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ABSTRACT: The selection of carbon sources and the biosynthesis of polyhydroxybutyrate (PHB) by the Azotobacter
vinelandii N-15 strain using renewable raw materials were investigated. Among the tested substrates (starch, sucrose,
molasses, bran), molasses as the carbon source yielded the highest PHB production. The maximum polymer yield
(26% of dry biomass) was achieved at a molasses concentration of 40 g/L. PHB formation was confirmed via thin-
layer chromatography, gas chromatography and Fourier transform infrared spectroscopy. Composite films based on
PHB, polylactic acid (PLA), and their blends were fabricated using the solvent casting. The biodegradation of these
films was studied with bacteria isolated from plastic-contaminated soil. These bacteria utilized the biopolymers as
their sole carbon source, with the biodegradation process lasting three months. Structural and chemical changes in
the films were analyzed using FTIR spectroscopy, differential scanning calorimetry, and thermogravimetry. Among
the microorganisms used to study the biodegradation of PHB, PLA, and their blends, Streptomyces sp. K2 and
Streptomyces sp. K4 exhibited the highest biodegradation efficiency. PHB-containing films demonstrated significant
advantages over other biodegradable polymers, as they degrade under aerobic conditions via enzymatic hydrolysis using
microbial depolymerases.

KEYWORDS: Polyhydroxybutyrate; polylactic acid; thermal degradation; biodegradable polymers; microbial
degradation

1 Introduction

Plastics are durable, chemically and biologically inert polymers widely used in construction, packaging,
and medicine [1-3]. Derived from petrochemical feedstocks, they have become an essential part of modern
life due to their low cost, durability, and excellent mechanical and thermal properties [4]. Global plastic
production is around 140 million tons annually. However, their resistance to biodegradation has led to severe
environmental concerns, as plastics persist in ecosystems for decades.

The accumulation of plastic waste poses significant ecological and health risks. Plastic pollution affects
water resources and threatens marine and avian life [5,6]. Over the past decade, global plastic production
has increased by 1.5 times, with the United Nations’ estimates predicting an annual output of 1.2 billion
tons by 2060. Despite efforts to recycle certain plastics, substantial amounts of plastic waste still end up
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in landfills, contaminating soil and ecosystems. Packaging materials, including plastic bags and single-use
items, constitute approximately 40% of total plastic waste. Given the inevitable depletion of petroleum
reserves, developing sustainable alternatives to conventional plastics is imperative.

Thus, biodegradable polymers and polymeric materials, which remain durable during use but can
degrade under environmental influences, have recently garnered significant attention [7,8]. Among them,
biodegradable materials based on biopolymers offer a promising alternative to traditional plastics. These
polymers, produced by various microorganisms, share similar properties with conventional plastics but can
degrade under aerobic or anaerobic conditions [9]. Two of the most widely used biopolymers are polylactic
acid (PLA) and polyhydroxybutyrate (PHB).

PLA ([CH(CH;)COO],) is a synthetic, biocompatible, and biodegradable aliphatic polyester with
excellent barrier properties. It is a viable alternative to polystyrene, polypropylene, and acrylonitrile-
butadiene-styrene plastics in various applications [10]. PLA is a transparent, colorless, and rigid
thermoplastic derived from renewable resources via lactic acid fermentation. However, PLA is less suscepti-
ble to biodegradation than other aliphatic polyesters, such as PHB, and decomposes more slowly only under
specific conditions [11,12].

The degradation rate of PLA depends on factors such as surface area and susceptibility to soil microor-
ganisms. PLA primarily degrades through chemical hydrolysis of the ester bonds into shorter oligomers,
dimers, and monomers. Under severe composting conditions (60°C, high humidity), PLA decomposes
within 30 days [13]. However, the process is significantly slower in natural environments such as soil and
water. Most PLA-degrading microorganisms belong to the Pseudonocardiaceae family, including genera such
as Amycolatopsis, Lentzea, Kibdelosporangium, Streptoalloteichus, and Saccharothrix [14]. UV irradiation is
often used to accelerate PLA degradation.

PHB ([CH(CH;)CH,COQ],) is the most common polymer in the polyhydroxyalkanoate family. It
is hydrophobic, highly crystalline, and has a high melting point. PHB is synthesized by bacteria under
conditions of limited oxygen, nitrogen, phosphorus, sulfur, or trace element concentrations, combined with
an excess of carbon sources. Typically, the nutrients in the growth medium are the same as those used for
protein synthesis. However, protein synthesis ceases under nitrogen-limited conditions, and PHB production
is triggered instead [15].

The increasing interest in polyhydroxyalkanoates, along with polymeric materials and items based
thereon with enhanced biodegradability and biocompatibility, is driven by their potential to be produced
from renewable resources, industrial organic waste, and agricultural residues. Therefore, research efforts
focus on developing new and modifying known biodegradable polymers and thermoplastic composites with
high manufacturability and desirable properties, including controlled biodegradability. These features make
them suitable for packaging (including food and medicines), osteoplastic materials for bone tissue repair,
single-use items, etc. Understanding the biodegradation mechanisms of PHB and its blends with PLA is
crucial for developing effective packaging materials and short-lifespan products to replace conventional
petrochemical plastics.

Previous research [16-18] conducted at the Department of Physical Chemistry of Fossil Fuels at the
Institute of Physical-Organic Chemistry and Coal Chemistry of the National Academy of Sciences of Ukraine
demonstrated that among the bacterial strains studied—Azotobacter vinelandii N-15, Pseudomonas sp. PS-17
and Rhodococcus erythropolis Au-1—the first strain, exhibited the highest PHB bioproduction efficiency.

This study aims to investigate PHB production from renewable feedstocks, its blends with PLA, and the
biodegradation of films based on these polymers using bacteria isolated from plastic-contaminated soil.
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2 Materials and Methods
2.1 Materials

The Azotobacter vinelandii N-15 strain was obtained from the “Enzyme” collection (Vinnytsia, Ukraine).
PHB was extracted from the biomass of Azotobacter vinelandii N-15 at the Department of Physical Chemistry
of Fossil Fuels at the InPOCC, named after L. M. Lytvynenko of the NAS of Ukraine. Bacteria were isolated
from biofilms on polyethylene degraded in compost (K2, K4, K5, K6) and soil (U1, U2, U3, U3.1, U4, U5).
PLA granules were provided by Damas-beta (China) (CAS 26100-51-6). Salts, nutrient media, and solvents
were purchased from Merck Chemical Company.

2.2 Methods
2.2.1 Bacterial Isolation

Polymer-degrading bacteria were isolated as described in [19]. Polyethylene samples were buried in
soil mixed with biodegradable waste (vegetable and fruit peels, tea leaves, shredded leaves, and grass) at a
depth of 30 cm. After one year, the polyethylene was carefully removed and washed with a sterile PBS bufter
(pH 7). Bacterial isolation was performed using serial dilution and spread plate techniques on agar plates.
Following incubation on agar plates supplemented with LDPE powder as a carbon source, morphologically
and biochemically distinct isolates were obtained. All pure isolates were characterized for their physiological
and biochemical properties according to [20].

2.2.2 PHB Synthesis

The Azotobacter vinelandii N-15 strain was cultivated in a nutrient medium with the following
composition (g/L): molasses—30; KH,PO,—0.2; K;HPO,—0.8; CaSO4—0.13; trace elements—1 mL; dis-
tilled water—to 1 Ly pH—7 + 0.2; temperature—31 + 0.5°C. The inoculum was a 24-h culture in the
exponential growth phase, grown on Ashby medium with 3% (w/w) mannitol, with a cell titer of
2 x 10 CFU/mL. The trace element solution contained (g/L): ZnSO,7H,0—0.2; H3;BO;—0.6;
MnCl,-4H,0—0.06; CoClL,-6H,0—0.4; CuSO4-4H, 0—0.02; NaMo0QO,-2H, 0—0.06. Cultivation was carried
out for 72 h.

2.2.3 Biomass and PHB Content Analysis

To assess strain growth dynamics and biopolymer accumulation, 3 mL of culture fluid was sampled
at 4, 7, 24, 30, 48, 54, and 72 h, and optical density (OD) was measured at a wavelength of A = 590
nm (Shimadzu UVmini-1240). PHB was extracted by centrifuging the bacterial biomass, washing it twice
with purified water, and disintegrating it using ethanol (100 rpm, 2 h, 35°C). After centrifugation (15 min,
6000 rpm), the precipitate was transferred to a Soxhlet apparatus for chloroform extraction over five cycles.
The solvent was evaporated under a vacuum. For polymer purification, PHB was dissolved in chloroform and
precipitated with ethanol (chloroform-ethanol 1:5). The resulting PHB precipitate was decanted and dried to
a constant weight.

The purity of PHB synthesized by A. vinelandii N-15 was determined using gas chromatography [21]
with a Thermo Trace 1300 Series Gas Chromatograph (Thermo Fisher Scientific S.p.A., Milan, Italy) equipped
with an FID detector and a WM-FFAR capillary column (30 m x 0.32 mm x 0.25 mm), with a maximum
temperature of 240°C.

Chromatographic separation of polyhydroxybutyrate was performed under the following conditions:
evaporator temperature—230°C, initial column temperature—60°C (held for 5 min), then increased at
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10°C/min to 220°C, detector (FID) temperature—275°C. Standardization was performed using analytical
PHB (BIOMER) under identical conditions.

PHBs were also identified by gas chromatography. The analysis was performed by injecting 1 pL of the
resulting solution in a Thermo Trace 1300 Series Gas Chromatograph (Thermo Fisher Scientific S.p.A. Milan,
Italy) equipped with a FID detector and a WM-FFAR capillary column.

2.2.4 Preparation of Polymer Films

Films were prepared by casting from a 4% polymer solution in chloroform. PHB, PLA, and PHB/PLA
blends (50/50 wt.%) were dissolved in chloroform at its boiling temperature until completely dissolved. The
polymer solution was poured onto degreased glass Petri dishes and dried at room temperature for 24 h in
the air, followed by vacuum drying at 40°C and 400 mm Hg until a constant weight was achieved. The films
were stored in a desiccator at +4°C in darkness. Before experiments, circular samples (20 mm diameter,
50 um thickness) were cut from the prepared films and weighed using an analytical balance (KERN ADB
100-4 WEIGHING SCALE, ANALYTICAL, 120G/0.0001G).

2.2.5 Medium and Conditions for Cultivating Microorganisms

Three sets of bioplastic samples were prepared as 30 mm x 30 mm films. Before use, the plastics were
disinfected with 75% ethanol for 1 h, washed three times with sterilized distilled water, and dried in an oven
at 60°C overnight. The films were disinfected and weighed (+0.02 mg) before being placed in culture flasks
containing sterile mineral salts medium (MSM). MSM was prepared using (per 1000 mL of sterilized water):
0.7 g of KH,POy, 0.7 g of K;HPOy, 0.7 g of MgSO4-7H,0, 1.0 g of NH4;NO;, 0.005 g of NaCl, 0.002 g of
FeSO4-7H, 0, 0.002 g of ZnSO,-7H, 0, and 0.001 g of MnSO,-H,O. The medium was autoclaved at 121°C for
20 min. Culture flasks were incubated at 30°C with rotation at 130 rpm for 1 and 3 months. Bacteria were
inoculated onto Petri dishes with oatmeal agar for 7 days. Four 5 mm diameter disks were excised from Petri
dishes under aseptic conditions and used as inoculants for biodegradation. Control samples consisted of
bioplastics placed in flasks with MSM but without bacteria grown under identical conditions. All experiments
were performed in duplicate, and results were expressed as mean + standard deviation. Bioplastic film weight
loss was assessed by removing, gently washing (three times with 75% ethanol and sterilized water), and
immersing the films in 30 mL of 10% SDS solution for 24 h. The films were then oven-dried at 65°C for 24 h,
and their weight was measured using a six-digit balance. Weight loss was calculated as: (initial weight — final
weight)/initial weight x 100.

2.2.6 Determination of Weight Loss
Degree of destruction (N), %

N = (Am/minitial) -100

where Am is the change in polymer film weight after the cultivation of microorganisms under certain
conditions (or in the control samples under identical conditions); myp;si, is the initial film weight before the
cultivation of microorganisms.

Degree of destruction relative to the control samples (n), fold change:

n = Nexp/Nc
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where Ney, is the destruction degree of a polymer film after cultivation of microorganisms under certain
conditions; N, is the destruction degree of a polymer film in the control samples under identical conditions.

2.2.7 Fourier Transform Infrared Spectroscopic Analysis (FTIR)

The chemical transformations of bioplastic samples were examined using an ATR-FTIR technique
(PerkinElmer, USA). Clean, disinfected plastic films were scanned on both sides eight times at a resolution

of 4 cm™ over a spectral range of 4000-400 cm™".

2.2.8 Thermal Analysis (DSC, TG, DTG)

The thermophysical properties before and after microbial degradation were analyzed using a
PerkinElmer DSC 4000 (Shelton, Connecticut, USA) instrument under a nitrogen atmosphere in the
temperature range of —50 to +200°C at a heating rate of 10°C/min, followed by isothermal heating for
5 min. The first cooling and second heating procedures were performed at 10°C/min under a nitrogen
atmosphere. Thermal degradation temperatures were determined using a NETZSCH STA 449 F3 Jupiter
(Julich, Germany) under a nitrogen atmosphere from 25 to 800°C at a heating rate of 10°C/min, with an
average sample mass of 5 mg.

3 Results and Discussion

3.1 Selection of Optimal Nutrient Medium Composition for PHB Synthesis by Azotobacter Vinelandii N-15
and Biopolymer Identification

The selection of an optimal carbon source for PHB synthesis by A. vinelandii N-15 was conducted.
Among the tested substrates (starch, sucrose, molasses, and bran), molasses yielded the highest PHB
production, reaching up to 28% of absolutely dry biomass (ADB) (Table 1).

Table 1: Productivity of A. vinelandii N-15 depending on the carbon source (48 h, 30°C, pH 7.5)

Carbon source, g/ ADB,g/L PHB,g/L PHB, %

molasses 30 7.82 1.8 23
molasses 40 8.22 2.3 28
molasses 50 8.30 2.2 26.5
saccharose 20 4.18 0.6 14.4
bran 20 1.54 0.08 5
starch 20 0 - -

The nature of the obtained polymer was confirmed via thin-layer chromatography (TLC) [22]. Yellowish
spots, characteristic of PHB, appeared on the plate when visualized in an iodine chamber. The retention
factor (Rf = 0.8) confirmed that the sample was PHB.

HO —CH—CH3—C—+0—CH—CH,—C+0—CH—CH,;—COOH
Il Il
J:Hz, O éH 3 0 éH 3

n

FTIR analysis of the samples revealed a broad band at 3600-3100 cm! (Fig. 1), corresponding to the
stretching vibrations of terminal groups (-OH) of both alcoholic and acidic nature. The band at 1226 cm™!
corresponds to asymmetric stretching vibrations v, (C-O-C), confirming the presence of PHB functional
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bonds. The band at 1712 cm™ corresponds to the stretching vibrations of the carbonyl group v (C=0). Bands
at v, 2976 cm™! and v; 2933 cm™! correspond to the asymmetric and symmetric stretching vibrations of the
(CH,) group. Other absorption bands appear at v, 2990 cm! and v, 2860 cm™! for (CH;) groups, while
the bands at 1452 and 1300 cm™! correspond to the deformation CH vibrations of (CH3) and (CH,) groups,
respectively. These results align with the literature data [23].
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Figure 1: FTIR spectrum of PHB produced by the Azotobacter vinelandii N-15 strain

3.2 Study of Polymer Weight Loss during Microorganism Cultivation

The degradation of PHB, PLA, and PHB/PLA blends (50/50 wt.%) by Streptomyces sp. K2, Streptomyces
sp. K4, Kitasatospora sp. K5, Kitasatospora sp. K6, Streptomyces sp. Ul, Streptomyces sp. U2, Streptomyces sp.
U3, Streptomyces sp. U3.1, Streptomyces sp. U4, and Streptomyces sp. U5 was studied in MSM medium at 30°C
under rotation at 130 rpm for 1 and 3 months.

3.2.1 Effect of Microorganism Cultivation on PHB Degradation

Among the studied bacterial strains, Streptomyces sp. K2 and Streptomyces sp. K4 exhibited the highest
PHB degradation degrees. Notably, Streptomyces sp. K2 was the most effective, degrading PHB films by
12.3% after 1 month of cultivation, which is 7.1 times higher than the control. After 3 months, the PHB
degradation rate reached 53.03%, which is 24.3 times higher than the control (Fig. 2, Table 2). Additionally,
the Kitasatospora sp. K5, Kitasatospora sp. K6, Streptomyces sp. U3, Streptomyces sp. U3.1, and Streptomyces
sp. U4 strains demonstrated significant degradation activity, ranging from 5.3% to 10.9% after three months
of cultivation, which is 2.4 to 5.0 times higher than the control (Fig. 2, Table 2).
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Table 2: Polymer film degradation (weight loss, %) by different microorganisms compared to the control under

identical conditions

Bacterial species PHB PLA PHB/PLA (50/50 wt.%)
l1month 3 months 1month 3 months 1month 3 months
K2 71 24.3 3.8 4.3 71 18.1
K4 5.0 15.2 2.5 3.4 3.7 12.4
K5 2.6 3.9 2.0 2.0 2.8 3.7
K6 1.6 5.0 1.6 1.8 1.4 1.8
Ul 13 2.0 1.6 13 1.7 2.8
U2 13 1.6 1.7 13 1.7 1.7
U3 2.1 2.6 1.7 1.3 2.1 1.2
U3l 2.1 2.4 1.6 15 2.1 2.3
U4 2.7 3.2 2.7 2.7 3.1 4.1
U5 1.1 1.3 1.6 1.1 1.2 1.5

3.2.2 Effect of Microorganism Cultivation on PLA Degradation

All the studied bacteria demonstrated significantly lower degradation rates of PLA films compared to
PHB films (Fig. 3). The highest degradation degree (4.6%) after 1 month of cultivation was observed with
Streptomyces sp. K2. After 3 months, Streptomyces sp. K2, Streptomyces sp. K4, and Streptomyces sp. U4
exhibited the most efficient PLA degradation rates at 9.2%, 7.1%, and 5.6%, respectively. Compared to the
control, PLA degradation rates after 3 months ranged from 1.1 to 4.3 times, depending on the microorganism

(Table 2).

3.2.3 Influence of Microorganism Cultivation on the Degradation of PHB/PLA Blend

Blends of PHB and PLA have garnered significant interest due to their ability to form new biomaterials
with enhanced properties—compared to both PHB and PLA alone—while maintaining environmental
sustainability. The addition of PHB to PLA has been shown to improve stiffness [24], plasticity [25], and

barrier properties [26], which are critical characteristics for food packaging materials.
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Figure 3: Degree of PLA film degradation (%) by bacteria over 1 and 3 months

All the tested bacterial species exhibited degradation activity on PHB/PLA films after 3 months of
cultivation (Fig. 4). The Streptomyces sp. K2 and Streptomyces sp. K4 strains demonstrated the highest
degradation rates at 38.9% and 26.6%, respectively, which were 18.1 and 12.4 times higher than the control.
Additionally, Kitasatospora sp. K5 and Streptomyces sp. U4 showed notable degradation capabilities, 3.7 and
4.1 times higher than the control medium, respectively (Table 2).
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Figure 4: Degree of PHB/PLA film degradation (%) by bacteria over 1 and 3 months

3.3 Fourier Transform Infrared Spectroscopic Analysis (FTIR)

FTIR spectroscopy was used to study the degradation of PHB, PLA, and PHB/PLA (50/50 wt.%) films
under the cultivation conditions using microorganisms isolated from plastic-contaminated soil. Figs. 5-7
present the FTIR spectra of PHB/PLA (50/50 wt.%) films before the experiment (Fig. 5), after thermostatting
in an MSM solution (Fig. 6), and after cultivation in a medium containing Streptomyces sp. Ul bacteria for
30 days (Fig. 7).
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Figure 7: FTIR spectrum of PHB/PLA after cultivation in a medium with Streptomyces sp. Ul

No changes in the original absorption bands or new peaks were observed in the spectra of the PHB/PLA
films before and after thermostatting in an MSM solution. However, after cultivation with Streptomyces sp.
Ul bacteria, noticeable changes in peak intensity were observed, increasing over time. After three months of
cultivation, significant structural changes were detected in the PHB/PLA samples, with a marked increase in
the intensity of the hydroxyl O-H group (3100-3600 cm™!), indicating polymer degradation. The strong peak
at 1725 cm™!, characteristic of carbonyl group stretching, significantly decreased in the degraded sample,
suggesting the breakdown of ester bonds (C-O-C) and the formation of terminal carboxyl groups. Primary
alcohol groups may have also formed, indicating the microbial decomposition of the PHB/PLA blend and
an increase in hydroxyl groups at both alcohol and carboxyl chain ends. No similar changes were observed
in the PHB and PLA films.

Therefore, judging by the weight loss of the films, the decrease in molecular weight and the analysis
of the FTIR spectra, the strains take a rather active part in biodegradation. No changes in molecular
weight or FTIR spectrum were recorded for the films that were in abiotic conditions (films in saline
solution without bacteria).

3.4 Thermal Analysis of Polymer Biodegradation

Thermal analysis was conducted to determine the average crystallization temperature (Tcry), melting
temperature (Tm), thermal degradation temperature (Td), and specific heat of melting (AHm) of the PHB,
PLA, and PHB/PLA (50/50 wt.%) films prepared as described in Section 2.2.2. These parameters were
measured after three months of thermostatting in an aqueous MSM solution without bacteria (control
films) and incubation in media containing ten bacterial species (Streptomyces sp. K2, Streptomyces sp.
K4, Kitasatospora sp. K5, Kitasatospora sp. K6, Streptomyces sp. Ul, Streptomyces sp. U2, Streptomyces
sp. U3, Streptomyces sp. U3.1, Streptomyces sp. U4, and Streptomyces sp. U5) maintained in the microor-
ganism collection of the Department of Physical Chemistry of Fossil Fuels at the InPOCC, named after
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L.M. Lytvynenko of the NAS of Ukraine. The melting and thermal degradation temperatures were deter-
mined from exothermic peaks, while the crystallization temperature was determined from endothermic
peaks in thermograms.

3.4.1 Thermal Analysis of PHB Biodegradation

Among the studied microbial species, Streptomyces sp. K4 and Streptomyces sp. K2 exhibited the highest
PHB degradation rates after three months, at 33.2% and 53.0%, respectively, compared to 3.1% in control
samples incubated in MSM without microorganisms. Consequently, thermal properties were compared
between PHB samples exposed to Streptomyces sp. K4 and Streptomyces sp. K2 and control samples.

Fig. 8 presents the TG and DTG curves of PHB samples incubated in MSM and exposed to Streptomyces
sp. K4 and Streptomyces sp. K2. The average temperatures at 5% decomposition of PHB (Td5%) were
recorded as the onset of thermal degradation. For the control PHB sample, Td5% was 258°C whereas for
samples exposed to Streptomyces sp. K4 and Streptomyces sp. K2, it was slightly lower (252°C and 250°C,
respectively). The average temperature at 55% decomposition of PHB for the control sample was 279°C,
while for the samples exposed to Streptomyces sp. K4 and Streptomyces sp. K2, it was 275°C and 272°C,
respectively. The bacterially degraded PHB samples demonstrated lower thermal stability compared to
the control sample, as evidenced by an earlier decomposition onset and a downward shift in the DTG
curve. The extremum describing the maximum decomposition rate (Tdmax) was observed at 289°C for the
control sample, compared to 284°C and 281°C for samples exposed to Streptomyces sp. K4 and Streptomyces
sp. K2, respectively (Table 3). The decrease in thermal stability in degraded samples is a positive point
(e.g., from the point of view of further pyrolysis of polymers). This decrease can be explained by the fact that,
perhaps, during biodegradation, thermally stable functional groups are removed from the polymers and/or
the biodegradation products are catalysts for further thermal decomposition.

100 .
Control PHB
Streptomyces sp. K2
80 - - - - Streptomyces sp. K4
= 60 1
=
&
= 40 ]
20 .
0 L L L 1 L 1 L 1 L 1 L
100 200 300 400 500 600 700 800
Temperature (°C)
(a)

Figure 8: (Continued)
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Figure 8: TG (a) and DTG (b) curves of the PHB samples

Table 3: Thermal data obtained by TGA and DSC methods for PHB, PLA, and PHB/PLA blends (50/50 wt.%)

Materials T, Tery T, AH, Td,,..

243 100.8 172 822 289
PHB 240 704 170 853 284
239 639 169 88.6 281
65 1027 175 395 370
64.6 101.6 176  38.8 362
64.5 1018 174.6 36.7 295' 365
PHB/PLA 617 927 1729 399 300' 369
579 861 1701 414 304! 371

PLA

Note: 'Thermal decomposition of the PHB phase;
2thermal decomposition of the PLA phase.

The endothermic melting peak of the PHB sample cultured on MSM without microorganisms appeared
at 172°C (Fig. 9), while samples exposed to Streptomyces sp. K4 and Streptomyces sp. K2 showed the peaks
at 170°C and 169°C, respectively. The specific heat of melting (AHm) of the control PHB sample (82.2 J/g)
increased to 85.3 and 88.6 J/g after exposure to Streptomyces sp. K4 and Streptomyces sp. K2, respectively.

The degree of crystallinity (X, %) of the PHB samples was calculated using the equation:
Xc = (AHp/AH, - w) - 100

where AHm is the enthalpy of melting of the studied samples, AHy is the enthalpy of melting for 100%
crystalline PHB (146 J/g), w is the sample weight.

The crystallinity degree of PHB increased from 56.3% in the control sample to 66.5% and 72.4% in
samples exposed to Streptomyces sp. K4 and Streptomyces sp. K2, respectively. This increase is attributed to
the preferential degradation of the polymer’s amorphous regions at the onset of thermal degradation. The
crystallization temperature of the PHB samples shifted from 100.84°C in the control to 70.41°C and 63.91°C
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after exposure to Streptomyces sp. K4 and Streptomyces sp. K2, while specific heat of crystallization (AHcry)
increased from —66.3 to —49.5 J/g and —43.5 J/g, respectively.
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Figure 9: DSC thermograms of PHB: (a) melting temperature changes, (b) glass transition temperature changes

The primary degradation mechanism of polyhydroxyalkanoates (PHAs) involves temperature-catalyzed

hydrolysis followed by bacterial attack on fragmented residues [27].

According to the literature [28-30], abiotic hydrolysis of PHB under environmentally relevant condi-
tions (typically below 30°C) is an extremely slow process, taking several months. Therefore, we consider that
microbial degradation is the dominant pathway for PHB degradation in soil environments, as it occurs much
faster than hydrolytic degradation.
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3.4.2 Thermal Analysis of PLA Biodegradation

After three months of cultivation, the control PLA sample exhibited minimal degradation, with
a decomposition rate of 4.5% in MSM without microorganisms. However, the highest biodegradation

rate (8.3%) was observed in PLA samples exposed to Streptomyces sp. U4, surpassing those exposed to
other microorganisms.

TG and DTG analysis (Fig. 10) showed no significant changes in average decomposition temperatures
(Td5% and Td55%) and extremes of the maximum decomposition rate (Tdy.y) for the PLA sample exposed

to Streptomyces sp. U4 compared to the control cultivated in MSM—325°C, 360°C, and 370°C, respectively
(Table 3).
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Figure 10: TG (a) and DTG (b) curves of the PLA samples

Fig. 11 illustrates the endothermic melting peaks for the control PLA sample and the sample exposed to
Streptomyces sp. U4 bacteria, both of which remain within the range of 175°C-176°C. The specific enthalpy
of melting (AH,,) decreases slightly from 39.5 to 38.8 J/g.
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The crystallization temperature of the PLA sample after cultivation in MSM under the influence of
Streptomyces sp. U4, determined by DSC, shifts slightly from 102.7°C to 101.6°C, while its AHcry increases
from —29.3 to —26.8 J/g. The glass transition temperature of the PLA samples remains nearly unchanged,
staying within the range of 65°C-64.6°C.

These results indicate that, compared to PHB, PLA degrades more slowly under the studied conditions
of microbial cultivation.

3.4.3 Thermal Analysis of the Biodegradation of PHB/PLA Blend (50/50 wt.%)

The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves for the PHB/PLA blend
(50/50 wt.%) are shown in Fig. 12.

The TG curves reveal a two-stage degradation process for the PHB/PLA blend: the first stage of
weight loss corresponds to PHB degradation, while the second stage corresponds to PLA degradation.
The temperatures Td5% PHB and Td,,x PHB are associated with the PHB phase, whereas Td5% PLA and
Tdmax PLA correspond to the PLA phase. Considering separate thermal decomposition of the PHB and PLA
phases, a slight increase in the thermal stability of both phases within the blend was observed. Specifically,
the initial degradation temperature Td5% PHB (266°C) shifted to higher temperatures after exposure to
Streptomyces sp. K4 and Streptomyces sp. K2, reaching 268°C and 270°C, respectively. Similarly, the maximum
weight loss temperature Tdp,,x PHB increased from 295°C in the control sample to 300°C and 304°C after
exposure to Streptomyces sp. K4 and Streptomyces sp. K2, respectively.

For the PLA phase, Td5% PLA (320°C) shifted to higher temperatures after exposure to Streptomyces
sp. K4 and Streptomyces sp. K2, reaching 323°C and 325°C, respectively. Likewise, the maximum weight loss
temperature Tdy,x PLA increased from 365°C to 369°C and 371°C after exposure to Streptomyces sp. K4 and
Streptomyces sp. K2, respectively.

The PHB/PLA blend (50/50 wt.%) exhibits a glass transition temperature of the PLA component at
-64.6°C (Fig. 11), which decreases slightly with the addition of PHB, reaching —61.7°C (Fig. 13). This suggests
good compatibility between the two polymers.
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As shown in Fig. 13, the peak of the endothermic melting effect for the control PHB/PLA blend is
observed at 174.6°C. However, after exposure to Streptomyces sp. K4 and Streptomyces sp. K2, this peak
shifts to 172.9°C and 170.1°C, respectively. The specific enthalpy of melting (AHy,) of the PHB/PLA blend,
cultured in MSM without microorganisms (36.69 J/g), slightly increases to 39.90 and 41.44 ]/g after exposure
to Streptomyces sp. K4 and Streptomyces sp. K2, respectively. The increase in AH,, after three months of
microbial cultivation suggests an increase in the degree of crystallinity of the blend. The crystallization peak
of the PLA component within the PHB/PLA blend is lower than that of pure PLA, indicating that PHB
enhances PLA crystallization. The crystallization temperature of the PHB/PLA blend (50/50 wt.%) decreases
from 101.8°C in the control sample to 92.7°C and 86.13°C after degradation in the presence of Streptomyces
sp. K4 and Streptomyces sp. K2, respectively. Concurrently, AHcry increases from —25.48 to —23.4 J/g and
—22.8 J/g, respectively. The glass transition temperature decreases slightly from 64.5°C to 61.7°C and 57.9°C
after three months of cultivation with Streptomyces sp. K4 and Streptomyces sp. K2, respectively.

Finally, it should be noted that the results of studies of the behavior in soils of similar materials
based on polyhydroxybutyrate, obtained by other methods, have proven the possibility of reasonably rapid
biodegradation [31], which significantly depends on the soil type. Therefore, it can be assumed that the
biodegradation of the polyhydroxybutyrate obtained by the authors will occur intensively.

4 Conclusions

The study confirmed the effectiveness of molasses, a by-product of sugar production, as a carbon source
for the biosynthesis of the cell polymer of Azotobacter vinelandii N-15 culture.

The highest yield of Azotobacter vinelandii N-15 polymer—25.8% from the cell mass—was achieved
when the bacteria were cultivated in a nutrient medium containing 40 g/L of molasses for 48 h at 30°C and
pH 7.5.

The obtained product was identified as polyhydroxybutyrate using thin-layer chromatography, gas
chromatography, and infrared spectroscopy.

All tested polymer samples exhibited varying degrees of degradation when cultivated in an MSM
medium. Among the microorganisms studied, Streptomyces sp. K2 and Streptomyces sp. K4 demonstrated the
highest degradation efficiency for PHB, PLA, and their blend. However, PLA degradation was only slightly
higher than that of the control samples, while PHB/PLA films exhibited an intermediate degradation rate
between PHB and PLA.

Thermal analysis of PHB and PLA samples exposed to Streptomyces sp. K2 and Streptomyces sp. K4
revealed a slight reduction in thermal stability and melting point compared to the control samples. In con-
trast, the PHB/PLA blend exhibited greater thermal stability when subjected to the same microbial activity.

FTIR spectroscopy of PHB/PLA (50/50 wt.%) films showed noticeable changes in the peak intensities
of OH, C=0, and C-O-C functional groups, indicating microbial decomposition of the polymer blend.

The combined findings from weight loss measurements, FTIR, DSC, TG, and DTG analyses suggest that
the degradation of PHB, PLA, and their blend by microorganisms occurred enzymatically from the surface
of the films. One of the key advantages of PHB and PLA over other biodegradable polymers is their ability
to degrade under aerobic conditions via enzymatic hydrolysis using microbial depolymerases.

Therefore, the polymers developed by the authors are biodegradable and aim to address a significant
issue that humanity faces today: the challenge of recycling used plastics. Additionally, if we consider that
the nutrient medium for synthesizing these polymers can come from waste generated in the production of
organic products and the industry-waste that also requires considerable resources for recycling—it becomes
evident that producing polyhydroxyalkanoates will be a profitable venture for potential manufacturers.
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The authors plan to use the results of this research to create a database on the biodegradation times of
bioplastics in the environment.

Given the possible differences in the biodegradation of polyhydroxybutyrate in different soils, the study
of the decomposition of the obtained biopolymers in Ukrainian soils is the main task of further experiments.
It is also planned to expand the information on determining the type of microorganism present.
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