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Abstract: Glycero-(9,10-trioxolane)-trioleate (ozonide of oleic acid triglyceride, OTOA) was intro-
duced into polylactic acid (PLA) films in amounts of 5, 10, 30, 50, and 70% w/w. The morphological,
mechanical, thermal, and water absorption properties of PLA films after the OTOA addition were
studied. The morphological analysis of the films showed that the addition of OTOA increased the
diameter of PLA spherulites and, as a consequence, increased the proportion of amorphous regions in
PLA films. A study of the thermodynamic properties of PLA films by differential scanning calorimetry
(DSC) demonstrated a decrease in the glass transition temperature of the films with an increase in the
OTOA content. According to DSC and XRD data, the degree of crystallinity of the PLA films showed
a tendency to decrease with an increase in the OTOA content in the films, which could be accounted
for the plasticizing effect of OTOA. The PLA film with 10% OTOA content was characterized by
good smoothness, hydrophobicity, and optimal mechanical properties. Thus, while maintaining high
tensile strength of 21 MPa, PLA film with 10% OTOA showed increased elasticity with 26% relative
elongation at break, as compared to the 2.7% relative elongation for pristine PLA material. In addition,
DMA method showed that PLA film with 10% OTOA exhibits increased strength characteristics in
the dynamic load mode. The resulting film materials based on optimized PLA/OTOA compositions
could be used in various packaging and biomedical applications.

Keywords: polylactic acid; polymer films; ozonide; trioleate; biocompatibility

1. Introduction

In recent decades, large volumes of non-degradable polymer packaging materials
have been produced by petrochemical industry, making significant contribution to the
global problem of environmental pollution [1]. One of the promising ways to address
this problem is the production of packaging materials using biodegradable polymers [2].
Today, several biodegradable polymers, such as polylactic acid (PLA), polyhydroxybutyrate,
and poly(ε-caprolactone) are well known [3] and are widely used in medicine [4], tissue
engineering [5], production of disposable tableware and packaging materials [6].

Polylactic acid (PLA) is a compostable polymer derived from natural raw materials,
which is synthesized from lactic acid monomers by catalytic ring-opening polymeriza-
tion [7]. PLA could be formed via electrospinning into ultrafine fiber materials [8], extruded
into films and molded into diverse shapes [9]. PLA is one of the most frequently used
biobased materials in the food packaging industry, which is applied for production of
disposable tableware, vegetables packaging, and fast-food containers [10]. Though PLA
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is a biodegradable polymer, its degradation can occur only in hydrolytic and enzymatic
media [11]. PLA degradation takes place in several stages: diffusion of water into the ma-
trix, hydrolysis of ester bonds, reduction in molecular weight, and absorption of residues
by microorganisms. The rate of hydrolysis depends on the temperature and water content
and is catalyzed by the free carboxyl groups of the hydrolyzed ends of the PLA [12].

The successful application of biodegradable polymer materials in packaging should be
based on good mechanical and barrier properties, improved elasticity, biodegradability, etc. [13].
Widespread use of PLA films in packaging applications is restricted by their poor ductility
and barrier properties, relatively low thermostability [14]. Considerable efforts have been
made to improve the physicochemical properties of PLA films in order to accelerate their
employment in packaging industry, such as the addition of modifiers, copolymerization
or blending [15,16]. PLA blending with other polymers, such as poly(hydroxybutyrate)
(PHB), could significantly improve the final properties of polymer films [17–19]. It should
be noted that blending of PLA with other polymers requires the use of plasticizers such
as limonene [20] and polyethylene glycol [21], in order to increase the miscibility of the
polymers in the blend and provide the necessary ductility. Due to strict requirements in
food packaging applications, biocompatible and non-toxic plasticizers should be provided
in order to improve the properties of the PLA-based films.

It should be noted that modification of PLA materials with functional additives could
not only improve the physicochemical properties of PLA films and fiber materials but could
also provide additional functionality for various applications [22]. Inclusion of various
antimicrobial substances in the polymer matrix could impart antibacterial properties to
the material, prevent the growth of microbes inside the package, and also improve the me-
chanical properties [23]. The use of packaging materials based on biodegradable PLA with
antimicrobial additives can reduce environmental impact and provide product protection
from physical, chemical, and microbiological factors, which is of great interest in terms
of sustainability, adding functional properties to the packaging materials and reducing
environmental risks [24,25].

According to the literature, ozonides of vegetable oils (olive, sunflower, etc.), which are
the products of ozone reaction with the C=C double bonds in the molecules of unsaturated
fatty acids [26], possess good antibacterial properties and could be used as functional
additives for various PLA materials [27]. Moreover, ozonated vegetable oils are even
more promising in this respect, since they could combine apparent antimicrobial activ-
ity with good plasticizing properties [28,29]. The most promising product of ozonation
of the natural vegetable oils is 2lycerol-(9,10-trioxolane)-trioleate (ozonide of oleic acid
triglyceride, OTOA) [30]. It is non-toxic, biocompatible, and has good biodegradability and
antimicrobial activity. In a recent work [30] it was shown that introduction of OTOA into
the nonwoven fibrous PLA materials has a significant effect on their physicochemical and
functional properties and could provide additional antimicrobial functionality [31]. Thus,
OTOA could be a promising additive for introduction into the PLA film matrix in order to
provide additional functionality for various packaging applications.

In this work, we obtained novel film materials based on PLA with the addition
of various amounts of OTOA (0–70 wt.%) as a modifier. DSC, DMA, X-ray diffraction
analysis, FTIR spectroscopy, and optical and polarization microscopy were used to study
the morphological, physicochemical, mechanical, and water absorption properties of PLA
films with various OTOA contents. The obtained results provided a deeper understanding
of the specific interactions of PLA with OTOA and made it possible to establish the effect
of the OTOA content on the physicochemical and functional properties of the obtained
film materials.

2. Materials and Methods
2.1. Materials

PLA was purchased from NatureWorks® Ingeo™ 3801X Injection Grade from
Shenzhen Bright China Inc. (Shenzhen, China) with a viscosity average molecular weight of



Polymers 2022, 14, 3478 3 of 20

1.9 × 105 g/mol; dry-cleaned chloroform,≥99.5%, Sigma-Aldrich Inc. (St. Louis, MO, USA)
was used to prepare solutions; Glycero-(9,10-trioxolane)-trioleate (ozonide of oleic acid
triglyceride (OTOA)) (Scheme 1) was obtained from Medozon (Moscow, Russia). The
chemical structure of OTOA has been described previously [30,32]. All reagents were
used as received.

Scheme 1. Glycero-(9,10-trioxolane)-trioleate (ozonide of oleic acid triglyceride (OTOA)).

2.2. Preparation of Films

All films used in this work were prepared using solvent evaporation. PLA (2 g) was
dissolved in chloroform (50 mL). Then, a certain amount of OTOA (5, 10, 30, 50, and
70 wt.%) was added to the PLA solution in chloroform and stirred for 12 h with a magnetic
stirrer. After mixing, the solution was poured onto a glass plate and the film formed was
dried to constant weight at ambient temperature. A film of the pristine PLA without
additive was used as a control sample.

2.3. IR Spectroscopy

PLA films were analyzed using IR Fourier analysis with a NETZSCH TG 209 F1
(NETZSCH-Gerätebau GmbH, Selb, Germany) thermoanalytical balance and a Bruker
Tensor 27 IR (Billerica, MA, USA) Fourier spectrometer with PIKE MIRacle™ accessory
(PIKE Technologies, Madison, WI, USA) equipped with a germanium (Ge) crystal and
an ATR attachment with a Teflon cell and cesium antimony electrode, which allows the
measurements of solid samples. The sample was placed on the surface of the crystal
and tightly clamped to ensure optical contact. IR spectra were recorded in the range of
4000–400 cm−1 with a resolution of 4 cm−1 and averaging over 16 successive scans.

2.4. DSC

The thermophysical properties of the film materials were determined on a NET-
ZSCH DSC 204F1 Phoenix differential scanning calorimeter (NETZSCH-Gerätebau GmbH,
Selb, Germany) in an inert atmosphere at an argon flow rate of 100 mL/min. PLA film
samples (about 5 mg) were placed in aluminum sample crucibles and heated from 20 ◦C to
200 ◦C at a rate of 10 ◦C/min. The instrument was calibrated against indium, tin, and lead.
After the first heating cycle, the samples were kept at 200 ◦C for 5 min, cooled to room
temperature, and then reheated to 200 ◦C at a rate of 10 ◦C/min to record the second DSC
curve. All samples were tested in triplicate.

The deconvolution of DSC peaks was carried out by means of NETZSCH (NETZSCH-
Gerätebau GmbH, Selb, Germany) Peak Separation 2006.01 software employing the nonlin-
ear regression method for the asymmetric DSC curves (Fraser-Suzuki algorithm) [33]. In
calculation, the least squares (SLS) reduction was achieved using a hybrid procedure in
which the Levenberg/Marquardt method was combined with step length optimization [34].



Polymers 2022, 14, 3478 4 of 20

2.5. X-ray Diffraction Analysis

The structure of the PLA and PLA + OTOA films was studied by X-ray diffraction
(XRD) using a DRON-3M X-ray diffractometer (Bourevestnik, St. Petersburg, Russia) with
Cu Kα radiation (λ = 1.5405 Å) as an X-ray source. Scanning was carried out in the 2θ range
from 10◦ to 50◦ with a scanning step of 0.1◦ and a data accumulation time of 5 s/step. The
relative crystallinity of the polymer films was estimated using the following formula.

χ = IC/(IC + IA) (1)

where IC and IA are the integral intensities corresponding to the crystalline and amorphous
phases, respectively [35].

2.6. Morphology
2.6.1. Optical and Polarized Light Microscopy

The surface morphology of PLA films with different OTOA contents was studied using
an Olympus CX21 microscope (Olympus Corp., Tokyo, Japan) with a digital camera. The
morphology of PLA crystalline spherulites was studied using polarized light microscopy
on the Olympus BX51 microscope (Olympus Corp., Tokyo, Japan).

2.6.2. Sorption Capacity

To determine water sorption [36], PLA film samples were cut into uniform strips of
4 × 4 cm and placed under standard atmospheric conditions (44 ± 2% RH and 20 ± 2 ◦C)
for 24 h. After conditioning, the sample weight (m1) was measured. Then the samples
were immersed in distilled water for 24 h at a temperature of 20 ± 2 ◦C to ensure uniform
water sorption. Thereafter, the wet samples were hung in open air at 20 ± 2 ◦C for 30 min
to remove excess water on the surface of the samples. Then, the weight (m2) of the wet
samples was measured. The moisture content of the samples was calculated by the formula:

%Q = (m2 −m1)/m1 × 100 (2)

with m1 and m2 being the sample weight before and after immersion in water. The degree
of hydrophilicity of the samples was determined by the water contact angle measurements
in the semi-angle modification [37] for a drop of water placed on the film surface. The
droplet size measurements were carried out using an OLIMPUS CX21 optical microscope
(Olympus Corp., Tokyo, Japan). The results were processed using the MICAM 3.02 software
(https://micam.software.informer.com, Marien van Westen).

2.7. Mechanical Properties

The mechanical characteristics of the samples were studied on a Zwick Z010 testing
machine (ZwickRoell GmbH & Co., Ulm, Germany) at room temperature. The layout of
the tested samples is shown in Figure 1.

Figure 1. Scheme of the PLA film samples used for tests of mechanical characteristics.

https://micam.software.informer.com
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The loading rate of the samples was 1 mm/min. During the tests, loading diagrams
of the samples were recorded, namely the dependence of the load F on the deformation ε.
From the diagrams obtained, tensile strength σ, elastic modulus E and elongation at
break were determined. Mechanical tests were provided for five samples for each OTOA
concentration, and the data were presented as mean value ± standard deviation at a
significance level of p < 0.05.

2.8. Dynamic Mechanical Analysis

PLA films samples were studied by DMA under tension on a dynamic mechanical
analyzer NETZSCH DMA 242 E Artemis (NETZSCH-Gerätebau GmbH, Selb, Germany).
The films were cut into strips with a width of 5 mm and a length of the working part of
10 mm. The film samples were heated in the temperature range from 30 to 130 ◦C at a
rate of 1 ◦C/min. During the measurement, the changes in the elastic modulus E’ and the
mechanical loss tangent tgδ were recorded with increasing temperature T according to the
method described in the previous works [38,39]. The glass transition temperature of the
PLA films was determined from the maximum of the tgδ versus temperature dependence.

3. Results and Discussions
3.1. Film Morphology

The introduction of OTOA significantly changed the appearance and morphology of
the PLA films, their structure and surface properties, as could be seen in Figure 2. The
thickness of films with different OTOA concentrations did not vary significantly and was
340 ± 50 µm. It should be noted that films with high concentrations of the OTOA additive
above 30% show uniform morphology and do not undergo phase separation, as is also
the case with PLA/PEG blends [40]. Only the PLA film with 70% OTOA showed the
signs of non-uniform morphology. Like most of the flexible-chain polymers crystallizing
isothermally from the solution, PLA is characterized by a spherulitic morphology, where
a spherulite is an aggregate of crystals oriented relative to a common center. A feature of
spherulites is such an arrangement of primary lamellas in them that the main macromolec-
ular chains are always perpendicular to the radius of the spherulite. The optical images
of PLA films (Figure 2) clearly show the increase in the size of spherulites when OTOA is
added, which could affect their physicochemical and mechanical properties. The polarized
light microscopy images of PLA films are displayed in Figure 2g,h, where spherulitic
morphology with a typical Maltese-cross birefringence pattern could be seen. Addition-
ally, the increase in the size of spherulites is obvious from these images. On the other
hand, optical microscopy shows that for PLA films with 50% and 70% OTOA, spherulitic
morphology is almost absent. Observed increase in the size of PLA spherulites could be
attributed to the plasticizing effect of OTOA, since it was shown previously that addition
of plasticizer increases the spherulitic growth rate and decrease crystallization kinetics of
PLA spherulites [41]. Disturbed spherulitic morphology for the PLA films with 50% and
70% OTOA could be explained by the slow crystallization kinetics and low nucleation
density at high plasticizer contents, leading to hardly detectable separate spherulites.

To determine the hydrophilic-hydrophobic properties of the film surface, the water
contact angle for PLA films with variable OTOA content was measured (Figure 3). In the
case of pristine PLA film, good wetting of the film surface with a contact angle of 47◦ by
water was observed (the contact angle is noticeably lower than 90◦). With the introduction
of OTOA in an amount of 5%, the contact angle increased to 58◦, indicating additional
hydrophobization of the film surface. With an increase in the amount of OTOA in the PLA
matrix, a significant increase in the hydrophobicity of the surface of the PLA + OTOA films
was observed. The most pronounced hydrophobic properties were observed for the PLA
film with 50% OTOA content. The PLA film with 70% OTOA demonstrated a decrease in
the contact angle to 68.2◦, which could be explained by the presence of a large number of
defects in the film.
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Figure 2. Microphotographs of the pristine PLA film and PLA + OTOA films obtained with an optical
microscope (a–f) and photographs of the PLA film (g) and PLA +30% OTOA film (h) obtained with a
polarizing microscope.
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Figure 3. Water contact angle for PLA films with variable OTOA content.

Observed effects could be accounted for the distribution of long hydrophobic OTOA
fragments in the hydrophobic regions of the PLA film and the weak interaction be-
tween them. Due to the chemical structure of PLA containing low-polarity ester groups,
this biopolyester has low water solubility and belongs to moderately hydrophobic poly-
mers [42]. At the same time, the structure of the OTOA molecule also consists mainly
of hydrophobic fragments and includes, along with low-polarity ester groups, specific
ozonide cycles [43–45]. Thus, the addition of OTOA to the PLA matrix in a wide range
of concentrations (0–70%) leads to an increase in the hydrophobicity of the surface of the
PLA + OTOA films.

In addition to hydrophobic properties of the film surface, water sorption capacity (Q)
was studied for PLA films with variable OTOA content. As could be seen from the data
presented in Figure 4, water sorption of films is about 1% and decreases with an increase
in the amount of OTOA in the PLA matrix, which correlates with an increase in the water
contact angle for the PLA + OTOA films (Figure 3). The PLA + OTOA film sample with
the highest OTOA content (70%) demonstrates increased water sorption capacity up to
2.6%, most likely due to the non-uniform morphology and presence of defects in the film.
The data obtained allows one to conclude that the addition of OTOA into the PLA matrix
makes the film surface more hydrophobic, as compared to the surface of the pristine PLA
film, which in turn leads to the decrease in the water sorption capacity of PLA + OTOA
film materials.

Figure 4. Sorption capacity (Q) of PLA films with variable OTOA content.
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3.2. Mechanical Properties

Changes in the morphology of modified PLA materials could have a significant effect
on their mechanical properties. Therefore, the elastic modulus (E), tensile strength (σ)
and relative elongation at break for the PLA + OTOA films were estimated (Figure 5a,b).
Generally, the introduction of OTOA into the PLA matrix led to a decrease in both tensile
strength and elastic modulus of the PLA films. The addition of 5% OTOA sharply reduced
the strength characteristics of the PLA film, whereas the PLA film with 10% OTOA showed
the highest values of elastic modulus and tensile strength among PLA + OTOA samples.
A further increase of the OTOA content in the PLA films led to a sharp decrease in the
strength characteristics of film materials. It could be assumed that the tensile strength of
the films decreases due to a decrease in the degree of crystallinity for PLA films and an
increase in the proportion of the plasticizing agent (OTOA) in the PLA matrix [46,47].

Figure 5. Elastic modulus (a), tensile strength (b), and relative elongation at break (c) for pristine
PLA and PLA + OTOA film samples.

The effect of the OTOA addition on the relative elongation at break is somewhat differ-
ent from the changes in the strength characteristics of the films described above (Figure 5c).
This parameter for PLA film with 5% OTOA remains practically unchanged, as compared to
the pristine PLA film, both showing poor ductility. Introduction of 10% OTOA into the PLA
film led to a sharp increase in the relative elongation at the break (up to 29%), which is ac-
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companied by a moderate decrease in the tensile strength of the material (from 29 to 21 MPa).
The PLA film with 30% OTOA showed even greater value for the relative elongation at
the break (52%). However, this is accompanied by a decrease by half in tensile strength.
Further increase in the OTOA content above 30% was accompanied by a moderate decrease
in relative elongation, while a sharp decrease in the tensile strength and elastic modulus
was observed (σ = 3 MPa and E = 0.28 GPa for the PLA film containing 70% OTOA).

The observed behavior of the mechanical properties of PLA + OTOA films indicates
the plasticizing effect of OTOA when it is introduced into the PLA matrix [48]. This effect
could be associated with a change in the structural-dynamic state of the amorphous regions
of PLA. In a recent work, it was shown that the dynamics of the amorphous phase of PLA
changes significantly upon the addition of PHB [49]. The addition of PHB at concentrations
of up to 30% leads to a decrease in the density of amorphous regions of PLA. A similar effect
should be expected after the plasticization of PLA with OTOA molecules. The observed
decrease in the relative elongation at break for the PLA films with the OTOA content
above 30% could be attributed to the effect of steric hindrance, which the bulky OTOA
molecule has on the segmental motion of PLA, provided that this effect exceeds the effect
of plasticization. With an increase in OTOA content above 30%, the steric effect begins to
prevail over the plasticization effect, increasing the PLA chain rigidity and thus reducing
the relative deformation of the PLA films.

Summing up the obtained results on the mechanical properties of PLA films, it could be
concluded that PLA film materials with 10% OTOA content maintain high tensile strength
comparable to that of pristine PLA film and possess increased relative elongation at break.
Observed combination of high elasticity and good strength characteristics obtained for PLA
film materials with 10% and 30% OTOA content is important for potential applications of
these materials [50].

3.3. Dynamic Mechanical Properties

In the DMA method, an oscillatory force is applied to a sample at a given temperature
and frequency, and the material’s response to this force is measured. For viscoelastic
materials such as polymers, the magnitude of the material’s response (i.e., strain amplitude)
to an applied vibrational force is shifted by a phase angle δ, and the relationship between
the applied stress and the strain occurring in the sample is calculated. The elastic modulus
E′ indicates the ability of the sample to store or return energy. Damping or mechanical
losses are usually presented as tgδ [51,52].

Figure 5a shows the changes in the elastic modulus E′ of the studied PLA films
with temperature. At temperatures close to 30 ◦C, it could be seen that the value of the
modulus increased when the OTOA content in PLA film is 10%. With an increase in the
concentration of the OTOA in PLA films, a decrease in the elastic modulus is observed.
The data obtained are in good agreement with the changes in the elastic modulus obtained
from the mechanical tests (Figure 5a). With a further increase in temperature, a sharp
decrease in the storage modulus is observed, which is associated with the transition of the
material from the elastic to the highly elastic state, i.e., the glass transition of PLA film.
The temperature interval of the transition for all studied PLA films is between 30 ◦C and
70 ◦C. It should be noted that PLA films with 5 and 10% OTOA are characterized by glass
transition shifted to somewhat higher temperatures, as compared to glass transition for
pristine PLA film. Further increase in OTOA concentration in PLA films shifts the glass
transition interval to lower temperatures.

Characteristic temperatures associated with the glass transition (Tg) in studied PLA
films could be estimated from the maximum of the tgδ versus temperature dependences
(Figure 6b). All samples show a single Tg in the range of 61–65 ◦C, except for the PLA film
with 30% OTOA, showing significantly lower Tg value. The glass transition temperature
of the OTOA-modified PLA films with 5 and 10% OTOA (66.8 ◦C and 64.7 ◦C) showed
somewhat higher values as compared to the Tg for the pristine PLA film (64.2 ◦C). The
most striking difference was observed for the PLA film with 30% OTOA, showing the
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Tg value being more than 10 ◦C lower than the corresponding value for the pristine PLA
film. This result shows that the plasticizing effect of OTOA at concentration of 30% reaches
its maximum.

Figure 6. Viscoelastic behavior of pristine PLA and PLA + OTOA (5–70%) film samples: (a) elastic
modulus, (b) mechanical loss tangent (tan δ).

As could be seen from the tgδ vs. temperature curves, the width of the temperature
transition for the PLA films with 30, 50, and 70% OTOA is larger than that for the PLA
films with lower OTOA concentrations. Increased width of the temperature transition
evidence that PLA molecular chains exhibit a higher degree of mobility [53], which could
be attributed to the plasticizing effect of OTOA.

3.4. FTIR Spectroscopy

To better understand the chemical interactions between PLA and OTOA, FTIR spectra
of PLA + OTOA films were obtained (Figure 7a,b). The spectrum of the pristine PLA film
shows characteristic bands at 1455 cm−1 and 1756 cm−1 resulting from -CH3 bending vi-
brations and C=O group stretching vibrations [54]. The absorption bands at 2944 cm−1 and
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2995 cm−1 refer to the asymmetric stretching vibration of the -CH group. As could be
seen, the absorption bands of PLA and OTOA are partially overlapped, which significantly
complicates the analysis of the effect of OTOA addition into the PLA matrix. Though, two
additional bands appear at 2927 cm−1 and 2856 cm−1 in the spectra of PLA + OTOA films,
which could be attributed to the symmetric and asymmetric stretching vibrations of the
-CH2 groups [55,56]. Since PLA does not contain -CH2 groups in its chemical structure, in
contrast to OTOA, in which -CH2 group is in abundance, the presence of these bands in the
FTIR spectra is the clear evidence for the inclusion of OTOA in the supramolecular structure
of PLA films. As could be seen, the intensity of the absorption band at 2856 cm−1 shows
good correlation with the OTOA content in PLA films.

Figure 7. FTIR spectra of pristine PLA film, PLA + OTOA films and pure OTOA: (a) Close-up view of
FTIR spectra at 2700–3000 cm−1 interval (a), FTIR spectra at 900–2000 cm−1 wavenumber region (b).
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In addition, the band at 1756 cm−1 in the pristine PLA is shifted toward lower
wavenumbers (1753 cm−1) for PLA samples with the added OTOA. This is the evidence
of weak interactions between C=O groups of PLA and polar ozonide cycles in the OTOA
molecules (see below Table 1.) [57]. Based on the analysis of FTIR spectra, it could be
assumed that observed interactions between polar groups in PLA and ozonide cycles in
OTOA promote conformational changes associated with the reorientation of polar groups
in PLA, which contributes to increased segmental mobility of PLA polymer chains [58].
Thus, low molecular weight OTOA could act as a plasticizer, affecting the mechanical and
physicochemical properties of PLA film materials.

Table 1. Characteristic bands in the FTIR spectra for pristine PLA and PLA + OTOA films.

PLA Characteristic Bands,
cm−1

PLA + OTOA Characteristic
Bands, cm−1

Characteristic Band
Assignment

2995 2995 -CH (asim)

2947 2947 -CH (sim)

2880 2880 -CH3 stretching

1756 1753 C=O stretching

1455 1455 -CH3 bending

2928 -CH2 (asim)

2856 -CH2 (sim)

3.5. Differential Scanning Calorimetry

Figure 8a shows the DSC curves of the first heating for the pristine PLA film and
PLA + OTOA film samples, whereas Figure 8b shows the DSC thermograms of the sub-
sequent cooling of the samples. The characteristic endothermic peak in the first heating
DSC thermograms corresponds to melting PLA (Tm). The low-temperature step transition
on the cooling thermograms in the interval of 40–60 ◦C could be attributed to the glass
transition of PLA (Tg). The corresponding temperatures for both transitions (Tg and Tm)
are shown in Table 2. The area of the melting peak was obtained, and the melting enthalpy
(∆Hm) was calculated, as well as the degree of crystallinity of the PLA films according to
DSC (χ). The crystallinity degree (χ) for PLA films, assuming no cold crystallization taking
place during heating, was calculated according to the equation:

χ =
∆Hm

∆H0
m
× 100% (3)

where ∆Hm is the experimental melting enthalpy, ∆H0
m is the melting enthalpy value for

the 100% crystalline poly(L-lactide), being 93.6 J/g [59,60]. The values of χ for the studied
PLA film samples are given in Table 2.

The DSC thermogram of the pristine PLA film shows an endothermic peak at 169.0 ◦C,
which is a typical melting temperature of PLA [61]. With an increase in the mass fraction
of OTOA in the film, a superposition of exo- and endothermic peaks is observed in the
temperature range of 140–180 ◦C. The endothermic peak corresponds to the melting of PLA,
whereas the exothermic peak is due to a complex reaction of thermal destruction of OTOA
according to the mechanism of breaking of the C-O-O-C bonds and formation of C-OH
groups [62]. Previously, it was shown that this exothermic reaction is irreversible. With an
increase in the OTOA content in the film, the endothermic PLA melting peak demonstrates
a decrease in its area (i.e., a decrease in crystallinity) and a shift in Tm toward lower
temperatures. The deconvolution of the overlapping exo- and endothermic calorimetric
peaks (Figure 9 and Table 3) made it possible to estimate more correctly the PLA melting
enthalpy and thus determine the degree of crystallinity of the studied PLA films with high
OTOA contents (Table 2).
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Figure 8. (a) DSC thermograms of the first heating for pristine PLA and PLA + OTOA (5–70%)
film samples: PLA (1), PLA +5% OTOA (2), PLA +10% OTOA (3), PLA +30% OTOA (4),
PLA +50% OTOA (5), PLA +70% OTOA (6). (b) DSC thermographs of colling the samples after
the first scan.
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Table 2. Thermodynamic and structural characteristics of PLA + OTOA films (0–70%) obtained using
the DSC, DMA and XRD methods.

Sample
Tg

(DSC) *
(◦C)

Tg
(DMA)

(◦C)

Tm
(DSC) *

(◦C)

∆Hm
(DSC) *

(J/g)

χ

(DSC)
(%)

χ

(XRD)
(%)

PLA 57.8 64.2 169.0 35.7 38.1 35.8

PLA +5% OTOA 49.5 66.8 167.0 27.0 28.9 26.5

PLA +10% OTOA 48.0 64.7 165.0 26.6 28.5 26.1

PLA +30% OTOA 45.2 52.2 161.4 25.0 26.7 24.1

PLA +50% OTOA 43.4 64.6 159.5 17.6 18.8 18.9

PLA +70% OTOA 38.1 61.6 155.2 4.0 4.3 14.3

* Tg values were obtained from the DSC thermographs of cooling the PLA films after the first scan. Tm values
were obtained as the result of deconvolution of the overlapping calorimetric peaks. The ∆Hm values are provided
taking into account the mass fraction of the PLA in composition.

Figure 9. Deconvolution of the overlapping exo- and endothermic calorimetric peaks in the DSC
thermograms for PLA + OTOA film samples with high OTOA content: (a) PLA +30% OTOA,
(b) PLA +50% OTOA, (c) PLA +70% OTOA.
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Table 3. Results of the deconvolution of the overlapping calorimetric peaks for PLA films with
high OTOA contents.

Deconvolution Parameters
(Exothermic Peak)

Deconvolution Parameters
(PLA Melting)

PLA + OTOA 30% T = 155.0 ◦C; ∆H = 133.5 J/g T = 160.7 ◦C; ∆H = -25.0 J/g
PLA + OTOA 50% T = 155.0 ◦C; ∆H = 321.0 J/g T = 159.8 ◦C; ∆H = -17.6 J/g
PLA + OTOA 70% T = 153.0 ◦C; ∆H = 533.5 J/g T = 155.8 ◦C; ∆H = -4.0 J/g

Neat PLA film was characterized by degree of crystallinity of 38.1%, as estimated
by DSC, which is quite high for isothermally crystallized PLA films [63]. This could be
explained by high mobility of PLA chains in the solution and high degree of supercooling,
providing the thermodynamic driving force required for the growth of PLA spherulites.
In addition, cold crystallization exothermic peak was not observed in DSC thermogram
for the pristine PLA film and all PLA + OTOA film samples, being in contrast to the
nonwoven fibrous materials based on PLA, for which the cold crystallization was previously
observed [30]. This can be explained by the fact that under equilibrium crystallization
conditions at ambient temperature, crystallization of neat PLA in solution proceeds with
the formation of highly ordered semicrystalline structures with spherulitic morphology,
which hinder further crystallization at temperatures above the glass transition due to a
decrease in the segmental mobility of PLA chains. The absence of cold crystallization peaks
for PLA + OTOA samples could be also attributed for the slower crystallization kinetics
and decreased nucleation density due to the addition of OTOA [64].

The data shown in Table 2 show that the introduction of OTOA into PLA films led
to the plasticizing effect, which was manifested in the decrease in the glass transition
temperature from 57.8 to 38.1 ◦C and decrease in the melting temperature of PLA. The plas-
ticizer occupies the intermolecular space between polymer chains, reducing the energy of
molecular motion and the formation of hydrogen bonds between polymer chains, which in
turn increases the free volume and molecular mobility [65–67]. As the content of the OTOA
increases, the efficiency of the plasticizer in decreasing the Tg of PLA generally increases.

As can be seen in Table 2, both the melting temperature and the melting enthalpy
decreased with the increase in the OTOA content in the PLA films. Decrease in Tm could be
attributed to the plasticizing action of OTOA, as observed previously [30]. At the same time,
a decrease in the melting enthalpy of PLA films observed upon OTOA addition evidence
that along with the plasticizing effect, OTOA could impede PLA crystallization. Previously,
it was shown that OTOA could hinder cold crystallization for the electrospun PLA fibers
during the second heating cycle [30]. This effect could be attributed to the intermolecular
interaction between the PLA terminal -OH groups and OTOA molecules observed by FTIR,
leading to the decrease in the mobility of PLA polymer chains. This provides the physical
hindrance for PLA crystallization and leads to the decrease in the crystallinity of PLA films
after increase in OTOA content.

3.6. X-ray Diffraction Analysis

To independently confirm the effect of OTOA on the crystal characteristics of
PLA + OTOA films, the samples were studied by X-ray diffraction (XRD) and the values
of the degree of crystallinity of the films were obtained. The X-ray diffraction patterns of
PLA films with different OTOA contents are shown in Figure 10. Pristine PLA film showed
the main diffraction peaks at 2θ angles of 16.2◦ and 18.6◦, confirming the presence of PLA
crystal structures in the film. PLA has a strong diffraction at 16.2◦, related to the crystalline
α phase of PLA [68]. As could be seen, PLA and PLA + OTOA films have the same crystal
structure. An increase in the mass fraction of OTOA does not lead to a significant change
in the position of the diffraction peaks corresponding to the PLA crystalline phase. On the
other hand, it leads to an increase in the contribution of the amorphous phase (amorphous
halo), corresponding to the OTOA phase and/or amorphous regions of the semicrystalline
PLA structure.
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Figure 10. XRD patterns of PLA and PLA + OTOA samples (0–70%). The inset shows the determina-
tion of IA and IC areas used for the degree of crystallinity calculations.

The degree of crystallinity of PLA films was estimated by the formula given above (see
materials and methods) and the corresponding values are given in Table 2. A noticeable
decrease in the crystallinity of the system is observed with an increase in the mass fraction
of OTOA in PLA films. For the film with the OTOA content of 70%, the crystallinity of
the system drops up to 14.3%, being nonetheless quite high [41]. The crystallinity values
estimated by the XRD method correlate well with the corresponding values obtained
from the DSC data. The only exception is the PLA film with 70% OTOA content, for
which estimation of the χ value from DSC data is complicated by the large overlapping
calorimetric peaks.

Summing up the obtained results, it could be concluded that the morphology, sorption
capacity, as well as thermodynamic and mechanical properties of PLA + OTOA films
could be controlled by the OTOA content in the films. Thus, PLA film sample containing
10% OTOA is characterized by a combination of high elasticity and good strength charac-
teristics (tensile strength 21 MPa, relative elongation at break 26%). The sample with the
addition of 30% OTOA gives an even greater increase in relative elongation (up to 52%)
with a significant loss of tensile strength. The combination of high elasticity and strength is
of great importance for the various applications of PLA film materials. FTIR spectroscopy
revealed an interaction between the OTOA molecules, which act as a plasticizer, and the
PLA matrix. The plasticizing effect of OTOA, as shown by DSC, DMA, and mechanical tests,
contributed to the changes in the thermal and mechanical properties of PLA films modified
with OTOA. At the same time, at high OTOA concentrations (>30%), the effects related
to the interaction of OTOA with PLA polymer chains and the hindrance of the segmental
motion of PLA polymer ends could prevail over the plasticizing effect of OTOA, leading to
the decrease in crystallinity of PLA films, deterioration of the morphology and mechanical
properties of PLA films. It could be concluded that the PLA films with 10% and 30% OTOA
possess optimal physicochemical properties, such as improved morphology, mechanical
properties, and water sorption characteristics. Since OTOA exhibits a pronounced an-
timicrobial activity [31,62,69], it could be used not only as an efficient plasticizer, but also
as a functional antimicrobial additive. Thus, developed PLA + OTOA films have a high
potential to be used as biodegradable materials with antibacterial activity, for example, as
antimicrobial packaging materials, which could provide protection from physical, chemical,
and microbiological factors and reduce the negative impact on the environment.
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4. Conclusions

In this article, the morphological, physicochemical, mechanical, and thermal prop-
erties of PLA films after the addition of different concentrations of oleic acid triglyceride
ozonide (OTOA) were studied. Analysis of the film surface showed changes in the film
morphology as a result of the addition of OTOA, which were manifested in an increase
in the size of spherulites. PLA films containing 10% and 30% OTOA exhibited optimal
mechanical and elastic properties, combining high elasticity and good tensile strength. The
obtained results are important for potential packaging applications of the studied PLA film
materials. Contact angle measurements showed that OTOA addition leads to significant
hydrophobization of PLA films, whereas FTIR spectroscopy revealed weak interactions
between OTOA and the PLA matrix. It was found that OTOA acts as a plasticizer and leads
to an increase in PLA segmental mobility, which in turn contributes to changes in the ther-
modynamic and mechanical properties of PLA films. The results of DSC and XRD showed
that OTOA promotes the process of PLA amorphization, therefore reducing the crystallinity
of the resulting PLA + OTOA film materials. Eventually, the obtained results evidence
that the morphological, thermodynamic, and mechanical properties of PLA + OTOA films
could be controlled by the OTOA content in the films. Since OTOA possess pronounced
antimicrobial activity, studied composite PLA + OTOA films could provide additional
functionality as compared to biodegradable packaging materials based on pristine PLA.
Developed PLA film materials with the optimal OTOA content of 10% and 30% could be
used in various packaging and biomedical applications.
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6. Dybka-Stępień, K.; Antolak, H.; Kmiotek, M.; Piechota, D.; Koziróg, A. Disposable Food Packaging and Serving Materials—Trends

and Biodegradability. Polymers 2021, 13, 3606. [CrossRef]
7. Masutani, K.; Kimura, Y. PLA Synthesis. From the Monomer to the Polymer. In Poly(lactic acid) Science and Technology: Processing,

Properties, Additives and Applications; Jiménez, A., Peltzer, M., Ruseckaite, R., Eds.; Royal Society of Chemistry: London, UK, 2014;
Chapter 1; pp. 1–36. [CrossRef]

8. Reneker, D.H.; Yarin, A.L. Electrospinning jets and polymer nanofibers. Polymer 2008, 49, 2387–2425. [CrossRef]

http://doi.org/10.3390/ma13214994
http://www.ncbi.nlm.nih.gov/pubmed/33171895
http://doi.org/10.1002/9781119702313.ch8
http://doi.org/10.1016/j.foodhyd.2020.106255
http://doi.org/10.1016/j.engreg.2020.08.002
http://doi.org/10.1515/epoly-2020-0046
http://doi.org/10.3390/polym13203606
http://doi.org/10.1039/9781782624806-00001
http://doi.org/10.1016/j.polymer.2008.02.002


Polymers 2022, 14, 3478 18 of 20

9. Siccardi, M.; Garcia-Fonte, X.X.; Simon, A.; Pettarin, V.; Abad, M.J.; Bernal, C. Effect of the Processing-Induced Morphology
on the Mechanical Properties of Biodegradable Extruded Films Based on Poly(lactic acid) (PLA) Blends. J. Polym. Environ.
2019, 27, 2325–2333. [CrossRef]

10. Masmoudi, F.; Bessadok, A.; Dammak, M.; Jaziri, M.; Ammar, E. Biodegradable packaging materials conception based on starch
and polylactic acid (PLA) reinforced with cellulose. Environ. Sci. Pollut. Res. 2016, 23, 20904–20914. [CrossRef]

11. Teixeira, S.; Eblagon, K.M.; Miranda, F.; Pereira, M.F.R.; Figueiredo, J.L. Towards Controlled Degradation of Poly(lactic) Acid in
Technical Applications. C 2021, 7, 42. [CrossRef]

12. Zaaba, N.F.; Jaafar, M. A review on degradation mechanisms of polylactic acid: Hydrolytic, photodegradative, microbial, and
enzymatic degradation. Polym. Eng. Sci. 2020, 60, 2061–2075. [CrossRef]

13. Seth, M.; Jana, S. Nanomaterials based superhydrophobic and antimicrobial coatings. Nano World J. 2020, 6, 26–28. [CrossRef]
14. Wu, F.; Misra, M.; Mohanty, A.K. Challenges and new opportunities on barrier performance of biodegradable polymers for

sustainable packaging. Prog. Polym. Sci. 2021, 117, 101395. [CrossRef]
15. Zhou, L.; Xu, P.P.; Ni, S.H.; Xu, L.; Lin, H.; Zhong, G.-J.; Huang, H.-D.; Li, Z.-M. Superior Ductile and High-barrier Poly(lactic

acid) Films by Constructing Oriented Nanocrystals as Efficient Reinforcement of Chain Entanglement Network and Promising
Barrier Wall. Chin. J. Polym. Sci. 2022. [CrossRef]

16. Risyon, N.P.; Othman, S.H.; Basha, R.K.; Talib, R.A. Characterization of polylactic acid/halloysite nanotubes bionanocomposite
films for food packaging. Food Packag. Shelf Life 2020, 23, 100450. [CrossRef]

17. Thomas, M.S.; Pillai, P.K.S.; Faria, M.; Cordeiro, N.; Barud, H.; Thomas, S.; Pothen, L.A. Electrospun polylactic acid-chitosan
composite: A bio-based alternative for inorganic composites for advanced application. J. Mater. Sci. Mater. Med. 2018, 29, 1–12.
[CrossRef]

18. Siracusa, V.; Karpova, S.; Olkhov, A.; Zhulkina, A.; Kosenko, R.; Iordanskii, A. Gas Transport Phenomena and Polymer Dynamics
in PHB/PLA Blend Films as Potential Packaging Materials. Polymers 2020, 12, 647. [CrossRef]

19. Wagner, A.; Poursorkhabi, V.; Mohanty, A.K.; Misra, M. Analysis of Porous Electrospun Fibers from Poly(L-lactic acid)/Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) Blends. ACS Sustain. Chem. Eng. 2014, 2, 1976–1982. [CrossRef]

20. Arrieta, M.P.; López, J.; Hernández, A.; Rayón, E. Ternary PLA–PHB–Limonene blends intended for biodegradable food packaging
applications. Eur. Polym. J. 2014, 50, 255–270. [CrossRef]

21. Arrieta, M.P.; Samper, M.D.; López, J.; Jiménez, A. Combined Effect of Poly(hydroxybutyrate) and Plasticizers on Polylactic acid
Properties for Film Intended for Food Packaging. J. Polym. Environ. 2014, 22, 460–470. [CrossRef]

22. Malinconico, M.; Vink, E.T.H.; Cain, A. Applications of Poly(lactic Acid) in Commodities and Specialties. In Industrial Applications
of Poly(Lactic Acid); Di Lorenzo, M., Androsch, R., Eds.; Springer: Cham, Switzerland, 2018; pp. 35–50. [CrossRef]
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