of the CaO showed different diffraction peaks
in a 10°- 80° range, which coincides with those reported by other
authors [22,40-42]. CaO nanoparticles exhibited diffraction peaks
(20) at 36°, 64°, and 65°, which are assigned to the (200), (311),
and (222) planes of the cubic structure of CaO, respectively. Other
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Fig. 1. a) TEM image and b) histogram of CaO nanoparticles.
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diffractions peaks (20) at 23°, 29°, 31°, 39°, 43°, 47°, 48°, 56°, 57°,
and 70°, associated with the (012), (104), (006), (113), (202), (018),
(116), (211), (122), and (0210) planes correspond to calcite phase
of Ca0, respectively. Finally, the presence of peaks (20) at 26°, 61°,
63°, and 73°, attributed to (100), (200), (021), and (022) plans re-
veal the structure of portlandite phase Ca(OH), [22,40-42]. In con-
trast, upon modification of the CaO nanoparticles, the main XRD
peaks were kept, suggesting that chemisorption with oleic acid
would not alter the domains and crystalline phases of the metal
oxide nanoparticles [43,44].

FTIR analysis was conducted on pure oleic acid (OA), Ca0O, and
0l-Ca0 (Fig. 3) to examine the characteristic peaks of the nanopar-
ticles. The CaO FTIR spectrum shows an absorption peak at 3642
cm~! resulting from the O-H bond from water molecules on the
surface of nanoparticles [22,45,46]. There is a tiny dip in the spec-
tra at 2359 cm™! due to the presence of atmospheric CO,. A band
around 550 cm! identified the vibration of Ca-O bonds, while
the broadband at 1446 cm™! and a strong band around 875 cm™!
indicate the C-O bond related to CaO nanoparticles carbonation
[47]. On the other hand, the spectrum of Ol-CaO shows that the
nanoparticles were modified after treatment with oleic acid, as
suggested by the signals associated with the vibration at 2923
and 2854 cm~!, assigned to C-H stretching modes of the oleic
acid alkyl chain. Three high-intensity peaks should appear in the
range 1650-1360 cm~! as a double and a single peaks assigned to

40

50 60 70 80

26 (°)

Fig. 2. XRD pattern of CaO and Ol-CaO nanoparticles.

the asymmetric and symmetric C-O stretching vibrational modes
of carboxylate groups [48]. Interaction via acid-base chemisorp-
tion between the fatty acid adsorbate, oleic acid, and hydroxyl
groups from the basic CaO surface, Ca(OH), (portlandite phase, see
Fig. 2), produces calcium oleate salt. It is constituted by carboxy-
late (RCOO~) and Ca%* ions [49,50]:

Ca(OH), + 2RCOOH < (RCOO),Ca + 2H,0
R: CH3(CH,);CH=CH(CH,),CH,-

Moreover, the weak band at ca. 1450 cm™! assigned to the
bending of -CH,- groups of calcium oleate aliphatic chain is not
observed. As a result, carboxylate and -CH,- bending peaks are
overlapped with the broad and intense CaO characteristic peak at
1490 cm™! [51].

In the FTIR spectra of the organically modified nanoparticles,
the peak intensity of the O-H stretching vibration decreased ca.
40% compared to neat CaO nanoparticles due to the reaction of
the carboxyl group in oleic acid with the hydroxyl group of CaO
portlandite phase [33]. These results agree with the metal oxide
nanoparticles coating with oleic acid chemisorbed between car-
boxylate groups as adsorbate and nanoparticle surface [52-54].

Thermogravimetric analysis (TGA) of neat CaO nanoparticles
(Fig. 4) showed a decomposition temperature at 10% weight loss
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Fig. 4. a) TGA and b) differential thermogravimetric (DTG) curves of CaO and Ol-CaO nanoparticles.

(Tqg) of 656 °C, while Ol-CaO nanoparticles showed a decrease in
the Tq9 compared to CaO nanoparticles at 619 °C due to oleic acid
chemisorption. Moreover, Ol-CaO nanoparticles exhibited a weight
loss of ca. 4% up to 360 °C, corresponding to decomposition of
oleic acid. The differential thermogravimetric (DTG) curve of Ol-
CaO0 nanoparticles exhibited two peaks; the first is at 388 °C due to
the presence of the oleic acid in the nanoparticles, confirming the
acid-base chemisorption between oleate chains and Ca?t on the
nanoparticle surface. The temperature for maximum weight loss
rate (Tmax) of neat and modified nanoparticles in the DTG curves
does not change notoriously (ca. 730 °C). Previous studies have re-
ported similar oleic acid content and chemisorption for Fe304 [55],
and TiO, [56] metal oxide nanoparticles.

3.2. Characterization of PLA/CaO and PLA/OI-CaO nanocomposites

3.2.1. Dispersion and thermal analysis

The dispersion of the CaO and OI-CaO (5 and 8 wt.%) nanopar-
ticles into the PLA matrix were analyzed by Transmission Elec-
tron Microscopy (TEM), as displayed in Fig. 5. The nanocompos-
ites with unmodified nanoparticles exhibit low dispersion due to
nanoparticle agglomeration. In the case of modified nanoparticles

(0l-Ca0), a better distribution was observed. The CaO nanopar-
ticles showed low dispersion in hydrophobic polymer matrices,
while the nanoparticles modification added hydrophobic domains
on the surface of the OI-CaO nanoparticles [33,54]. PLA is a
hydrophobic polymer, and hydrophobic interaction between PLA
and the oleic acid layer of the CaO surface nanoparticles occurs,
such as London dispersion interactions, which improved nanopar-
ticle dispersion within nanocomposites [57]. On the other hand,
the carboxyl group in oleic acid could react with active groups
on the surface of nanoparticles as a hydroxyl group. The long
alkyl chain and unsaturated bond in oleic acid provide signifi-
cant hydrophobicity to the nanoparticles and benefit good inter-
facial bonding between the nanoparticles and the polymer matrix.
As a result, the nanoparticles modified by oleic acid can prevent
their aggregation and enhance the dispersion into the polymer
[57].

The thermal properties were assessed using differential scan-
ning calorimetry (DSC) (Fig. 6). Table 1 displays the results of ther-
mal properties as glass transition (Tg), cold crystallization temper-
ature (Tc), melting temperature (T,,; and Ty,;), and percent crys-
tallinity (Xc) of neat PLA, PLA/Ca0O, and PLA/OI-Ca0 nanocompos-
ites obtained from the second heating.
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Fig. 5. TEM images of PLA/Ca0O nanocomposites with 5 and 8 wt.% of CaO and Ol-CaO nanoparticles.
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Fig. 6. DSC thermograms of neat PLA, PLA/Ca0, and PLA/Ol-CaO nanocomposites loaded with nanoparticles at 5 and 8 wt.% of second heating.

Table 1
Thermal properties of neat PLA, PLA/Ca0, and PLA/OI-CaO.
Ca0 Tg ch Tm1 Tmz Xc Tm Trnax
Sample (Wt.%) (°C) (°C) (°0) (°0) (%) (°Q) (°Q)
Neat PLA 0 63 110 150 155 1 313 342
PLA/Ca0O 5 63 113 150 155 1 235 275
8 63 113 152 157 1 247 264
PLA/OI-Ca0O 5 55 108 152 155 0 226 279
8 55 108 137 148 2 229 262

Tg: Glass Transition, Te: Cold Crystallization Temperature, Tp1; Tmz: Melting Temperatures and X: Crystallinity Percentage, Tio: Decomposition Temperature at 10% Weight
Loss, Tmax: Temperature for Maximum Weight Loss Rate.
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Fig. 7. a) TGA and b) Derivative TGA of neat PLA, PLA/Ca0, and PLA/OI-CaO nanocomposites with nanoparticles at 5 and 8 wt.%.

As expected for semicrystalline PLA, the curves revealed three
thermal transitions. First, an endothermic peak was associated to
structural relaxation during the glass transition. Then, an exother-
mic transition was found due to the cold crystallization process. Fi-
nally, a melting process for the crystalline domains was found. The
appearance of a cold crystallization and subsequent melting peak
with a comparable enthalpy denotes the low crystalline character
of the samples after processing [58].

The glass transition temperatures of PLA/Ca0 nanocomposites
did not change concerning the neat PLA, while for PLA/OI-CaO,
the decrease was ca. 13%. Similar results were found for PLA/oleic-
silica nanocomposites in the literature. A slight decrease in Tg
(ca. 3%) was reported for 5 wt.% oleic acid-treated silica-filled PLA
nanocomposites [59].

On the other hand, the cold crystallization temperatures (Tcc)
decrease slightly by incorporating Ol-CaO nanoparticles acting as
nucleation agents compared to neat PLA. Similar results were re-
ported by Nofar et al, evidencing that the presence of nanopar-
ticles such as nanosilica (12 nm) and nanoclay (100 nm) in PLA
slightly improves its crystallization due to incremented chain mo-
bility [60]. Finally, the nanoparticles dispersion in the polymeric
matrix is an essential factor in crystallization. Therefore, the sur-
face modification of CaO enhances its distribution into the macro-
molecular chains (in PLA/Ol-Ca0 nanocomposites), which induce
the formation of crystals of PLA [61,62].

The melting temperature of neat PLA, PLA/CaO, and PLA/OI-
Ca0 nanocomposites presented two distinct peaks (Ty,; and Tp;)
due to polymorphism of different crystal structures of PLA or
lamellar populations with varying degrees of perfection [63]. The
low-temperature endothermic process is related to melting meso-

stable crystals or less perfect crystal; after this melting process,
more stable crystals are formed, explaining the high-temperature
endothermic peak [4,64]. Other authors have also reported two
peaks in the melting temperature with the incorporation of
nanoparticles, attributing the behavior to PLA/nanoparticles due to
the formation of two crystal structures with different sizes or per-
fection of ordering [65,66]. It was observed that for both T,,; and
T, it only decreases slightly for PLA/ Ol-CaO with 8 wt.% com-
pared to the neat PLA. Although nucleating agents are known to
generate multiple nuclei with low lamellar thickness, the synergis-
tic performance of oleic acid and nanoparticles in this percentage
resulted in a semicrystalline structure with the highest degree of
perfection [4,64].

The neat melting enthalpy, considered the sum of melting and
crystallization in the range from 70 to 180 °C, is negligible for PLA,
highlighting the amorphous structure of this material, obtaining X
ca. 1% [67]. The presence of nanoparticles did not affect the crys-
talline fraction of PLA. Similar phenomena were observed in the
literature dealing with nanocomposites, processed mainly by melt
blending [61,68-71].

On the other hand, TGA studied the effect of the addition of
Ca0 and OI-CaO nanoparticles on the thermal stability of PLA-
based nanocomposites in a nitrogen atmosphere. The TGA and
derivative TGA of neat PLA, PLA/CaO, and PLA/Ol-Ca0 nanocom-
posites are displayed in Fig. 7, and the results are summarized
in Table 1. The neat PLA showed a main peak of Tmax of 342 °C
associated with their thermal degradation [72]. The PLA/CaO and
PLA/OI-Ca0 nanocomposites decreased in the Tyy ca. 28% and Tmax
ca. 23% compared to the neat PLA. Thus, the thermal stability
of the nanocomposites decreased with the amount of CaO and
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Fig. 8. Vickers Microhardness (HV) of neat PLA, PLA/Ca0, and PLA/Ol-CaO nanocomposites.

0l-Ca0 nanoparticles incorporation. Similar results were found by
Fan et al. for PLLA/Ca0 nanocomposites. The PLLA was degraded
through unzipping depolymerization, occurring in a temperature
range of 250-320 °C [73]. The authors reported that chains of
PLLA decomposition start with reactions with CaO, followed by a
backbiting reaction from chain-end anions. The depolymerization
is caused by the attack of the CaO on the PLA ester carbonyl car-
bon, which leads to the formation of oligomers with carboxylic
end groups or calcium carboxylate. Then, the carboxylic ion is at-
tached to the asymmetric carbon atom in the penultimate unit of
the PLLA, followed by scission of the C-O bond between methine
carbon and ester oxygen [74,75].

Other authors have reported a reduction in the thermal stabil-
ity of PLA/CaCO3 nanocomposites compared to the neat PLA. These
results were attributed to the alkali nature of CaCOs3 capable of
catalyzing the PLA depolymerization through ester bonds. The ba-
sic nature of CaCOs catalyzed the depolymerization of the PLA es-
ter bonds, reducing the thermal stability [76,77]. In the same way,
some metal compounds can also catalyze PLA by pyrolysis, result-
ing in a decreased degradation temperature [78-80]. For example,
it is reported that PLA/ZnO nanocomposites degradation tempera-
ture decreased compared to the neat PLA due to catalytic activity
of ZnO, leading to polymer thermal degradation at a lower temper-
ature [81]. This degradation is attributed to the fact that zinc com-
pounds catalyze intermolecular transesterification reactions. This
reaction generates lower PLA molecular weight and the “unzip-
ping” depolymerization, which leads to selective formation of lac-
tide acid [82].

3.2.2. Microhardness

The mechanical properties were evaluated through microhard-
ness analysis. As the samples of this study were obtained through
thermo-compression, in addition to the difficulty of preparing sam-
ples of the films without cracks, the evaluation of mechanical
properties with a tensile test was discarded. The Vickers Micro-
hardness (HV) of neat PLA, PLA/Ca0, and PLA/Ol-CaO nanocompos-

ites are displayed in Fig. 8. The PLA/CaO nanocomposites did not
show a considerable change in the microhardness of nanocompos-
ite films compared with neat PLA. It has been reported that low
dispersion of the nanoparticles could cause a low efficiency in the
transmission of efforts made on the matrix towards the nanoparti-
cles, maintaining and even decreasing their mechanical properties
[83,84]. On the other hand, PLA/OI-Ca0 nanocomposites showed
increased microhardness ca. 9% concerning neat PLA, showing the
effect of these modified nanoparticles on the microhardness of the
PLA polymer matrix. These results can be related to the dispersion
of modified-surface CaO nanoparticles into PLA, as confirmed pre-
viously by TEM images (Fig. 5). The effective transmission of the
stress is applied from a matrix to nanoparticles [85,86]. The mi-
crohardness and Young’s modulus behavior depend on the polymer
structure, and therefore they should show the same trend [87,88].
Therefore, it has been reported that microhardness and the elastic
modulus are reciprocally dependent, and both are correlated to the
polymer structure and composition. [64,87,88]

For example, the authors reported that the good dispersion
of the TiO, (10 nm) nanoparticles within PLA increased ca. 34%
the Young’s modulus in comparison with neat PLA [4]. On the
other hand, the increased strength indicates good interfacial ad-
hesion between the matrix and the nanoparticles and stress trans-
fer of TiO, particles to the polymer [4]. Sallal et al. studied the
effect of the Al,03-Ca0 nanoparticle incorporation into the poly-
mer blend. The authors found that the polymer blend showed an
increase ca. 25% in hardness values with the nanoparticle incor-
poration (2 wt.%). This indicating that the nanoparticles give the
polymer matrix high resistance against scratching with a high sur-
face area. Thus it enhances the strength of the interface between
the nanoparticles and the polymer [89].

3.2.3. Antimicrobial analysis of PLA/CaO and PLA/OIl-CaO
nanocomposites

The antimicrobial properties of PLA/Ca0 and PLA/OI-CaO
nanocomposites against E. coli are given in Table 2. The re-
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Table 2
Reduction percentage of E. coli bacteria against PLA/CaO and
PLA/OI-Ca0 nanocomposites.

E. Coli
Sample Ca0 (wt.%) reduction (%)
PLA/CaO 5 57.1
8 95.5
PLA/Ol-CaO 5 54.6
8 99.9

sults found for the antimicrobial activity yielded an error of ca.
3%. As observed, the antimicrobial properties of nanocomposites
increased with the nanoparticle concentration and it increased
slightly with the nanoparticles modification. Incorporation of the
modified nanoparticles reaching ca. 99.9% reduction against E. coli.
The antimicrobial action of the CaO nanoparticles is expected to
depend on the interactions between bacterial cells and CaO. How-
ever, the antimicrobial mechanism of the CaO nanoparticles is still
unclear [90,91]. It could be due to three possible mechanisms: (1)
generation of reactive oxygen species (ROS), which results in ox-
idative stress in the bacterial cells, (2) disruption of bacterial cell
membrane followed by cellular content leakage, and (3) increase in
pH value due to CaO hydration in water [28,92].

ROS such as HO,', 0,7, and H,0, generated from the surface
of CaO interact with the constituent carbonyl groups of the bacte-
rial cell wall peptide bond/polyunsaturated phospholipids and in-
fluence protein degradation, which consequently leads to the de-
struction of the bacterial cell wall [93]. Concerning the second
mechanism proposed, electrostatic forces between CaO and bacte-
rial cell membranes cause damage to the bacteria cell membrane.
On the other hand, the alkaline effect has been considered another
primary factor in the antimicrobial action of CaO nanoparticles.
The adsorption of water moisture on the CaO nanoparticle surfaces
could form a thin layer of water around the particles. The local
pH of this thin water layer formed around the nanoparticles could
be much higher than its equilibrium value in the solution. When
the nanoparticles are in contact with the bacteria, the high pH in
this thin surface water layer could damage the membrane, result-
ing in cell death [28,94]. Therefore, the antimicrobial results may
be related to the release of Ca2* ions from the PLA matrix and the
mechanism associated with the increase in pH by the hydration of
Ca0 with water, forming hydroxides, and releasing Ca2* ions [95].
Ro et al. state that the biocidal effect may be due to alkalinity, with
hydration of CaO as one of the basic antimicrobial mechanisms. A
study reported by our group showed that the release of Ca* ions
from a polymeric matrix is related to antimicrobial properties [30].
The results of these studies provide evidence that the antimicrobial
activity of CaO is not only affected by ROS production. Regarding
the results, the CaO nanoparticles have the potential to be used
as a powerful antimicrobial agent for manufacturing safe food and
medicinal products.

3.3. Photodegradation analysis of PLA and PLA/CaO nanocomposites

The main purpose of the photodegradation study was to ana-
lyze the performance of CaO nanoparticles in the degradation of
PLA nanocomposites because the effect of these nanoparticles has
not been studied in the literature; therefore, only nanocomposites
with unmodified CaO were used in this research.

The neat PLA and PLA/Ca0 nanocomposites were photoaged
for five days under irradiation in a wavelength range of 300 to
800 nm. Previous studies concerning the photo-oxidation mecha-
nism of neat PLA have demonstrated that PLA can directly absorb
light starting at 300 nm and is sensitive to photo-oxidation with
wavelengths greater than 300 nm, causing cleavage or scission of
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Fig. 9. DSC thermograms of neat PLA and PLA/CaO nanocomposites with 5 and 8
wt% of the nanoparticles before (tp) and after (tyy) irradiations.

chains and resulting in the formation of several photoproducts. The
main products that have been detected during the analysis of the
solid PLA films are macromolecular anhydrides, or those coming
from the C — C bond homolysis on the macromolecular chain, scis-
sion of the C—CH3 bond, would produce a methyl radical CH; that
can be oxidized to give methanol [38,39,96].

The glass temperature (Tg), crystallization temperature (Tcc),
melting temperature (T, ), and degree of crystallinity (X.) were ob-
tained by DSC (Fig. 9), and viscosimetric molecular weight (M, ) of
the PLA and PLA/CaO nanocomposites before and after irradiation
were displayed in Table 3. The Tg of PLA and PLA/CaO nanocom-
posites decreased after 120 h of irradiation and was more pro-
nounced for the nanocomposites; this effect is evidence of the
photodegradation of polymers [97]. Similar results were reported
by K. Fukushima et al., who explained that for PLA/clay nanocom-
posites, the increased mobility of the polymer chains was due to
a plasticizing effect of lactic acid oligomers formed during degra-
dation [63]. After photoaging, nanocomposites’ Ty,; and T, tem-
peratures also decreased slightly (ca. 7% and ca. 5%, respectively)
compared to neat PLA. This is because, during the photodegrada-
tion process, the secondary links of the polymer chains are broken,
allowing greater mobility of the chains and reducing the energy re-
quired to reach the glass state and the melting transition [98,99].

As is observed in Table 3, the irradiated samples, compared
with starting samples, exhibit a crystallization region shifted to
lower temperatures, while the crystallinity percentage increased
in all cases (ca. 7%). The depression of crystallization temperature
in the nanocomposites is probably induced by the nanoparticles
[67,100,101]. Pan et al. related the change of T.. in PLA due to a
decreasing molecular weight peak, indicating that the crystalliza-
tion rate increased with decreasing molecular weight [102]. Au-
thors have explained the increase in the crystallinity percentage,
arguing that during photodegradation, the sample suffers anneal-
ing, enabling the polymer chains in the amorphous region to form
new ordered domains and favoring the formation of tiny and more
perfect crystals, causing increased crystallinity [103,104]. Thus, the
changes in the crystallinity of the polymer matrix during degra-
dation can be associated with two phenomena: 1) annealing, al-
lowing the formation of new crystals or increasing their size, and
2) oxidation followed by chain scission in the amorphous region,
facilitating crystallization of released chains [35,98]. Furthermore,
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Table 3
Thermal properties and viscosity molecular weight (Mv) as a function of time of radiation exposure.
Exposure time — Tg Tec T Tz Xe n _
Sample (h) (°0) (°0) (°0) (°0) (%) (dL/g) Mv (g/mol)
Neat PLA 0 63 110 150 155 1 1.39 73,510
120 55 105 132 140 8 0.25 6,430
PLA/CaO 5 wt% O 63 113 150 155 1 0.86 36,760
120 48 105 123 133 6 0.09 1,350
PLA/Ca0 8 wt.% 0 63 113 152 157 1 0.85 36,090
120 57 111 133 140 6 0.07 1,010

Tg: Glass transition temperature, Tec: Cold crystallization temperature, Tpq; Tm: Melting temperatures, Xc: Crystallinity percentage, #: intrinsic viscosity and Mv: viscosity

molecular weight.

NeatPLA
t=0h

PLA/Ca05 wt.%
t=0h

PLA/CaO8 wt.%
t=0h

NeatPLA
t=120h

PLA/CaO5 wt.%
t=120h

PLA/CaO 8 wt.%
t=120h

Fig. 10. SEM images before and after 120 h exposure to photodegradation of neat PLA and PLA nanocomposites loaded with CaO at 5 and 8 wt.%.

the scission of the polymer molecule in the amorphous domain
during aging leads to the formation of low molecular segments,
evidenced in the decrease of the molecular weight of the polymers
[105].

The viscosity molecular weight (Mv) of PLA/Ca0 without ir-
radiation decreased ca. 50% compared to the neat PLA before
irradiation. Similar results have been explained due to a slight
degradation of the PLA, which can be attributed to a thermo-
mechanical and hydrolysis reaction under the melt processing
conditions [106,107]. For PLA/organo-modified montmorillonite,

10

Chavéz-Montes et al. also reported a decrease in molecular weight
compared to the neat PLA [106]. Fukushima et al. reported that the
PLA/clay nanocomposites reduced molecular weight compared to
the neat PLA during the melting process due to hydroxyl groups
favoring alcoholysis reactions. This fact could explain the higher
losses of molecular weights observed for the nanocomposites than
the unfilled PLA, given the presence of —~OH groups in the organic
clay modifiers and on the clay platelet surfaces [63].

The depolymerization caused by the attack of the CaO nanopar-
ticles on PLA before irradiation can also be verified by the de-
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creasing in the thermal stability with the incorporation of CaO
and 0-CaO nanoparticles, as observed previously by TGA analysis,
which is accelerated with increasing temperature.

The viscosity average molecular weight (Mv) of PLA and
PLA/CaO nanocomposites decreased ca. 91 and 97% after pho-
todegradation, respectively. Incorporating CaO nanoparticles into
the polymer promoted or accelerated the PLA degradation, which
is a consequence of the catalytic activity of CaO [99,108]. Li
et al. explained that the polypropylene/CaCO3; composites showed
a higher degradation rate than neat polypropylene due to hy-
droxyl groups on the surface of nanoparticles catalyzed the photo-
oxidant reaction of polypropylene. Therefore, the hydrophilic sur-
face of nanoparticles is responsible for the increased degradation
of the polymer matrix [109]. Previously, our group also confirmed
the scission of low-density polyethylene (LDPE) of LDPE/CaCOs
nanocomposites after photoaging, finding that the viscosity de-
creased due to the formation of low molecular weight compounds
during aging. It was noted that this behavior is slightly greater
for nanocomposites than for neat LDPE. These results show that
the incorporation of nanoparticles into the polymer accelerates its
degradation [110].

Fig. 10 shows the SEM micrographs taken of the sample surface
of neat PLA nanocomposites and PLA loaded nanoparticles at 5 and
8 wt.% before and after irradiation for 120 h. Non-irradiated PLA
and PLA/CaO nanocomposite films showed a smooth and homo-
geneous surface morphology. After irradiation, the morphology of
all nanocomposites changed notoriously. Some cavities and cracks
were formed due to surface deterioration caused by irradiation,
compared to neat PLA. It is induced by escaping volatile com-
pounds (as CO,, methane, acetaldehyde, among others) from the
PLA matrix related to hydrolysis degradation [98,111,112]. Degrada-
tion increases with the content of nanoparticles, and with the in-
corporation of 8 wt.% of nanoparticles, there was a certain degree
of material detachment. The results confirmed that incorporating
Ca0 nanoparticles promotes the deterioration of films when ex-
posed to radiation due to CaO catalytic activity reported [113,114].
Previous reports show that nanoscale incorporation of particles
in polymeric matrices leads to greater photodegradation than the
neat polymer [115-117]. The mechanism of the photooxidation of
PLA has been reported [117,118]. A classical hydrogen abstraction
explains this on the polymeric backbone at the tertiary carbon in
the a-position of the ester function, resulting in alkyl macrorad-
icals. These macroradicals react with oxygen, resulting in peroxy
radicals that produce hydroperoxides. Once formed, hydroperox-
ides can decompose, leading to the formation of alkoxyl and hy-
droxyl radicals propagating the chain reaction by hydrogen abstrac-
tion from the polymer backbone or undergo S-scission. Macroradi-
cals consisting of alcohol and ketone groups are also generated and
subsequently oxidized. Carboxylic acids and carbonylated deriva-
tives are produced by the scission of the macroradical backbones
[117,118].

Nevertheless, the PLA photodegradation mechanism in the pres-
ence of CaO nanoparticles has not yet been reported. However,
one possible explanation for PLA/CaO showing a higher degrada-
tion rate than neat PLA is because there are absorbed hydroxyl
groups on the surface of the nanoparticles, which are active in the
breaking of chain reactions [109].

4. Conclusion

Poly(lactic acid) (PLA)/Ca0 nanocomposites were produced by
the melting process. CaO nanoparticles were successfully synthe-
sized with a diameter of 26.14 + 3.31 nm, and then the surface was
modified with oleic acid (OI-Ca0). The incorporation of Ol-CaO into
the PLA improves the dispersion of the nanoparticles within the
matrix polymer. The glass temperature (Tg) decreased ca. 13% for
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PLA/OI-CaO compared to the neat PLA. The degree of crystallinity
(X¢) for both PLA and nanocomposites remained almost constant,
highlighting the amorphous structure of this material. However,
the thermal stability for PLA/CaO and PLA/Ol-CaO nanocomposites
decreased compared to the neat PLA (Tmax ca. 23%) due to the cat-
alytic activity of these nanoparticles. Even so, the values are still
suitable for the applicability of these materials. Microhardness in-
creased ca. 9% for PLA/OIl-CaO compared to the neat PLA due to the
good dispersion of modified-surface Ol-CaO nanoparticles.

The antimicrobial activity of nanocomposites against E. coli bac-
teria reached 99.9% in PLA/OI-CaO (8 wt.%). This behavior was at-
tributed to the good distribution of modified nanoparticles within
the PLA.

The influence of the incorporation of nanoparticles in the
degradation of PLA was verified after five days of irradiation. After
irradiation, the Tg of PLA and PLA/Ca0 nanocomposites decreased
ca. 13% compared to neat PLA. The degree of crystallinity (X¢) in-
creased, and this effect was higher for PLA/CaO (8 wt%) (ca. 7%), at-
tributed to recrystallization of the polymer. The average molecular
weight of viscous PLA decreased ca. 97% after the photodegrada-
tion test due to chain scissions and nanoparticles accelerated poly-
mer degradation under irradiation, as observed by SEM.

The results found in this study demonstrate that these systems
can be applied as functional, active, and degradable food packaging
applications or medical devices.
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