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PHOTODEGRADATION OF BIODEGRADABLE
POLYMER COATINGS BASED ON POLYLACTIDE AND
POLYCAPROLACTONE

Purpose. Comparison of the photodegradation resistance of polylactide and polycaprolactone
coatings depending on the nature of the polymer and the film-forming method.

Methodology. Aqueous dispersions were obtained by emulsifying a polymer solution in
dichloromethane, followed by removal of the organic solvent, washing, and concentration. Films from the
dispersions were formed by applying them to a metal substrate, followed by heat treatment until a continuous
coating was formed.

To assess changes caused by UV irradiation, the water contact angle and surface energy were
determined, and the IR spectra of the films were analyzed. The features of film formation were analyzed, and
the melt flow index of polylactide and polycaprolactone granules was determined to assess a possible
relationship between the polymer’s rheological characteristics and the particle coalescence temperature.

Findings. It was found that under the influence of UV irradiation, the surface of both polymers rapidly
becomes hydrophilic. For films prepared from solutions, after 8 hours of irradiation, the contact angle
decreased from 74+3° to 24+3° for polylactide and from 85+3° to 40+3° for polycaprolactone. For coatings
formed from aqueous dispersions, the corresponding values changed from 79+3° to 33+3° and from 58+3° to
43+3°. According to IR spectroscopy data, an increase in the area of the carbonyl peak shoulder in the 1700—
1690 cm™ region was observed, which is associated with the accumulation of carboxylic acids as
photooxidation products. It was shown that coatings formed from aqueous dispersions exhibit slightly higher
resistance to UV radiation compared to films obtained from solutions.

Originality. The relevance of the study stems from the need to combine the environmental benefits of
biopolymers with sufficient operational stability of coatings under the influence of external factors,
particularly ultraviolet radiation.

The practical value of this work lies in establishing the influence of the coating formation method on
their resistance to UV aging, which can be utilized in the development of biodegradable polymeric materials
with specified performance properties. The results obtained can be used to justify the choice of a method for
forming biodegradable coatings with predictable resistance to photoaging.

Keywords: biopolymer coatings; photooxidation; aqueous dispersions; film formation; contact angle;
surface energy; IR spectroscopy.

Introduction. Petrochemical-based plastics, which have become a staple of modern living,
are characterized by their durability, resilience to degradation, and, in many instances, their single-
use nature. These characteristics contribute significantly to the global volume of municipal solid
waste. Projections indicate that by the year 2050, global oil consumption for plastic production will
have increased by 20% (Narancic et al., 2020), and the amount of plastic entering the environment
will reach 1.3 billion tons (Lau et al., 2020).

Moreover, a significant proportion of greenhouse gas emissions, approximately 50%, are
directly attributable to the manufacturing process of conventional plastics (Huang et al., 2025). In
contrast, the production of bioplastics has been shown to result in a reduction of emissions by 14%
to 62% (Chen et al., 2023).

In this context, the transition to bioplastics is becoming increasingly important to reduce the
carbon footprint and ensure biodegradability. Of particular interest within the field of biopolymers
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are polylactic acid (PLA) and polycaprolactone (PCL). PLA is a highly promising biopolymer that
has demonstrated significant commercial viability. It is distinguished by its low density, cost-
effectiveness, and optimal balance of flexibility and rigidity (Wu et al., 2023). PCL is distinguished
by its high biocompatibility, biodegradability, and good elasticity, which are attributable to its low
glass transition temperature (Mokoena et al., 2025; Dwivedi et al., 2019).

The combination of these characteristics renders PLA and PCL promising materials for the
formation of bio-coatings, including those using aqueous dispersion systems (Belletti et al., 2021;
Calosi et al., 2024).

Concurrently, the implementation of bio-coatings is associated with a number of limitations.
The eco-compatibility of such materials, particularly their biodegradability, does not always align
with the requirements for long-term operational stability. For practical application, the material must
maintain its integrity, adhesion, and functional properties throughout its specified service life, while
its degradation must occur in a controlled manner (Glaskova-Kuzmina et al., 2021), preferably after
the end of its use. In this regard, achieving an equilibrium between durability and biodegradability
constitutes a pressing challenge in the contemporary context (Jahangiri et al., 2024).

Despite the growing popularity of biopolymer coatings, the issue of their service life remains
under-researched. For PLA, the preparation of coatings from aqueous dispersions has been the subject
of study Belletti et al. (2021), but their resistance to UV radiation has not been addressed. Most studies
on PLA and PCL have been conducted independently of one another, notably in the works of Copinet
et al. (2004) and Vukoje et al. (2022). However, no comparative analysis of the UV resistance of
coatings made from these materials by applying solutions and aqueous dispersions was found in the
available sources.

The objective of this study is to comparatively analyze the photodegradation resistance of
coatings based on polylactide and polycaprolactone, obtained from solutions and aqueous
dispersions. Also, a direct experimental comparison with melt-processed films was not included in
the present study, since its main objective was to compare coatings formed from polymer solutions
and aqueous dispersions.

Materials and Methods. In this study, PLA 4060D and PCL CAPA-6503 were used as
polymers. The PLA 4060D grade was selected due to its amorphous structure (glass transition
temperature of 55-60 °C), which improves its suitability for use in films. PCL CAPA-6503 was
selected as a biodegradable thermoplastic polyester due to its excellent processability and ability to
form flexible semi-crystalline materials. Its low glass transition temperature (—60 °C) ensures high
flexibility and stability in film form. Dichloromethane was used as the solvent for PLA and PCL.

The procedure for preparing PLA and PCL dispersions was identical and consisted of the
following steps. In the first step, sodium dodecyl sulfate (0.21 g) was dissolved in distilled water
(53.6 g). Next, 50 g of a 5% PLA or PCL solution in dichloromethane was gradually added to the
solution. The each PLA and PCL solution was mixed with the sodium dodecyl sulfate solution using
a disperser at a speed of 27,000 rpm for 2 minutes. The next step was the gradual removal of
dichloromethane, which was carried out on an rotary evaporator. The water bath temperature was
40 °C. To accelerate the removal of dichloromethane, a mild vacuum of up to -0.5 atm was created.
After 4 hours of distillation, the resulting dispersions were cooled to room temperature and dried
under vacuum in static conditions for an additional 2 hours. The next step was to wash the PLA and
PCL dispersions to remove sodium dodecyl sulfate. To do this, water and dispersion particles were
separated by centrifugation at 13,500 rpm for 20 minutes. The process was repeated 3 times, replacing
the water remaining after centrifugation with distilled water. To concentrate the PLA dispersion for
rapid water removal, a vacuum drying oven was used at 40 °C and full vacuum. Then, PCL and PLA
particles from an aqueous dispersion were deposited onto a metal substrate using a coater with a gap
width of 100 um and dried at room temperature. In the next step, the metal substrate with the deposited
sample was heat-treated until a continuous transparent film formed.
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UV irradiation of the samples was conducted in accordance with ASTM International (ASTM
D 4329) using a 250 W UVC fluorescent lamp. The samples were exposed for 8 hours at 60 £ 5 °C.
Optical microscopy images were obtained on a Konus Academy optical microscope usinga UCMOS
1300 digital camera (Sigeta Optics) and ToupView software. Chemical analysis was performed using
FTIR spectroscopy in ATR mode (IRSpirit, Shimadzu). For water contact angle and evaluation
surface tension values were used contact angle goniometer (BGD-190, Biuged Precision Instruments,
Guangzhou, China) with parameters 5 pL drop volume, 10 different positions on the sample surface.
The melt flow index was determined for samples in accordance to the 1SO 1133-22 procedure.

Results and Discussion. The main stages of the process of forming a polycaprolactone film
from dispersions are shown in (Fig. 1). During drying at room temperature, a dry, uniform layer of
polymer microparticles (Fig. 1a) with a thickness of 120-150 um was formed. This layer was heated
on a heating plate at a rate of 10 °C/min. Fig. 1b shows the phase boundary of the material discrete
particles a continuous film with air inclusions. The coalescence of particles is due to the fact that as
the temperature rises to 60 °C, the interaction between particles intensifies due to surface forces,
resulting in a significant number of particles deforming and beginning to coalesce, forming a film
(Belletti et al., 2021). At this stage, small particles coalesce first, while larger particles and aggregates
remain visible on the surface (Fig. 1c). At this stage, the film is not fully transparent. To complete the
formation of a continuous coating, including the coalescence of larger particles and aggregates, the
thermal treatment temperature was increased to 80 °C and maintained for 5 min (Fig. 1d).

C

Source: developed by the authors of this study based on the findings of experimental research.
Fig. 1. Optical microscopy of film formation from PCL dispersion particles:
a) 25 °C; b) 50 °C; ¢) 60 °C; d) 80 °C

The experiment revealed that the initial contact angle for films produced from dispersed
particles is abnormally low, at approximately 40-45°. After rinsing the film with clean warm water,
the contact angle returns to the typical range for polycaprolactone and polylactide of 60-80° (Fig. 2).
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Source: developed by the authors of this study based on the findings of experimental research.
Fig. 2. Initial contact angles of films:
a) PLA solution; b) PCL solution; c) PLA dispersion; d) PCL dispersion

This may be due to the presence of residual sodium dodecyl sulfate (SDS) remaining after the
dispersion stage (Tzitzinou et al., 1999). During the thermal sintering of the particles, the surfactant
likely migrates to the surface of the film, which leads to a decrease in the contact angle.

The effect of heat treatment itself on surface hydrophilization has not been confirmed, since
the films obtained from the solution did not show a decrease in the contact angle even after 30 minutes
of heat treatment under similar conditions.

In this regard, during sample preparation prior to measuring the contact angle, it was decided
to rinse them with warm water and dry them in an oven at 40 °C.

The film-forming process of polylactic acid films differed from PCL only in the characteristic
temperatures of the film-forming processes and was studied in detail by us in O. Myronyuk et al.
(2025). In particular, for unplasticized PLA, the onset temperature of film formation is 110 °C, and
the formation of a continuous film (final removal of entrapped air bubbles) is 160 °C. In principle,
film formation from such dispersions is similar to the formation of films from aqueous polymer
emulsions, but requires additional heating after water evaporation.

It is known that film formation from aqueous polymer dispersions occurs through the
sequential evaporation of the dispersion medium and the coalescence of polymer particles under the
action of capillary forces (Brock et al., 2010). The determining parameters of this process are both
the value of the capillary pressure (determined by the size of the capillaries between the particles)
and the softness of the polymer particles, their ability to deform (Semerdzhiev et al., 2024).
Accordingly, a hypothesis was formulated regarding a probable correlation between the ratio of
polymer viscosity and the minimum temperature of their film formation.

To test this hypothesis regarding a possible correlation between the melt flow index (MFI)
and the particles’ ability to coalesce (Voogt et al., 2019), MFI measurements were conducted for
polylactide and polycaprolactone pellets (Fig. 3).
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Source: developed by the authors of this study based on the findings of experimental research.

Fig. 3. Melt flow index of PLA and PCL pellets

It was expected that a higher MFI, as an indicator of greater melt fluidity, would correspond
to a lower film-forming temperature. However, the results did not confirm this relationship. For PCL
at 180 °C, the MFI value was lower than that for PLA, at 5.87 versus 8.26, while the film-forming
temperature of polycaprolactone is lower than that of polylactide. For PCL, film formation begins as
early as 60 °C (30 sec), but to ensure complete fusion of all aggregates, the temperature was increased
to 80 °C (10 sec). For PLA, film formation begins at 110 °C (60 sec), and the film becomes fully
transparent at 130 °C in 30 sec.

One possible explanation for this discrepancy is that particle coalescence occurs
predominantly not in the temperature range corresponding to the viscoelastic state, but in that
characteristic of the highly elastic plateau. As described in Man and Russel (2008), the particles
deform, filling the free volume, accompanied by surface diffusion of the mobile segments of the
polymer chains. In this case, the determining parameters are the elastic modulus of the particle
material at a given temperature and their “stickiness”, which is due to segmental mobility.

Degradation of films under UV light. To compare the effects of UV irradiation on the surface
of the films, the water contact angle was measured. The results of the study (Table 1) indicate that
under the influence of UV radiation, the surface of both polymers rapidly becomes hydrophilic (Koo
& Jang, 2008), with PLA being more sensitive to UV radiation than PCL.

Table 1
Change in the water contact angle of PLA and PCL films
as a function of UV irradiation duration

Sample Water contact angle, | Water contact angle, | Water contact angle,
°(0 hours) ° (4 hours) °(8 hours)
PLA, solution-based film 74+3 58+3 24+3
PCL, solution-based film 853 763 40+3
PLA dispersion-based film 79+3 56+3 3313
PCL, dispersion-based film 58+3 56+3 43+3

13

Source: developed by the authors of this study based on the findings of experimental research.
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For films prepared from solution, the initial contact angle of PLA was 74+3°, and that of PCL
was 85+3°. After 4 hours of UV irradiation, this value decreased to 58+3° for PLA and 76+3° for
PCL, and after 8 hours — to 24+3° and 40£3°, respectively. A similar pattern was observed for films
formed from dispersed particles. The initial contact angle for PLA was 79+3°, and for PCL, 58+3°.
After 4 hours of irradiation, both samples had a contact angle of 56£3°, and after 8 hours, this value
decreased to 33+3° for PLA and 43° for PCL.

Change in surface energy. The hydrophilization of PLA and PCL polymer films is primarily
attributed to an oxidation process involving ultraviolet light quanta and oxygen molecules (or ozone),
which, upon interaction with surface micromolecules, lead to the formation of a set of polar groups —
ranging from unstable hydroperoxides in the initial stages of the process to relatively stable carboxyl
groups that accumulate on the surface. Consequently, these groups increase the growth of the polar
component of surface energy, the wettability by polar liquids, and, in particular, water (Koo & Jang,
2008).

Fig. 4a shows that under UV irradiation, the surface energy of both polymers increases at a
rate of approximately 1.8-1.9 times after 8 hours of irradiation. PCL has a lower initial surface energy
and, consequently, a lower surface energy after irradiation as well.

The same trend is observed when coatings are obtained from polymer dispersions, but for
them the overall rate of energy increase is lower, as is the resulting value after 8 hours of irradiation.

Also noteworthy is the difference between the surface energy values for soluble films and dispersions
after 4 and 8 hours of irradiation.
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Fig. 4. Change in surface energy as a function of UV irradiation duration:
a) films formed from solutions; b) films based on dispersed particles

For films prepared from a solution, the rate increases significantly after 4 hours of irradiation,
whereas for those prepared from dispersions, it remains nearly constant.

This difference can be explained by the fact that films formed from a solution in
dichloromethane are characterized by a denser packing of macromolecules and a smaller number of
structural defects and amorphous interparticle boundaries, which reduces scattering and shielding of
UV radiation and promotes more efficient photodegradation. At the same time, films from aqueous
dispersions have a heterogeneous morphology with interparticle boundaries and residual stabilizers,
which can partially absorb or scatter UV radiation and slow down degradation (Tzitzinou et al., 1999).
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IR spectroscopy. The primary mechanism of polylactide photooxidation involves the
photolysis of the ester bond, followed by radical chain scission via the Norrish Il mechanism and the
formation of hydroperoxides, which subsequently decompose to form carboxyl and unsaturated
groups (Olewnik-Kruszkowska et al., 2015). At the same time, given the significantly higher intensity
of the absorption bands of the valence vibrations of carboxyl groups compared to the corresponding
vibrations of unsaturated bonds, analysis of this specific part of the spectrum is the most accurate.

The primary mechanism of polycaprolactone photodegradation involves auto-oxidation
leading to the formation of hydroperoxides and subsequent B-cleavage of the macromolecular chain.
In the IR spectrum, this manifests as an increase in the intensity of the carbonyl (~1700-1730 cm™)
and hydroxyl (3600-3200 cm™) groups, as well as a decrease in the intensity of the C—O-C ester
bond bands (Franga et al., 2018).

To characterize the degradation processes based on the analysis of spectra of polymer films
obtained from solutions (Fig. 5), the ratio of the area of the “shoulder” of the main carbonyl peak at
1700-1690 cm™ in the fresh film to that in the film after 8 hours of degradation was used as an
indicator.
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Fig. 5. Changes in the IR spectrum as a function of UV irradiation duration
for solution-cast films
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For polylactide, this value is 1.45, and for polycaprolactone, it is 1.5. This confirms previous
findings regarding the similarity in the photodegradation rates of these materials.

At the same time, for the dispersions (Fig. 6), this coefficient is lower — 1.32 and 1.27,
respectively — which indicates a slight slowing of the oxidation process in this case.
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Fig. 6. Changes in the IR spectrum as a function of UV irradiation duration
for films from dispersions

Overall, the results obtained are consistent with observations of changes in the surface energy
of polymers during photooxidation. It can be concluded that the main reason for this increase is the
accumulation of carboxylic acids, which are produced during the decomposition of hydroperoxides
formed as a result of contact between polymer molecules and atmospheric oxygen (Olewnik-
Kruszkowska et al., 2015b).

Future research in this area should focus on expanding comparisons of various methods for
forming biodegradable polymer coatings, particularly those involving melt-formed films, and on
evaluating the effects of coating thickness, crystallinity, and morphology on their resistance to UV
aging. It is also advisable to study long-term aging under the combined action of UV radiation,
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temperature, humidity, and oxygen, as well as to investigate changes in mechanical properties,
adhesion to the substrate, molecular weight, and biodegradation behavior after irradiation. In future
work, special attention should be paid to the influence of residual stabilizers, surfactants, plasticizers,
and functional fillers on the photooxidation processes of PLA and PCL coatings, which will allow
for the targeted regulation of the balance between operational stability and the materials’ ability to
undergo controlled degradation.

Conclusion. It has been shown that the photodegradation rates of polylactide and
polycaprolactone are very similar: the area of the “shoulder” at 1700-1690 cm™*, which is an indicator
of the amount of carboxylic acids products of photodegradation increases by 1.45 for polylactide and
by 1.5 for polycaprolactone after 8 hours of irradiation. This is accompanied by an increase in the
surface energy of these materials from 35 to 70 J/m? and from 30 to 62 J/m?, respectively. It has been
established that films made from dispersions are somewhat more resistant to the effects of ultraviolet
radiation compared to films made from solutions. Thus, for them, the area of the specified “shoulder”
increases only by a factor of 1.32 and 1.27, while the surface energy increases to 64 J/m? for
polylactide and 56 J/m? for polycaprolactone. It has been proven that the ratio of the minimum film-
forming temperatures of the studied polymers does not correlate with the ratio of their melt flow
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Anna BIVIOYCOBA, Jleauc BAKJIAH, Oaexcanap JIIHIOYEB,
Ouexkciiit CIKOPCbKH, Cepriit XJIMCTVYH, Oaexciit MUPOHIOK
Hayionanenuti mexuiunutl ynisepcumem Yxpainu « Kuiscokutl noiimexuivHutl iHcmumym
imeni lzopsa Cikopcvkoeoy, Ykpaina
OOTOAECTPYKIIA BIOPO3KJIATHUX ITOJIMEPHHUX ITOKPUTTIB HA OCHOBI
HOJIJIAKTHUAY 1 HOJIKAITPOJIAKTOHY

Mema. Ilopiguanus cmitukocmi 00 PomooecmpyKyii NOKPUMMIe HA OCHOBI NONINAKMUOY mda
NONIKANPOIAKMOHY 3ANENHCHO 8I0 NPUPOOU NOAIMEPY MaA CHOCOOY POpMYBAHHS NIIGKU.

Memoouxa. Booui Oucnepcii o0depocysanu MemoooM emyivey8aHHsi PO3UUHY HOAIMEpY 8
OUXTIOpMEMAari, 3 NOOANLUWUM BUOATICHHAM OP2AHIYHO20 PO3YUHHUKA, NPOMUBAHHAM I KOHYEHMPYEAHHAM.
Inisku 3 oucnepciii popmysanu HaneceHHAM HA Memanesy NiOKIAOKY 3 HACMYRHOIO MepMIUHOI0 00POOKOIO 00
VMBOPEHHA CYYIIbHO20 NOKPUTNMIAL.

Mna oyinku 3miH, cnpuyumeHux YD-onpomineHHsM, OYI0 GUSHAYEHO KYmM 3MOUYEAHHS 600010,
nosepxmegy eHepeito, a makoxc npoananizogarno I4-cnekmpu nnigox. Ilpoananizosano ocobausocmi
NIIBKOYMBOPEHH Ma BU3HAYEHO NOKA3HUK MEeKY4OoCmi pOo3Niaey pamysi NOMAAKmuody i noaikanpoiakmoHy
015l OYIHKU MONCIUBO2O 38 A3KY MIJC DEONOSINHUMU XAPAKMEPUCMUKAMU NOIMEPY Ma MeMNnepamyporo
Koanecyenyii 4acmuHoK.

Pezynomamu. Bcmanosneno, wo nio Oicio Y®-onpominenns nogepxus 060x nonimepis ueuoxko
eiopoginizyemucsa. [[ns niigok, OmpuMaHux i3 posuunie, nicisi 8 200uH ONPOMIHEHHS Kym 3MOYYBAHHS
smeHuygascs 3 74+3° 0o 24+3° ona noninakmudy ma 3 85£3° 0o 40+£3° Ons nonikanporaxmony. lns
noxpummie, cghopmosanux iz 600HUX Oucnepciu, 8iON0BIOHI 3navenHs 3miniosanucs 3 79+3° 0o 33+£3°ma 3
58+3° 00 43+3°. 3a danumu I9-cnexmpockonii 6cmano6ieno 3pOCmants NAowi nieya KapOoHiIbHO20 NIKY 6
obnacmi 1700—1690 cym™, wo nos ’si3a1o 3 HaKONUYEHHAM KAPGOHOBUX KUCIOM K NPOOYKMIE (POMOOKUCHEHHS.
Tokaszano, wo nokpummsi, cgpopmosani 3 OOHUX OUCNEPCIll, BUABTAIOMb 0ewo Uy CMIUKIcmb 00 0ii Y-
BUNPOMIHIOBAHHS NOPIGHAHO 3 NILIBKAMU, OMPUMAHUMU 3 POZYUHIB.
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Haykoea nosusna. AxkmyanbHicms 00CHIONCEHHA 3yMOBIeHA HeOOXIOHICIIO NOEOHAHHSL eKOJIO2TYHUX
nepesaz 06iononimepis iz 00CMAMHLOI eKCHIYAMAYiliHOW CMAOITbHICIIO NOKPpUMMmMIE ni0 OIi€H 306HIUHIX
YUHHUKIG, 30KpeMa YIbmpapionemosoeo eUnpOMiHIO8AHHSL.

Ilpakmuuna 3nauumicme pobomu nojsA2aA€ y 6CMAHOBNEHHI 8IIUBY CNOCODY POPMYBAHHA NOKPUMMIE
Ha ix cmitkicmb 00 Y@-cmapinus, wo modce 6ymu GUKOPUCMAHO NIO 4ac po3poOSeHHs OIOPO3KIAOHUX
NONIMEPHUX Mamepianis i3 3a0anumu eKcniyamayiunumu gnacmusocmamu. Ompumani pe3yiomamu MO’Cyms
oymu euxopucmani O0Jisi OOIPYHMYSAHHS 6UOOPY CHOCOOY opmysants OIOPO3KIAOHUX NOKPUMMIE I3
NPOCHO308AHOI0 CIMIUKICIIO 00 POMOCMAPIHHS.

Knrouoei crosa: biononimepni nokpummsi;, pOmMoOKUCHEHHS, 600HI OUCNEPCIl; NIIBKOYMBOPEHHS, Ky
3MOUY8aHHs, nogepxuesa enepeis,; 14-cnexmpockonis.
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