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Abstract: In the work, the impact of the biological medium and water on structural rearrangements
in pure polylactide and polylactide/natural rubber film composites was studied. Polylactide /natural
rubber films with a rubber content of 5, 10, and 15 wt.% were obtained by the solution method. Biotic
degradation was carried out according to the Sturm method at a temperature of 22 &= 2 °C. Hydrolytic
degradation was studied at the same temperature in distilled water. The structural characteristics
were controlled by thermophysical, optical, spectral, and diffraction methods. Optical microscopy
revealed the surface erosion of all samples after exposure to microbiota and water. Differential
scanning calorimetry showed a decrease in the degree of crystallinity of polylactide by 2—4% after the
Sturm test, and a tendency to an increase in the degree of crystallinity after the action of water was
noted. Changes in the chemical structure were shown in the spectra recorded by infrared spectroscopy.
Due to degradation, significant changes in the intensities of the bands in the regions of 3500-2900
and 1700-1500 cm ! were shown. The X-ray diffraction method established differences in diffraction
patterns in very defective and less damaged regions of polylactide composites. It was determined that
pure polylactide hydrolyzed more readily under the action of distilled water than polylactide /natural
rubber composites. Film composites were more rapidly subjected to biotic degradation. The degree
of biodegradation of polylactide/natural rubber composites increased with the rise in the content of
natural rubber in the compositions.

Keywords: polylactide; hydrolytic degradation; biodegradation; polymer composites; crystallinity;
X-ray; Sturm test

1. Introduction

The degradation of polymers in aqueous media is a multifactorial process studied in
physics, chemistry, and biology. Polylactide (PLA) and its degradation have attracted the
attention of researchers for decades [1-4]. The use of new fillers and the creation of new
polymer composites always left the question of biotic and abiotic degradation open.

Considering the process of biodegradation of polymers, it must be taken into account
that this is not a monoprocess but a complex system of chemical and biological interactions,
which may include hydrolysis and the action of enzymes secreted by microorganisms. There
are also certain characteristics of the polymers themselves that affect the biodegradation
process such as molecular weight and crystallinity. The high molecular weight and high
crystallinity of PLA results in slower degradation [5,6].

The biodegradability and characteristics of the environment where the biodegradation
process takes place are also of great importance. Unlike other biodegradable polymers,
which degrade primarily in a single step by microbial attack, PLA degradation follows a
sequential mechanism [7,8]. The first step involves reducing the molecular weight of PLA
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through hydrolysis, which is considered the rate-limiting step and is the main depolymer-
ization mechanism. The second step involves microbial assimilation and metabolism of low
molecular weight PLA oligomers and monomers [9]. The degree of degradation of aliphatic
polyesters, to which PLA belongs, depends on the type and nature of enzymes produced
by microorganisms [10]. The enzymes such as protease, esterase, and lipase produced by
microbes show the ability to degrade PLA [11]. Proteinase and protease degrade polymer
foils more rapidly than esterase and lipase [11,12].

However, studies [12-15] indicate that PLA-degrading bacteria are not as common in
the environment. It was shown in the works [12,13] that PLA biodegradation mainly occurs
due to microorganisms such as Chryseobacterium sp., Sphingobacterium sp., Stenotrophomonas
pavanii, Pseudomonas geniculata, and Thermopolyspora flexuosa. In this case, the process
inducers contain L-alanine units, which are similar to PLA L-lactic acid units in the stere-
ochemical position of the chiral carbon [11]. Subsequently, the depolymerase acts on the
intracellular ester bonds of PLA, resulting in the formation of oligomers, dimers and,
consequently, monomers. Then, these low molecular weight compounds are absorbed
by microorganisms, and they are converted into carbon dioxide, water, and methane as a
result of the activity of intercellular enzymes [11,16-18]. However, as mentioned above, an
important role for the biodegradation of PLA is played not only by the microorganisms
themselves and hydrolytic enzymes but also by the chemical process of hydrolysis itself.

The course of the process of hydrolytic degradation occurs in several stages [19]:

the diffusion of water into the material;
the hydrolysis of chains in the amorphous region due to the lower resistance to water;
the reducing of molecular weight due to the hydrolytic cleavage of side bonds and the
formation of water-soluble compounds;

e the hydrolysis of the crystalline phase, which can occur by an autocatalytic mechanism
due to acidic decomposition products as well as due to an increase in the concentration
of carboxylic acid at the end of the chain.

The hydrolysis process is influenced by both external and internal factors. Important
external factors are the temperature and pH of the medium.

It is known that an increase in temperature can accelerate the process of hydrolytic
degradation. The temperature below which the PLA hydrolytic degradation rate decreases
is 60 °C [19]. At a temperature of 37 °C, the rate of degradation is reduced by about two
orders of magnitude compared with the process taking place at a temperature equal to
or higher than 60 °C. This effect is associated with the transition of polylactide from a
glassy to a highly elastic state, and the glass transition temperature of PLA is in the range
of 58-63 °C.

In addition, such changes in the rates of hydrolytic degradation also occur in systems
of mixtures of PLA with another component. For example, in a mixture of polylactide and
polylactic-glycolic acid (in a ratio of 50:50), the rate of hydrolytic degradation under neutral
conditions increases significantly at a process temperature above 60 °C [19].

The pH value is also important. It significantly affects the destruction of PLA since it
affects not only the reaction mechanism but also the kinetics of the process. Destruction
in an alkaline medium begins with a nucleophilic attack on the terminal hydroxyl of
another carbonyl group. As a result of this process, oligomers of lactic acid and lactide are
formed, which are degraded to lactic acid [20]. In an acidic environment, the destruction
of polylactide is initiated by the protonation of the terminal ester group, after which an
intramolecular hydrogen bridge is formed. The products of hydrolytic degradation by this
mechanism are lactic acid and lactic acid oligomers [20]. As pH values increase from 1 to 10,
the observed constant first decreases, reaching a minimum around pH 4, and then increases
at higher pH values. At the same time, the growth of the constant is very significant—by
about four orders of magnitude. The presence of a minimum in the dependence of the
kinetic constant on pH confirms that hydrolysis is catalyzed either by an acidic or alkaline
medium [19].
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One of the most important internal factors is the crystallinity of the polymer [2,4]. The
crystalline regions of PLA are resistant to hydrolysis due to the limited access of water
molecules to the chains within the solid crystalline region. This causes selective hydrolytic
chain cleavage in amorphous regions and the removal of water-soluble oligomers and
monomers [21]. An increase in the concentration of D-units in PLA reduces optical purity
and regularity, which leads to greater diffusion of water through the polymer matrix in
amorphous regions and accelerated hydrolysis [21,22].

In a sample of complete amorphous PLA, a higher degree of destruction is observed
in comparison with semicrystalline PLA under the same conditions [19,21]. A decrease in
the molecular weight of amorphous PLA by 14% is observed after 18 weeks of being in a
phosphate-buffered solution at pH = 4 and at a temperature of 37 °C. At the same time, it
will take about 20 months to reduce the molecular weight of semi-crystalline PLA by the
same value and under the same conditions [19].

Plasticizers and fillers also affect the process of PLA hydrolytic degradation. The
reasons for the acceleration of the process may be the presence of a phase boundary, an
increase in the proportion of the amorphous phase in the composite, and the hydrophilicity
of the filler.

Rubbers are often used to increase the elasticity of brittle polymers [23-25]. Rubbers
increase elongation at break and toughness of composites [24,26]. Natural rubber (NR)
is an elastomer obtained from the sap of rubber trees. The application of NR makes it
possible to improve some of the mechanical properties of PLA composites and preserve the
bioavailability of the resulting material [27].

Most of the works are devoted to the study of morphological features and mechanical
properties of PLA /NR. The structure changes of these composites during a degradation
have not been sufficiently studied. It is expected that the natural rubber used in the current
work will increase the rate of PLA hydro- and biotic degradation due to an increase in the
proportion of the amorphous phase in the composites and the bioavailability of NR. The
DSC method was used to determine the phase transition temperatures and the degree of
crystallinity. Morphology was studied by optical microscopy. Changes in the chemical and
physical structure were recorded by spectral methods and X-ray diffraction, respectively.

2. Materials and Methods
2.1. Sample Preparation

Thermoplastic poly(lactic acid) (PLA) 4032D (with about 2% of D-lactide) with a
molecular weight (My) of 1.9 x 10° g/mol was procured from Nature Works (Minnetonka,
MN, USA). Natural rubber (NR), SVR-3L with a Mooney viscosity of 50 = 5 (100 °C) and
poly(cis-1,4-isoprene) content 91-96 by wt.% was kindly supplied by Vietnam Rubber
Group (Ho Chi Minh City, Vietnam). The polylactide was previously dried at 40 °C for 3 h
to remove moisture.

Film samples were obtained from a solution. The polymer solutions were prepared
by dissolving PLA and PLA /NR in the right ratio in 100 mL of chloroform (Component-
Reactiv, Moscow, Russia). The sample weight was 9 g per 100 mL, and the ratio of the
components (PLA:NR, wt.%) was 100:0, 95:5, 90:10, and 85:15. The resulting samples were
dried at 40 °C for 2.5 h to remove residual solvent.

2.2. Analysis of Crystallization

Thermal analysis was performed by differential scanning calorimeter (DSC) using a
DSC 204 F1 device (Netzsch, Selb, Germany) under a nitrogen atmosphere. Samples of
about 5.0-5.4 mg, sealed in aluminum pans, were heated from room temperature to 200 °C
at a rate of 10 °C/min. Indium with Ty, = 156.6 °C was used as a calibrant. The crystallinity
of PLA (x.) was estimated from the first heating cycle using the following equation:

Xe (%) = 100% X (AHm/AHm*),
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where AHy, is the enthalpy of melting during heating, and AHy,* is the enthalpy assuming
100% crystalline PLA homopolymer 93.1]/g [28].

2.3. FTIR Spectroscopy

The IR spectra were recorded on a Bruker Lumos IR Fourier device (Bruker Corp., Bre-
men, Germany) at a temperature of (21 4 2) °C in the range of wave numbers 4000-400 cm 1.
The analysis was carried out by attenuated total reflection (ATR) using a diamond crystal.

2.4. Morphology

The nonwoven fabrics” morphologies were examined using an Olympus BX3M-PSLED
(Tokyo, Japan) optical microscope of 200 in reflected light.

2.5. Biotic Degradation

The tests for the biodegradation of the samples under the action of soil microorganisms
were carried out using a microbiological installation for the accelerated determination of
biodegradation (modified Sturm method) (ISO 14855-1:2012).

The installation consisted of 18 parallel lines, twelve of which contained the analyzed
samples, and the test temperature was 22 + 2 °C. Each line consists of an air pump, six
500 mL Drexel bottles each, and a 1000 mL round bottom flask. Air was passed through the
pump from left to right along each of the lines. In the first two Drexel flasks containing a
concentrated (6 N) solution of sodium hydroxide, carbon dioxide was fixed from the air.
The third and subsequent Drexel flasks contained a 0.05 N solution of Ba(OH);. The tests
were carried out for 90 days.

The air purified from carbon dioxide entered the reaction flask, which contained
500 mL of liquid soil inoculum with the test sample. The flask is closed from direct sunlight
to avoid errors associated with the photosynthesis process. The soil inoculum preparation
process used repeated filtration of the aqueous soil solution to get rid of the presence of
protozoa in the solution.

The viability of bacteria, the presence of spores, and the absence of protozoa in the soil
inoculum were analyzed using optical microscopy on a Micromed Polar 3 ToupCam 5.1
MP microscope (Micromed, St. Petersburg, Russia) at a magnification of 1000 x.

During the operation of the biodegradation plant, carbon dioxide was continuously
released by the microbiota in the reaction flask. The released carbon dioxide was captured
in the fourth Drexel flask according to the reaction:

Ba(OH), + CO, — BaCO;3; + H,O

As a result of this reaction, the pH of the medium in the flask decreased from 8.5 to 8.0.
To determine the amount of barium hydroxide reacted, a sample from the flask was titrated
with 0.1 N hydrochloric acid to the equivalence point. The reaction of neutralization of
barium hydroxide with hydrochloric acid is presented below:

Ba(OH), + 2HCI — BaCl, + 2H,0

Based on the results of titration, carbon dioxide emission curves were constructed for
each of the lines. Lines in which only the inoculum was present served as the baseline in
the calculations. Lines in which starch was used as a biodegradable component served to
confirm the viability of the microbiota. The percentage of biodegradation of a sample of
polymeric material was calculated by the amount of released carbon relative to its content
in the original sample.

2.6. Water Test

For testing, square-shaped film samples with a side of 25 mm were used. The test
was carried out on three samples of each composition at temperature T =22 + 2 °C. The
samples were placed in a vessel with distilled water, taken in an amount of at least 8 cm?
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per 1 cm? of the sample surface. The test samples did not come into contact with each other
and were completely covered with distilled water. The test was carried out for 90 days.

2.7. X-ray Diffraction

An X-ray diffraction(Moscow, Russia) study of PLA based films was carried out
in the Emanuel Institute of Biochemical Physics using an X-ray diffractometer of local
design [29,30], supplied with the optical focusing of the X-ray beam and a linear position-
sensitive X-ray detector. A fine-focus-sealed Cu X-ray tube with Ni 3-filter was used
as an X-ray source. The cross section of the X-ray beam in the plane of the sample was
~4 x 0.15 mm?2. X-ray detector was installed with an inclination toward the sample at ~20°,
the sample to detector distance was 92 mm, and the width of the detector window was
restricted with a slit to be 4 mm in order to diminish the smearing of X-ray diffraction
patterns. X-ray diffraction intensity was measured in the transmission mode in the range of
the diffraction vector module 0.08 nm™' <S < 6 nm™, corrected for background scattering
and normalized in such a way that the maximal intensity value observed at S ~ 1.87 nm™
had the value of 100 (S = 2sin@/A; 20: scattering angle; A: X-ray wavelength; equal for
CuKax radiation to 0.1542 nm).

2.8. Statistical Processing

The experimental results were calculated as the arithmetic mean and its standard error.
The calculations were performed using Statistica 8.0 software (Dell Software Inc., Round
Rock, TX, USA) and Microsoft Excel 2007.

3. Results and Discussion

The degradation of PLA by a generally accepted two-step mechanism first involved
abiotic factors then biotic factors. The abiotic process, i.e., the chemical hydrolysis of PLA
in the presence of water, after which biotic degradation occurs, in which microorganisms
decompose polymer degradation products to form carbon dioxide, water, and biomass
under aerobic conditions and methane, hydrocarbons, and biomass under anaerobic condi-
tions [31-33].

The biodegradation of PLA and PLA/NR composites was studied by the Sturm
method. After 90 days of the experiment at room temperature, it was determined that the
degree of biodegradation (Figure 1) was proportional to the content of NR in the composites.

Degree of biodegradation, %

125

0.5 A

T
PLA 95PLA/5Natural 90PLA/10Natural 85PLA/15Natural
Rubber Rubber Rubber

Figure 1. The degree of biodegradation of PLA/NR films at 22 + 2 °C.

The highest values were obtained for the composition containing 15 wt.% NR. This
result was due to two reasons. First, NR is known to be degraded by enzymes. Microorgan-
isms that destroy NR are widely distributed in the environment. Many bacterial strains
have been studied that are able to use NR as the sole source of carbon and energy [34].
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There are works on the study of the biochemical mechanism of the biological decomposition
of natural rubber [35,36]. It was shown how easily raw NR became biodegradable under
the influence of soil microorganisms. Thus, the weight loss of the NR film sample in wet
laboratory soil for 90 days was 38 wt.% [37].

Secondly, PLA /NR composites are heterogeneous systems in which there is always
an interface or an interfacial layer [38]. The interfacial layer and near-boundary regions
are characterized by a reduced density compared to the component phases. Materials with
such a structure are more actively attacked by aggressive media, thus composites can break
down faster than pure polymers [27,39].

As for PLA, many studies have shown its slow degradation at room temperature. The
process of the abiotic factors and biodegradation of PLA actively proceeds at a temperature
above its glass transition temperature, since flexibility and water absorption increase,
accelerating both hydrolysis and microbial attachment [19,40].

The structure and properties of the samples were controlled by DSC, X-ray, optical
microscopy, and FTIR spectroscopy.

In Figure 2, images of initial samples (the inserts) and samples after biodegradation
are shown. Changes in the morphologies of the composites are observed: crevices, cracks,
and dark spots. The process of degradation of polymers always starts from the surface.
When significant damage is formed in the structure of the surface layers, cracks penetrate
the bulk of the material. At this stage, the properties of polymers deteriorate because the
reactions of the decomposition of molecular chains proceed in the polymer matrix [24,41].

Figure 2. Micrographs of film samples with the NR content after the Sturm experiment, wt.%: (a) 0,
(b) 5, (c) 10, (d) 15. The insets show the initial films of the same compositions. The magnification
is 200x.

XRD tests were performed in all samples to study the structural changes after biodegra-
dation. Figure 3a presents the XRD patterns of the initial samples. The degree of crystallinity
of PLA/NR composites is higher than that of pure PLA (Figure 3a, curve 1).
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Figure 3. XRD patterns of film samples with the NR content, wt.%: (1) 0, (2) 5, (3) 10, (4) 15, (a) and
the PLA85/NR1S5 film after the Sturm experiment: (1) initial, (2) less destroyed region, and (3) more
destroyed region (b).

It can be seen that all films have a diffraction peak at S = 1.87 nm~! and two weak
peaks at S = 2.14 and 2.78 nm ™!, which are related to the a-form of crystallized PLA [42,43].
Then, XRD analysis was carried out in the damaged spot of the film composites and the less
destroyed region (Figure 3b). Figure 3b shows the patterns of the 85PLA /15NR sample, and
a similar relation is observed for all composites. As a result of processing the samples by
the Sturm method, for their main part, which does not contain visible macroscopic defects,
the degree of crystallinity and the crystalline form of PLA change little, but, judging by
the rising in the intensity of small-angle X-ray scattering at S < 0.2 nm™, the nanoscale
inhomogeneity of their structure increases. The diffraction pattern obtained from the region
with a macroscopic film defect (Figure 3b, curve 3) indicates not only an increase in the
nanoscale inhomogeneity of its structure but also a significant decrease in the degree of
crystallinity in this region of the film compared to the main part without such defects.

In order to gain information about thermophysical properties, the film composites were
also investigated using DSC. In Figure 4, the thermograms of the samples are represented.
In total, 100% PLA has a cold crystallization peak, thus the degree of crystallinity, calculated
as the difference between the enthalpies of melting and cold crystallization, is less than the
x value of PLA composites (Table 1). The DSC results are in agreement with the X-ray data.

40 60 80 100 120 140 160 180 200
T, °C

Figure 4. Melting thermograms of PLA/NR films. The content of NR, wt.%: (1) 0; (2) 5; (3) 10; and
(4) 15. Blue: initial samples; red: after biotic degradation.
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Table 1. Thermophysical characteristics of PLA/NR film samples: before and after biotic and
hydrolytic degradation.

NR o Te°C T, °C ori Te,°C  Te, °C o Tm °C Tm,°C . X, % X, %
Con- ﬁgf A+ (A 32;3 B+ A+ ?X;: A+ A+ éi A+ B+
tent, ooy 05°0) 05°0) Sl 05°0) 05°0) Lo 05°0) 05°C) oot 05%)  0.5%)
wt.% : Sturm  Water : Sturm  Water : Sturm  Water : Sturm  Water

0 48 52 - 81 85 89 165 163 158 22 20 23
5 (48) - - - - - 165 162 161 31 29 31
10 (50) - - - - - 161 163 163 30 28 32
15 (51) - - - - - 161 164 164 30 26 30

According to the DSC curves, when NR is added to the PLA matrix, the cold crys-
tallization peak disappears. This is associated with an increase in the total amount of
the amorphous phase in the composites and, probably, with an increase in the segmental
mobility of macromolecules [27]. In the presence of NR, PLA molecular chains have time
to fit into domains and form a crystalline structure that does not require recrystallization.

The shift of Tc. towards a lower temperature could be attributed to a decrease in
the molecular weight and rupture of the PLA macrochains [44]. However, in the current
work, an inverse relationship was observed: in the process of degradation, the T, of
PLA increased.

The glass transition temperature (Tg) of PLA/NR composites becomes difficult to
determine (values are given in brackets). The Tg values of PLA/NR composites are 2-3 °C
higher than 100% PLA ones. After degradation for 90 days, the glass transition temperature
of PLA disappears in all PLA/NR composites (Figures 4 and 5). This behavior could be
explained by the effect of plasticization [45]. Luo et al. observed the disappearance of the
cold crystallization peak of PLA composites after 135 days of hydrolytic degradation [45].

180 200
I °C

40 60 80 100 120 140 160
Figure 5. Melting thermograms of PLA/NR films. The content of NR, wt.%: (1) 0; (2) 5; (3) 10;.(4) 15.

Blue: initial samples; green: after hydrolytic degradation.

After biotic and hydrolytic degradation, the melting point of PLA decreases. Water
has a greater effect on PLA Ty, than the microbiota. It would seem that the polymer should
break down faster in the process of biodegradation. However, it is known that the activity
of the microbiota increases at temperatures of 30 °C or more [46,47], while PLA undergoes
hydrolytic cleavage at an ambient temperature, and the process accelerates by increasing
the temperature.

According to Table 1, the trend in the change in the degree of crystallinity is also
different. After the Sturm test, the PLA degree of crystallinity decreases in all samples by
2-4%. After the action of distilled water, there is a tendency to increase the degree of PLA
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crystallinity. These are interesting results of the degradation of heterogeneous systems that
require further investigation at various temperatures.

Changes in the chemical structure of PLA and PLA composites were studied by FTIR-
ATR spectroscopy. Analysis of IR spectra of PLA/NR composites (Figure 6) showed a high
absorption intensity in the region of 1740-1080 cm !, which corresponded to different
vibrations of polylactide fragments [48-50]. As a result of exposure to soil bacteria, the
intensity of structure-sensitive bands decreased for almost all samples. In the region of
1380-1000 cm ™!, where the active C-O- groups were located, the absorption intensity
decreased due to the disintegration of ester groups as a result of the degradation process. In
the 1450 cm ™! region, related to asymmetric vibrations of the methyl group CHz~ referring
to PLA, a change in intensity was also observed [48].

It is worth mentioning that the greatest change in the absorption intensity occurred
for the sharp peak in the 1750 cm ! region, which belongs to the valent vibrations of the
C=0 carbonyl group in the aliphatic ethers. This fact clearly indicates the disintegration of
the polylactide phase in all samples under the action of the soil environment [49].

The intensity of the structure-sensitive band 755 cm ™!, related to the -C—C~ oscil-
lations of the polylactide crystalline phase, decreased, confirming its destruction in the
process of microorganism acting [50]. The reduction in the intensity of the 755 cm ™! band
correlated with the DSC results. After the Sturm experiment, the PLA degree of crystallinity
decreased (Table 1). It should be mentioned that the 870 cm~! band, corresponding to
~C-C- vibrations of the polylactide amorphous phase, overlapped with the 836 cm~! peak,
related to the C—H vibrations of the (CH3)C=CH- rubber molecule group. The decrease in
absorption intensity in this region proved the degradation of both the PLA and NR.

With the increase in the NR content in the composites, the appearance of two peaks in
the interval 1660-1500 cm ! was observed. This is the result of microorganism interaction
with a natural rubber molecule leading to C-N and N-H amide groups formation, while
their vibrations increased the absorption intensity in this region [51]. The authors of the
study on the biodegradation process of polyethylene/natural rubber (PE/NR) blends [37]
also observed the appearance of bands in this region. In PE/NR samples, as well as in the
studied samples, the intensity of bands in the region of 16601500 cm ! increased with the
rising NR content.

In addition, a broad band appeared in the region of 3500-3000 cm ™! corresponding to
bound and single vibrations of the -OH groups. They were formed as a result of the chain
oxidation under the influence of oxogenases on the polymer sample. As the concentration
of natural rubber in the composites increased, the intensity of vibrations in this region
enhanced significantly, since the rubber molecule underwent easier splitting due to its
amorphous structure [52]. The disintegration of NR could be traced in the proton NMR
spectra (Figure S1).

As mentioned above, distilled water and microbiota affected the process of the disinte-
gration of PLA/NR composites in different ways. In contrast to the Sturm test in the region
of 3500-3100 cm™ 1, a slight increase in the intensity of the band was observed only for
PLA (Figure 7a), which referred to the formation of -OH groups during hydrolysis. After
exposure to water, peaks at 1657 and 1540 cm~! were not traced for PLA/NR composites,
and there was a slight increase in intensity in this region only for 100% PLA (Figure 7b).

In the spectrum of pure PLA, the intensity of the band at 1750 cm~! decreases (Sup-
plementary File). Adding natural rubber changes the dependency. In the spectra of all
PLA/NR composites, the intensity of the band at 1750 cm~! increased. This meant that
the formation of C=0 groups of acids and esters during degradation prevailed over the
process of elimination of PLA ester groups when NR added.

The morphologies of the samples also changed. The PLA/NR film composites became
muddy. This result was not surprising. Many authors observed a similar effect [2,3,6,10,45].
It is known that oligomers, dimers, and lactic acid are formed (Figure 8) in the process of
PLA hydrolytic degradation, which cause a loss of transparency.
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Figure 6. FTIR-ATR spectra of PLA/NR films. The content of NR, wt.%: (a) 0; (b) 5; (c) 10; (d) 15.
Black: initial samples (1); red: after biotic degradation (2).

Summarizing the results, the influence of microbiota and water, even at ambient
temperature, on PLA and PLA/NR composites becomes evident. Despite a low degree
of biodegradation, the morphologies and structures of the samples changed, which was
recorded by various methods. In the middle of the 20th century, in the works of J.A.
Manson, L.H. Sperling, V.N. Kuleznev, and other authors, the features of the structures and
the properties of heterogeneous polymer systems were studied. Definitely, these scientists
did not work with biodegradable polymers, but, nevertheless, the patterns remained the
same. Stresses were formed at the polymerl-polymer2 interface due to different viscosities,
thermal expansion coefficients of the components, the chemical nature of the polymers,
and other parameters. As a result, very often polymer blends and composites degraded
faster than homopolymers.
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Figure 7. FTIR-ATR spectra of PLA/NR films: the region 3500-2800 cm~! (a) and the region
1800-1200 cm ™! (b). The content of NR, wt.%: (1) 0; (2) 5; (3) 10; (4) 15. Black—initial samples,
red—after hydrolytic degradation.
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Figure 8. Mechanism of PLA hydrolysis in distilled water.

4. Conclusions

PLA and PLA/NR film composites with 5, 10, and 15 wt.% NR were obtained and
subjected to biotic and hydrolytic degradation at an ambient temperature. From the
mentioned results, the following conclusions can be derived:

- Asitstands, 100% PLA is well hydrolyzed in distilled water, and PLA/NR films are
more actively subjected to biotic degradation compared to pure polylactide;

- The influence of natural rubber on the structure and thermophysical characteristics
of the PLA matrix and on the behavior of PLA/NR composites during degradation
is shown;

- The morphological observation indicated the surface erosion of all samples both
during biotic and hydrolytic degradation;

- Differences in the crystal structure of PLA in highly defective and less damaged film
regions were detected by the XRD method;

- FTIR-ATP spectra demonstrated a significant change in the chemical structure of
PLA/NR film composites during hydro- and bio-degradation;

- Adding NR increases the degree of biodegradation of PLA/NR composites due to
the formation of a heterogeneous system and an increase in the proportion of the
amorphous phase in the samples.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/polym15081930/s1, Figure S1. FTIR-ATR spectra of PLA/NR
films. The content of NR, wt.%: (a) 0; (b) 5; (c) 10; (d) 15. Black—initial samples; Figure S2. TH NMR
spectra of PLA/NR films. The content of NR, wt.%: (a,b) 0; (c,d) 5; (e,f) 10; (g,h) 15.
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