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Abstract: With continuous development of biodegradable polymers, new areas of applications are
intensively researched. Modifications of these polymers are commonly conducted by an extrusion
compounding process. While additives are changing desired properties, biodegradability of such
composites can be deteriorated. The aim of the work is to investigate a novel, functional, organic
additive, riboflavin (vitamin B-2), in terms of thermal stability, extrusion processability, wettability,
surface energy, especially biodegradability, and when compounded with PLA. Additionally, a com-
parison of unmodified PLA resin, as well as PLA-modified with inorganic talc—which is known for
its nucleation promotion in a variety of polymers—to PLA with riboflavin, was presented. Research
reveals the outstanding thermal stability of riboflavin and the sufficient extrusion process properties
with no significant changes of wettability and, surprisingly, a significant degradation rate as com-
pared to pure PLA or and PLA with talc. The obtained results do not exclude further modifications
of PLA depending on the target application, e.g., antimicrobial agents, flame retardants, etc.

Keywords: biodegradation; PLA; riboflavin; extrusion; polymers; composites

1. Introduction

The development of the biodegradable plastics market observed in recent years con-
tributes to the modification of known materials in terms of reducing production costs,
improving physical and mechanical properties, or giving them other properties as intended,
e.g., ensuring appropriate barrier properties, flame retardancy, etc. Any modification
changes the biodegradation potential of the material after its use. Researchers have repeat-
edly raised the problem of the degradation of bioplastics in the environment, contrary to
their original purpose [1-3]. It is a pioneering use of a vitamin as an additive to biodegrad-
able plastics with the use of common methods of plastics processing (extrusion). Due to
its natural origin, according to the hypothesis, it should not adversely affect the biodegra-
dation processes, but it was necessary to check how the selected riboflavin concentrations
affect this process. The most popular polymer of natural origin is polylactide (PLA), which
is called “double green” due to its synthesis from ingredients of natural origin, as well as
the assumption of biodegradation potential in the natural environment [4].

As it turned out, contrary to expectations, often, biodegradable polymer materials
are very difficult to degrade in the natural environment, for example in soil, seas, and
oceans [5,6]. In principle, PLA should undergo complete biological degradation within
6 to 24 months [7,8], because aliphatic ester compounds, including PLA, are relatively
easy to hydrolyze [9]. However, studies have shown that the decomposition of PLA in an
environment other than compost is very slow [10,11]. This polymer is less degraded by
microorganisms than other aliphatic polyesters, such as polycaprolactone (PCL) [7,12].
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The degree of decomposition of the polymeric material in the environment, among
others in soil, to a large extent, depends on the fertility of the soil, which is determined by
its physicochemical properties and its biological activity, i.e., the intensity of the processes
of transformation of organic and mineral substances catalyzed by microorganisms [13].
While fertility of soil can differ, it can be visible in comparison of the same materials and
by finding significant differences in the level of biodegradation and the time of achieving
similar results in individual tests. This presents a problem when comparing results between
and within tests. For this reason, the following studies include tests of modified PLA both
in the presence of soil microorganisms and in the presence of other microorganisms, as
indicated by the methodology in the international ISO standard [14].

In recent years, PLA has become a relatively frequent subject of research. On the
one hand, chemists and material engineering specialists are working on modifications
that improve the biodegradation potential of the material [15-17]. On the other hand,
biologists in various environments are looking for microorganisms that accelerate its
decomposition [18-20].

PLA and other biodegradable polymers, due to their properties, are commonly investi-
gated as packaging [21], single-use assortments [22], and medical material applications [23].
With, nowadays, a bigger concern for the environmental impact of material chemistry
and engineering, researchers take more and more efforts in transforming biodegradable
polymers into highly specialized composites with possibilities of use in the construction of
sophisticated devices [24].

Among the many directions of development of polymer compositions, particular
attention is paid to the possibility of using them for the production of materials with certain
piezoelectric properties. The obtained positive results of both the biodegradation of the
entire material and the thermal stability of riboflavin itself allow for taking steps towards
the development of a material with piezoelectric properties, although this would not be the
only possibility of using the obtained results in practice. Features, such as good mechanical
properties; relatively low density compared to the currently used piezoelectric materials,
which allows the production of parts with low weight; the possibility of forming any shape
with affordable processing methods; resistance to external factors; ease of processing; and
modification treatments, are involved to improve the piezoelectric response of conventional
polymers [25,26].

Due to the fact that the currently used ceramic piezoelectric materials have a structure
that can be described as asymmetric—crystalline with a high level of crystallinity, when
designing a polymer composite, one should strive to organize the structure as much as
possible. PLA, as a semi-crystalline material capable of forming crystal complexes, seems
to be the most appropriate choice among biodegradable polymers.

According to many scientific studies, the level of crystallinity of pure PLA is not high,
and the time needed to produce the crystallites is long. One of the methods of improving
and accelerating crystallization is modification of the composites by introducing nucleating
agents into the polymer matrix. Commonly used nucleants, both for conventional and
biodegradable plastics, are fine or talc [27,28].

While talc is a natural, inorganic mineral material, the authors looked for natural
organic substances that would cause a similar nucleation effect, and that, at the same time,
would be non-toxic for living organisms and would not hinder biodegradation, or even im-
prove it. A substance called riboflavin, more widely known as vitamin B2, aroused interest,
and is the subject of this study. Unlike talc, which is known for its high thermal stability,
the compounding processability and nucleation activity of vitamin B2 is unknown. There
is only one publication known to the authors of the improvement of PLA crystallization
by riboflavin [29]. What is more, the detailed article brings composites preparation by the
solvent method only, where screw shear forces, as well as high temperature and pressure
rise, and characteristics for extrusion processes, do not occur.
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Therefore, in this article, a novel application of riboflavin as biodegradation accelerator
agents is reported. However, the effects of crystallization on improving mechanical and
piezoelectric properties will be the subject of further, separate publications.

2. Materials and Methods
2.1. Materials

Polylactide (PLA) in the form of 150-300 pm approx. sized grains, obtained from
Luminy® PLA LX 175 (Total-Corbion, Gorinchem, The Netherlands), with a grade melt flow
ratio 3 g/10 min. (2.16 kg, 190 °C) and a density of 1.24 g/cm?, according to ISO 1133A [30].
Additionally, 100% pure food grade riboflavin (Food Colours, Piotrkow Trybunalski,
Poland) and lamellar talc in form of fine powder—Fintalc MO4SLC (Elementis Minerals,
Amsterdam, Netherlands)—were used.

2.2. Material Processing

Before composites and films extrusion, initial testing of thermal properties of riboflavin
were investigated to prove that this new natural additive can resist the temperature applied
in the extrusion processes. Thermal stability was evaluated by the thermogravimetry
(TG) method using a Thermogravimeter Q 500 (TA Instruments, New Castle, DE, USA).
Composites were heated from up to 900 °C at a rate of 10 °C/min under nitrogen flow,
according to the PN-EN ISO 11,358 standard [31].

For composite preparation purposes, a laboratory single-screw extruder manufactured
by Research Network Lukasiewicz—Institute for Engineering of Polymer Material and
Dyes, Toruni, Poland, with a 14 mm screw diameter and 27 L/D ratio was used. Parameters
of composite extrusion are listed in Table 1.

Table 1. Parameters of composite extrusion.

Parameter Value
Temperature of zone I (°C) 175
Temperature of zone II (°C) 180
Temperature of zone III (°C) 185

Rotational speed (revs/ min~1) 100

The films were extruded from the granulate using a laboratory processing line con-
sisting of a Plasti-Corder PLV 151 single-screw extruder (Brabender, Duisburg, Germany)
with a 19 mm screw diameter, a 25 L/D ratio, a 3:1 compression ratio, a slot-die head with
a working width of 100 mm and a gap height of 0.1 mm, and a water-cooled three-roller
system with a roller diameter of 110 mm. Additionally, the extruder was equipped with
the apparatus necessary to measure the temperature of the heating zones of the plasticizing
system and the extruder head.

For the tests, samples containing raw materials and their concentrations were used, as
shown in Table 2.

During the extrusion of the individual polymer films, the temperature of the ex-
truder zones, the temperature of the head, and the rotational speed of the screw were
controlled. Moreover, rotational speed of the screw was adjusted to maintain the film
thickness (Table 3).

After extrusion, the thickness of the film was determined in accordance with
ISO 4593 [32]. Foils received were from 0.023 to 0.050 mm thick.

Samples with dimensions of 50 mm x 50 mm (%2 mm) were prepared for biodegrad-
ability tests, according to the ISO 846 standard [14].
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Table 2. Samples and raw materials used for the research. Abbreviations: 0—control (PLA without
additives); A1-A3—samples with 1%, 5%, and 20% of talc, respectively; B1-B3—samples with 1%,
5%, and 20% riboflavin, respectively.

Sample PLA (wt%) Talc (wt%) Riboflavin (wt%)

0 100 - -
Al 99 1 -
A2 95 5 -
A3 80 20 -

Bl 99 - 1

B2 95 - 5

B3 80 - 20

Table 3. Plasticizing temperature during extrusion of polymer films.

Parameter Value
Temperature of zone I (°C) 180°
Temperature of zone II (°C) 180
Temperature of zone III (°C) 180

Head temperature (°C) 180
Rotational speed (revs/ min—1) 2040

2.3. Wettability and Surface Energy

Wettability, especially hydrophilicity or hydrophobicity of a material, is a crucial
factor in the biodegradation environment of living organisms. Therefore, water contact
angle and surface energy (SE) of tested polymer foils were investigated. For contact
angle measurement, a DSA 100 goniometer (Kriiss GmbH, Hamburg, Germany) was used.
The device was equipped with the automatic liquid drop dosing system. Contact angle
measurements were made with a polar liquid—water. It was measured by placing the
drops of the liquid onto the surface of foils and then measuring a series of contact angle
values. For every sample, contact angles of three drops were obtained. For all values,
arithmetic mean and standard mean deviation were calculated. These results were applied
for the calculations of surface energy (SE) according to the Neumann method [33,34], using
the Equation:

Vs = Vst + 11 €080 ey
Yo = 7+ = 2005m) {1 = Ba (11— y5)*} @)

where y5-SE corresponds to the solid-liquid interface, ys is the SE of a solid, v; is the SE of
a measuring liquid, 6 is the contact angle between the solid and the measuring liquid, and
B2 = 0.0001057.

2.4. Biodegradability

For the assessment of biodegradability, the methodology based on method A, part of
the ISO 846 standard, was used [14]. It is an international standard used to evaluate the
growth of microorganisms on polymer materials. Method A concerns the evaluation of
fungal growth. It assesses the degree of growth of the polymeric material samples by fungi
in the presence of a mineral substrate, without glucose. Then, the only carbon source for
the fungi becomes the polymeric material.

The standard provides the incubation of samples in the presence of a suspension of a
mixture of fungal spores. The following model strains of mold fungi are used in the research:
Aspergillus niger (ATCC 6275), Penicillium pinophilum (ATCC 36839), Paecilomyces variotii
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(ATCC 18502), Trichoderma virens (ATCC 9645), and Chaetomium globosum (ATCC 6205).
It is known that fungi grow faster on polymer samples than bacteria, which makes it
easier to observe their growth on samples during the assumed 28 days of incubation under
laboratory conditions [12,35]. The fungi to be tested were grown in a Potato Dextrose Agar
medium, PDA (Oxoid, Basingstoke, UK), at 29 °C, until the plate was outgrown by the
developing mycelium. The spore mixture was prepared following the procedure described
in the standard.

In order to bring laboratory tests closer to environmental conditions, similar tests were
carried out in a soil solution, instead of a mineral medium with spores. The following
parameters were used for the tests: pH, mg/L NOs, mg/L P, mg/L K, mg/L Mg, mg/L Ca,
and salinity g NaCl/L. Soil tests were performed in an accredited external laboratory
(Research Institute of Horticulture, Skierniewice, Poland). Additionally, the redox potential
of the soil, as well as the total number of bacteria and fungi, were determined for the
assessment of microbial activity. For this purpose, a soil solution was prepared. The soil
was sieved through a sieve with a 2 mm mesh size. Then, 10 g of the soil was dissolved in
90 mL of sterile distilled water.

The redox potential was checked five times using the inoLab pH meter, pH 730, (WTW,
Weilheim, Germany) equipped with a redox electrode.

In order to determine the total number of bacteria and fungi, inoculations were made
using the serial dilution method (in the range of 10~1-107°): (1) on a R2A medium (Oxoid,
Basingstoke, UK) with chloramphenicol (Oxoid, Basingstoke, UK), in order to count the
bacteria; (2) on a PDA medium (Oxoid, Basingstoke, UK) containing 0.1% of cycloheximide
solution (Oxoid, Basingstoke, UK). Plates were incubated at 26 °C £ 1 °C for 5 days, after
which bacterial colonies and fungi were counted. The tests were performed in triplicate.

Test films were sterilized for 15 min under UV light using a sterilizer (Beauty System
NV208B, Wroclaw, Poland). Single foil samples were placed in sterile 90 mm diameter
petri dishes, and then poured over with 15 mL of fungi suspension/soil solution. The
samples were incubated for 28 days at 29 °C £ 1 °C and 95 % 5% of relative humidity (RH)
in a climatic chamber (Wamed KBK 30, Warszawa, Poland). After the exposure time, a
visual inspection was made, then the samples were washed according to ISO 846 [14] and
subjected to further analysis.

2.5. Visual and Microscopic Assessment

In addition to the visual assessment of the samples, documented photographically us-
ing an automatic colony counter (Interscience SCAN 1200, Saint-Nom-la-Breteche, France),
a microscopic analysis of the structural changes of the film surface was performed us-
ing a scanning electron microscope—SEM (Hitachi SU 8010, Tokio, Japan). Fragments
of 20 mm x 20 mm in size were cut from the samples and sputtered with gold with a
thickness of 1 nm using a gold sputtering coater (Cressington Sputter Coater 108 auto, Liv-
erpool, UK) with a sputter thickness measurement module (Cressington Thickness Monitor
MTM-10, Liverpool, UK). The photos were taken at a magnification of x1000. Elemental
analysis of the surface of the foil samples was performed using the Energy Dispersive X-ray
Analysis, EDX, using the SEM-EDX (Thermo Scientific Ultra Dry, Waltham, MA, USA). The
EDX spectrum of the sample surface allows semi-quantitative analysis of the elemental
composition to a depth of about 1 um [36]. During the EDX analysis, the preparations
were subjected to the voltage of 20 kV and the intensity of 15 pA. Elemental analysis of
the surface took 30 s at a magnification of x1000 and a working distance of 15 mm. In
order to show changes that may indicate the biodegradation of the film, changes in the
content of O, and C (wt%) of the analyzed samples were measured. The O/C ratio (%) of
both elements was calculated. The increase in the value of this ratio is a determinant of the
degradation processes [12].
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2.6. Loss of Mass

The film pieces after visual inspection and washing (as described above) were weighed
on an analytical balance with an accuracy of 0.001 g (Mettler Toledo MSIO5DU, Greifensee,
Switzerland). The mass loss expressed in % was the difference between the mass of the film
before and after incubation in the presence of the fungus suspension/soil solution.

2.7. Fourier Transform Infrared Spectroscopy (FTIR)

The method of infrared spectroscopy (FTIR) with the reflection technique (ATR) was
used. FTIR spectra were recorded in the range of 400-4000 cm ! using a Cary 630 FTIR
spectrometer (Agilent, Santa Clara, CA, USA) equipped with a diamond crystal (spectral
resolution < 2 cm™!). In order to check the degree of PLA biodegradation, the carbonyl
index (%) was used, which defines the ratio of the band intensity from the carbonyl group
to the band intensity of the unchanged group during the biodegradation process [37]. The
commencement of the biodegradation process manifests itself in an increased carbonyl
index compared to the control samples, as a result of starting the oxidation. During the
continuous contact of the polymeric material with biotic factors, its decomposition takes
place, which results in a reduction in the number of carbonyl bonds, thus reducing the
value of the carbonyl index.

3. Results
3.1. Preliminary Processing Assessment—Thermal Stability Measurement

Measurements of thermal stability were conducted on pure riboflavin, as well as neat
PLA resin. Thermogravimetric curves are listed below (Figure 1).

30

100 304.4°C 100 365.58 °C 40
L 25 F35
80 . 804 F30 ~
%3 25
S H25 8
< 60+ = < 60+ e
s F15 4 S 20 8
g £ 8 £
= 40 [10 2 < 40 P15 5
a 1048
20 L5 20+ [
07 0 -0
T T T T T T T T T T T T T 5
100 200 300 400 500 600 700 800 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
(a) (b)

Figure 1. Thermogravimetric curves (TG/DTG) for (a) riboflavin (b) neat PLA, respectively.

Riboflavin as an additive shows positive processing properties. Very interesting is
the fact that riboflavin has high, as for organic substances, thermal stability (271.89 °C),
and does not show degradation in much of the so-called PLA “processing window”: the
temperature range of processing from 155 °C (melt temperature) to the beginning decom-
position (306.1 °C). However, in PLA processing, temperatures almost never exceed 250 °C,
so riboflavin is an excellent additive in terms of processing.

3.2. Films

After extrusion of the granulate mixtures, films with a thickness of 23 to 50 pm were
obtained. As expected, the addition of talc colored the material white, and the addition of
riboflavin yellow. The appearance of the samples is shown in Figure 2.
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Figure 2. Photos of PLA samples modified with talc and riboflavin. Abbreviations: as in Table 2.

3.3. Preliminary Biodegradability Assessment—Contact Angle and Surface Energy

Wettability, especially hydrophilicity or hydrophobicity of a material, is a crucial factor
in the biodegradation environment of living organisms. Therefore, water contact angle and
surface energy (SE) of tested polymer foils were investigated. As presented in Table 4, both
talc and riboflavin did not significantly affect surface hydrophilicity and SE.

Table 4. Samples and raw materials used for the research.

Sample Contact Angle (°) Surface Energy (m]J/m?)
0 770 £ 04 36.8
Al 76.9 £ 0.5 36.8
A2 725 £0.7 39.6
A3 728 £0.7 39.4
Bl 76.5+£0.2 371
B2 764 £ 0.3 37.2

B3 754+ 0.5 38.4




Environments 2022, 9, 56

8 of 18

(a)

0<25%

Only a slight increase of surface energy is observed in foils A2, A3, and B3, which
can be beneficial for better adhesion of microorganisms to these samples. Hydrophilic
samples have a better affinity with microorganisms, which also contain water in their
living structures. From that point of view, samples A2, A3 and B3 present slightly better
surface thermodynamic states with respect to biodegradation affinity, as compared with
other samples. Surface energy testing shows slight changes of parameters in comparison to
pure PLA.

3.4. Research on Biodegradability
3.4.1. Soil Activity

For the soil used for the tests, the determined redox potential was 280 mV + 5.9. On
the other hand, the number of microorganisms in the soil was determined at the level of
25 x 10* cfu/mL bacteria and 11 x 10% cfu/mL of fungi.

3.4.2. Visual and Microscopic Assessment

Visual analysis of the samples after incubation with the fungi showed no significant
differences. Contrary to the samples incubated in the soil solution, which, depending on
the type and amount of the modifier (talc/riboflavin) showed differences in the amount of
sediment on the film samples., the amount of soil sediment was directly proportional to the
% of modifier content (Figure 3). Approximated overgrown area of samples is listed below
the abbreviations.

Al<25% A2 <25% A3 <25%

B1<25% B2 < 25% B3 <25%

Figure 3. Cont.
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(b)

0<25%

B1 25-50%

Al <25% A2<50% A3 +-100%

B2 >50% B3 +-100%

Figure 3. Visual analysis of samples after incubation: (a) with fungi and (b) with soil, with approxi-
mated overgrown area of samples (below abbreviations). Abbreviations: as in Table 2.

Detailed observation of the surface of the samples was conducted using SEM. For
samples incubated with fungi, a sediment from the medium containing mineral salts was
observed, which, despite repeated cleaning of the film, was permanently attached to its
surface. This phenomenon was observed especially for samples A1, B2, and B3. Extensive
convexities were observed on samples A2 and Bl. The most significant changes were
observed on the samples with the highest modifier content (A3 and B3). On these samples,
structures that could indicate the formation of biofilm, which partially penetrated into the
sample, and local cracks were observed (Figure 4a).

More intense changes were observed on the surface of the samples incubated in the soil
solution than in the presence of fungi. As for fungi, these changes became more spectacular
with increasing modifier content. Much more intense changes of a similar nature were
observed in samples containing riboflavin (B1-B3) than in talc (A1-A3). Already at the
lowest (1%) concentrations, bubbles and structures were observed on the surface of the
samples, which could indicate the formation of biofilm (A1l and B1). Additionally, on sample
B2, numerous bacterial colonies and soil sediment were observed, while on sample B3,
apart from those mentioned, there were cracks. On the A2 samples, there were areas
with soil sediment, which on A3 samples took the form of regular networks. Probably,
the sediment was related to the mycelium hyphae that were washed out during sample
cleaning (Figure 4b).
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Figure 4. SEM analysis of samples after incubation: (a) with fungi and (b) with soil. Abbreviations:
as in Table 2. Control: sample not subjected to incubation.

Based on EDX analysis, the O/C ratio of both elements was calculated. After incu-
bation with fungi, only for samples modified with the highest concentration of talc (A3),
a significant increase in the parameter (by approx. 51%) was found, indicating biodegra-
dation changes. For samples incubated in the soil solution, a significant increase in O/C
was found for all modified samples. After the application of the highest concentration of
modifiers, this increase was the most significant: by approx. 127% for samples with talc
(A3) and by approx. 188% for samples with riboflavin (B3) (Figure 5).

3.4.3. Loss of Weight

Based on the measurement of the weight loss of the samples determined in accordance
with ISO 846 [14], slight differences were found in relation to the control samples, a
maximum of approx. 0.5% for the Bl sample containing riboflavin. It is assumed that this
may be related to the problematic deposition of mainly soil sediment on the surface of the
samples (Figure 6).
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Figure 5. O/C ratio after incubation of the samples with fungi or in the soil solution in relation to
the control samples. *—statistically significant difference based on the one-way ANOVA analysis.
Abbreviations: as in Table 2.
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Figure 6. Mass loss (%) of the samples after incubation with fungi or in the soil solution, compared to
the control samples. *—statistically significant difference based on the one-way ANOVA analysis.
Abbreviations: as in Table 2.

3.4.4. Fourier Transform Infrared Spectroscopy (FTIR)

The following bands were identified in the PLA spectrum: 1746 cm™~!—vibrations of
the C=0; 1450 cm’l—asymmetric vibrations of the CHs; 1265 cm ™1, 1179 em !, 1126 cm ™1,
1078 cm~1, and 1041 cm~! O-C-C stretching vibrations; 866 cm~ 1—vibrations of the group
of O-CH,-CHj3; 753 cm ™! and 701 cm~!'—deformation vibrations «CHj [38]. The focus
was on the region of the carbonyl group at 1746 cm~!, which is prone to the degradation
processes. The carbonyl index was calculated in relation to the asymmetric vibrations CH3
groups at 1450 cm 1.

For all types of samples, both incubated in the presence of fungi and in the presence of
soil solution, a decrease in the value of the carbonyl index was noted. However, the greatest
decrease in this parameter, indicating degradation changes, was observed for samples with
the highest concentration of talc (A3) incubated in the presence of soil solution (—28%),
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and for samples with the highest concentration of riboflavin (B3), both incubated in the
presence of fungi (—27%) and soil solution (—33%) (Figure 7).

0 Al A2 A3 Bl B2 B3

mfungi

-20 @soil

+ *
-35 *

*

Increase/decrease of carbonyl index (%)
{

Figure 7. Carbonyl index (%) of samples after incubation with fungi or in soil solution in relation

*

to control samples. *—statistically significant difference based on the one-way ANOVA analysis.

Abbreviations: as in Table 2.

4. Discussion

Riboflavin as an additive shows positive processing properties. Good thermal stability
was highlighted in thermogravimetry analysis, as well as in the extrusion composite and
film preparation, proving that riboflavin is outstanding addition in terms of processing.
There is no thermogravimetric curve of talc powder in this work due to its wide description
on in the literature [39,40].

Biodegradation of unmodified PLA has been the subject of intensive research for
several years [18,41,42]. Rudeekit [43] checked the degree of biodegradation in various
environments and showed that degradation of PLA in natural conditions of landfills and
sewage treatment plants requires a much longer time than composting, especially under
controlled laboratory conditions [43]. After a 4-month composting process in accordance
with ISO 14855, they found the degree of biodegradation of PLA film at the level of 86%,
which was the best result obtained [44]. On the other hand, [7] they found no degradation
of PLA after a 6-week incubation in compost soil. Therefore, it was very important to check
how the addition of talc and riboflavin would affect the biodegradation of the polymer
material, which, as shown by other studies, contrary to expectations, is not easily degraded
in the environment in its pure form.

Undoubtedly, the key allies in terms of the accelerated degradation processes are,
among others, high temperature and microbial activity [45-47]. The importance of microor-
ganisms in the decomposition of polymeric materials is also evidenced by the standards
developed in the plastics industry, in which the resistance of materials is assessed on the
basis of the growth of pure cultures of bacteria and fungi. The resistance of polymeric mate-
rials, and hence, the susceptibility to degradation by microorganisms, can be qualitatively
assessed using techniques to assess microbial growth. After a specified period of time, the
increase in the number or mass of cells is assessed, as well as the size of the growing colony
area on the sample [14,48]. The biodegradation of polymers can additionally be assessed by
measuring chemical properties, formation of new products, and deterioration of physical
properties [49].

Despite the validity of conducting research in accordance with the reference strains of
bacteria or fungi indicated in the standards, researchers checking biodegradation in situ
indicate that in order to understand the impact of polymeric materials on the entire soil
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ecosystem, it is necessary to understand the mechanisms of the impact of such wastes on
living organisms, including microorganisms, invertebrates, and plants [50]. It has also been
shown that the presence of polymers in soil, especially PLA, has influences, among others,
on soil pH and the number of soil microorganisms [20]. However, a comparison of the
biodegradation process of unmodified PLA in garden soil and in compost soil with the
use of the same microorganisms showed differences in the rate of changes taking place
on plastics [12,20]. Hence, for the repeatability of research, it is also justified to conduct
laboratory tests under controlled conditions, with reference strains, in a medium with
specific components. In our research, we checked the biodegradability of the polymer
material in both aspects: (1) under standardized conditions, in the presence of fungal strains;
(2) under conditions as close as possible to standardized conditions, in a soil solution with
tested parameters.

The first stage of the research was to analyze the wettability of the samples after
extrusion. A significant increase in this parameter for samples containing talc or riboflavin
led to the assumption that these samples would more easily adhere to microorganisms
and thus biodegrade faster. The preliminary visual of the samples after incubation with
microorganisms and the visual of the samples after incubation confirmed the assumptions.
The observed amount of soil sediment on the samples, increasing with the content of the
modifier (talc/riboflavin), may indicate improved adhesive properties of the modified
materials. The adhesion of microorganisms to the surface of a polymer material is the first
essential element of biofilm formation [51,52]. The presence of microorganisms strongly
associated with the surface of the samples, especially those with the highest of the 20%
content of talc or riboflavin used, was confirmed by microscopic analysis (SEM). Detailed
analysis showed that on the samples containing riboflavin, the observed changes in the
form of bubbles, cracks, and protrusions were more intense than for samples with talc with
the same percentage content. According to the authors, the growth of microorganisms,
including fungi, may cause bubbles, cavities, and cracks after penetrating into the polymer
structure [53-55]. It has been proven that the intensive growth of many fungi on the surface
of a polymeric material can cause swelling and cracking as the fungi penetrate into the
structure of the material [56].

More intense changes were observed on the surface of the samples incubated in the
soil solution than in the presence of fungi. Until 2006, Tritirachium album was the only
L-PLA degrading fungus described [57], while Bajer [50] found that when testing samples
based on the ISO 846 standard, it is easier and faster to observe the growth of fungi than
bacteria [35].

As a result of the decomposition of polymers by hydrolysis and subsequent oxidation,
the optical, mechanical, and electrical properties of the biological system change. Some of
these changes can be observed using microscopic techniques in the form described [58,59].
However, they need to be confirmed by quantitative methods.

Other analyses, including EDX, also showed more intense degradation processes for
samples after incubation in soil solution than for reference fungi, where significant changes
were observed only for samples containing 20% talc. For samples incubated in soil, the
most intense increase in the O/C ratio (by approx. 188%), indicating material degradation,
was also observed for samples containing 20% riboflavin. In our research, we observed
an increase in the value of the O/C ratio, the most significant for the highest levels of
additives. This is typical of the initial stage of PLA biodegradation and may be due to
an increase in the number of carboxylic acid end groups in the molecular structure as a
result of ester bond hydrolysis [60]. Varesano observed the increase in the O/C ratio for
PP samples, and confirmed that these were degradative changes with further studies [61].
A similar methodology to determine the degradation changes of PLA incubated in soil was
used by Lv [60], although they found slight changes (approx. 0.06) in the O/C ratio after
105 days. Dabrowska [55] recognized the potential of soil bioaugumentation with strains of
Bacillus sp. bacteria while observing a 3% increase in O/C for pure PLA.
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In our study, slight differences were noted when assessing the weight loss of the
samples (max. 0.5% for samples containing riboflavin). When looking at the sediment
visible during the surface analysis of the samples, confirmed by SEM analysis, the actual
weight loss is probably much greater. The changes noticeable in the values of the loss
of mass are important, but they are flawed with errors, as evidenced by, for example,
the values of the standard deviation. The highest value of weight loss was observed for
the samples containing the lowest concentration of riboflavin; however, no statistically
significant differences were found between this value and the variants with the highest
content of both additives. When reviewing the literature, it was found that the weight loss of
PLA at the same time as our research is much greater during enzymatic degradation [62,63].
On the other hand, Morawska and Krasowska [64], checking the biodegradation of PLA in
an environment enriched with a commercial microbiological preparation containing lactic
acid bacteria, found a loss of film weight by about 30% after 8 weeks of incubation in a
liquid medium.

Using the FTIR method, by comparing the intensity of the absorbance of the bands
at the wavelength characteristic for carbonyl groups with the ratio of the absorbance of
the bands at the wavelength assigned to specific systems, it can be stated that the share
of C=0 groups is reduced. The degradation of PLA takes place in the first stage by
hydrolysis, which does not significantly change the content of carbonyl groups in the mass
of the polymer. However, the progressive degradation process leads to the formation of
appropriately short polymer chains and then mineralization, the effect of which is, among
others, reduction of carbonyl groups, which can be quantified by the carbonyl index. For
all modified samples, a decrease in the value of the carbonyl index was noted, which
proves a positive effect of talc and riboflavin on biodegradation. The most promising in this
respect were samples containing 20% of one of the additives (approx. 30% decrease in the
parameter compared to the control). Similarly to the previous analyzes, stronger changes
were observed in the presence of soil than in the presence of fungal strains. It is a very
important analysis that significantly confirms the degradation potential of the material,
because, among others, Sednickova et al. [41], after the biodegradation of PLA in compost
at 58 °C for 16 days, and despite the observation of the loss of molecular weight, observed
no significant changes in FTIR spectra.

The globally increasing demand for polymer materials is causing the growing problem
of plastic accumulation in the environment. This is becoming a real threat to humans and
the environment [65]. Modification of biodegradable plastics by adding non-degradable
ingredients hinders biodegradation processes and leads to the formation of persistent
pollutants. Additionally, it turns out that bioplastics are also difficult to degrade under
conditions of storage in soil. Our solution, consisting in the modification of PLA by the
addition of talc or riboflavin, accelerates the biodegradation process, additionally allowing
the modification of its color.

5. Conclusions

Research has confirmed that PLA is not a readily biodegradable material. Adding
talc or riboflavin increases biodegradability; the more of additive, the faster the processes,
which is especially visible in samples containing riboflavin. In the presented studies,
riboflavin was proved to be excellent in processability by extrusion techniques; moreover,
it contributes to more intense degradation processes than talc, despite a slightly lower
wettability, as resulting from contact angle measurements. In the light of the obtained
results, it is necessary to investigate the possibility of using such a modification of PLA
in-industry for specific applications. It is possible to further modify the PLA depending on
the target application, including by adding antimicrobials, flame retardants, etc.
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