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Novel epoxy-based biocidal composite material filled with polylactide-capsulated
copper (1) oxide particles

Abstract

To maintain performance of polymer composite materials (PCM) in tropical climate, it is necessary and
relevant to deal with biodegradation among other factors. Increasing strength and improvement of
biodegradation resistance of polymer composites simultaneously is a critical practical challenge. State-
of-the-art methods of polymer composites production do not provide a possibility to address both issues
at the same time. In this study, it is the first time when a method to increase strength of ED-20 epoxy-
based polymer composite and improve its biodegradation resistance simultaneously is applied. In this
study, the authors applied for the first time polylactide-capsulated copper oxide particles to improve
biocidal and mechanical performance of ED-20 epoxy-based polymer composite. It was established that
composite filled with capsulated particles has better resistance to micromycete-induced damage
compared to the one filled with non-capsulated particles. Reduction of surface area affected by
micromycetes isolated from samples exposed to tropical conditions was demonstrated for the composite
that contained capsulated particles. The paper highlights that prevalence of Aspergillus niger is based on
the high productivity of organic acids. It was found that elasticity moduli of polymer composite samples
do not have significant differences. The average elasticity modulus of PCM samples was 3.4 + 0.2 GPa
before and after exposure to tropical conditions. Apparently, the thing that elasticity modulus remained
the same after exposure to tropical conditions was due to the fact that only surface of the sample was
subject to destruc-tion. The samples with non-capsulated particles experienced 20% decrease in ultimate
strength after exposure to tropi-cal conditions while the samples with capsulated particles experienced
only 10% decrease, so the material with capsu-lated particles was stronger. The fact that the elastic
moduli of samples with capsulated particles remain the same after exposure to the microbial destructors
indicates improved resistance of new PCM to biodegradation and confirms prom-ising practical
application of the created material. Thus, this article is the first one to demonstrate that application of
polylactide-capsulated copper oxide particles in combination with ED-20 epoxy-based polymer provides a
possibility to obtain a new composite with improved biocidal effect
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Abstract

To maintain performance of polymer composite materials (PCM) in tropical climate, it is necessary and relevant to deal
with biodegradation among other factors. Increasing strength and improvement of biodegradation resistance of polymer
composites simultaneously is a critical practical challenge. State-of-the-art methods of polymer composites production
do not provide a possibility to address both issues at the same time. In this study, it is the first time when a method to
increase strength of ED-20 epoxy-based polymer composite and improve its biodegradation resistance simultaneously is
applied. In this study, the authors applied for the first time polylactide-capsulated copper oxide particles to improve
biocidal and mechanical performance of ED-20 epoxy-based polymer composite. It was established that composite filled
with capsulated particles has better resistance to micromycete-induced damage compared to the one filled with non-
capsulated particles. Reduction of surface area affected by micromycetes isolated from samples exposed to tropical
conditions was demonstrated for the composite that contained capsulated particles. The paper highlights that prevalence
of Aspergillus niger is based on the high productivity of organic acids. It was found that elasticity moduli of polymer
composite samples do not have significant differences. The average elasticity modulus of PCM samples was
3.4 + 0.2 GPa before and after exposure to tropical conditions. Apparently, the thing that elasticity modulus remained the
same after exposure to tropical conditions was due to the fact that only surface of the sample was subject to destruction.
The samples with non-capsulated particles experienced 20% decrease in ultimate strength after exposure to tropical
conditions while the samples with capsulated particles experienced only 10% decrease, so the material with capsulated
particles was stronger. The fact that the elastic moduli of samples with capsulated particles remain the same after
exposure to the microbial destructors indicates improved resistance of new PCM to biodegradation and confirms
promising practical application of the created material. Thus, this article is the first one to demonstrate that application of
polylactide-capsulated copper oxide particles in combination with ED-20 epoxy-based polymer provides a possibility to
obtain a new composite with improved biocidal effect.

Keywords: Biodegradation, Polymer composite, Capsulated, Submicron particles

1. Introduction Biodegradation is one of the factors that contributes
to the decrease of the service life. Microbial
destructors cause damage to the material by using it
as a food source and producing aggressive metab-
olites [1—3]. An ability of the microorganisms to

pplication of polymer composite materials
(PCM) components in extreme climates
requires their service life to be increased.
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produce organic acids and hydrolytic enzymes leads
to modification of structural and functional perfor-
mance of various materials and may cause the “sick
building syndrome” [4—7]. Biodegradation of PCM
surface leads to microcracks, cavities, increase in
surface roughness [8], and destruction of chemical
bonds between polymer molecules in the near-sur-
face area under the action of organic acids released
by microbial destructors [9].

Although biodegradation of polymer materials has
been well studied [9—13], there is still a challenge to
ensure targeted biocidal effect of epoxy and polyester
resins, for example, and mechanical performance,
including strength, simultaneously. A particular
feature of the ongoing studies of PCM biodamage is
that they are intrinsically applied ones dealing with
biocidal effect. Works [14—17] demonstrate results of
biodegradation by typical microorganisms and study
the methods used to protect polymers. These and
other articles do not provide any analysis of a possi-
bility to keep and, moreover, modify mechanical
performance of PCM and simultaneously secure their
biodegradation resistance.

The main disadvantages of existing approaches to
improve biodegradation resistance of polymer
composites should be noted.

(i) Application of antimicrobial additives (chlo-
rine compounds, aldehydes, zinc, tin, copper
salts, etc.) in protective coatings [18,19] or in
composites [17]. The main limitation of this
approach is related to the modification of the
physics and performance of polymer com-
posites [20] and release of toxic agents that
have adverse effects on environment and
humans [21-23]. It is possible to keep me-
chanical properties of such polymer compos-
ites only if using nanoparticles [24].

(ii) Application of distributed particles (e.g., silver,
silver nitrate, copper oxide, mercury chromate,
etc.) that are toxic for the microorganisms in
polymer composites [25,26]. This approach has
a limitation related to poor adhesion of some
particles to matrix polymer. For example, the
authors of article [27] synthesized a PCM that
demonstrated a biocidal effect due to zinc
oxide particles. And there was a decrease in
strength of such PCM compared to the poly-
mer without the particles due to poor adhesion
of particles to matrix polymer.

However, in some cases application of nano-
particles provides a possibility to improve me-
chanical performance of polymer materials [28,29].
Encapsulating nanoparticles in polymer increases

their adhesion to polymer matrix and thus im-
proves mechanical performance of a composition
[30,31]. Biodegradable polymers, for example, pol-
ylactide [32], as capsulating material for distributed
particles may not only improve mechanical perfor-
mance of PCM, but also be a food source for the
microorganisms, providing access to toxic particles
[33]. Enzymes and organic acids that microorgan-
isms synthesize when they interact with capsulating
material promote the release of distributed parti-
cles, such as copper (I) oxide, and formation of ions
that are about three times more toxic than the
nanoparticles themselves [34,35]. This is a local
process that takes place in the areas where polymer
composite is affected by the microorganisms and
leads to the destruction of the latter. Thus, appli-
cation of biocidal distributed particles capsulated
with a biodegradable polymer, e.g., copper oxide
particles, makes it possible to improve biodegra-
dation resistance of polymer composites and their
performance.

The aim of this study is to create a new polymer
composite based on ED-20 epoxy resin and filled
with polylactide-capsulated copper oxide particles
and to examine biocidal and mechanical perfor-
mance of this composite compared to the composite
filled with non-capsulated particles.

First, polylactide-capsulated copper oxide parti-
cles with specified capsulating thickness were ob-
tained, and a small weight fraction of these particles
was introduced into ED-20 epoxy resin-based
polymer composite. Then, the authors studied
biodegradation resistance of the polymer composite
samples in the laboratory. Finally, certain changes
in mechanical performance and structure of the
samples caused by the microorganisms were
described. Thus, the evidence was obtained that
filling polymer composites with capsulated copper
oxide (Cu,O) particles had the potential to improve
performance and biodegradation resistance of
polymer composites.

2. Materials and methods

2.1. Obtaining polylactide-capsulated Cu,0
distributed particles

Cu,O distributed particles were capsulated by
polylactide (PLA 4043D by Natural Works LLC) by
initiating its coacervation from benzene solution,
gradually adding hexane [36].

Polylactide (PLA) benzene solution was prepared
in 200 ml round-bottom flask. PLA particles with
the mass of 0.75 + 0.05 g were dissolvedin50 +1 g
of benzene by stirring using magnetic stirrer during



M. Danilaev et al. / Karbala International Journal of Modern Science 9 (2023) 417—428 419

6 h (+10 min) at 35 + 2 °C. The capsulating was
applied on Cu,O particles with the average size of
500 nm (Fig. 1A). The following values were
selected for experiments: the mass of displacing
solvent (hexane) was 10 + 1 g, the mass of copper
oxide particles in suspension was 1 + 0.1 g Cu,O
particles (1 + 0.1 g) and benzene (25 + 2 g) were
placed in an ultrasonic cleaner (Daihan WUC-
A01H, 50 W), dispersion took 1 + 0.1 min. After
homogenization, the suspension was placed into a
100 ml glass. Then, 50 + 1 g of benzene with poly-
lactide was introduced into the suspension while
continuously stirring on a magnetic stirrer at 35 + 2
°C, and then hexane, a displacing solvent, was
introduced using addition funnel at a rate of 7 + 2
drops per minute. Coacervation — displacement of
polylactide molecules from its benzene solution
and the following precipitation on Cu,O particles
— was initiated as a result of displacing solvent
introduction. After the entire amount of hexane
(10 + 1 g) was introduced, the suspension was being

Fig. 1. Standard micrographs of Cu,O particles: A — non-capsulated
particles; B — capsulated particles.

stirred for 10 + 1 min and then filtered to obtain
polylactide-capsulated Cu,O particles (Fig. 1B). It
should be noted that the following main factors
have an effect on the thickness of polylactide
coating on the surface of copper oxide particles:
temperature of solution, hexane introduction rate,
the time of particles exposure to the solution, par-
ticles and polylactide concentrations in the solution
[37]. These parameters remained the same in this
study, so the thickness of polylactide coating on the
surface of copper oxide particles was the same for
all samples.

2.2. Producing polymer composite samples

Polymer composite samples were produced by
introduction of polylactide-capsulated Cu,O parti-
cles and non-capsulated Cu,O particles into the ED-
20 resin. 200 ml glass was filled with ED-20 resin,
and it was heated to 35 + 2 °C in a water bath. Cu,O
particles were introduced with continuous stirring.
Even distribution of the particles in the epoxy resin
was secured by the stirring rate of ~10 + 1 rpm,
particles introduction rate was 0.1 + 0.05 g/min,
stirring time was 30 + 5 min. M4 hardener (ISO
7327:1994) was introduced into the suspension at a
ratio of 1:6 to epoxy resin with continuous stirring,
and then the stirring was being performed for 15
more minutes. After that, the suspension was placed
into the cylindrical mold that had a net-shape of the
samples (@9 = 1 mm, 50 + 2 mm high). The samples
stayed in the mold for 24 + 3 h until the epoxy was
fully cured at ambient temperature of 18 + 25 °C and
humidity of 30 +~ 60%.

Biocidal and mechanical performance of polymer
composite samples were studied for different con-
centrations of particles in the samples. Classification
of the samples is presented in Table 1.

2.3. Isolation and identification of micromycetes
from the surface of polymer composite samples

Polymer composite samples were kept for 6
months at the climatic testing stations of the joint
Russian-Vietnamese Research and Technology
Center. Mycological stands with the samples were
located in a way to avoid sunlight. After exposure,
the samples were delivered to the laboratory, where
the identification of strains in the detected microbial
fouling and analysis of changes in the mechanical
and optical performance of the samples were car-
ried out.

To do that, each sample was placed in a flask with
5 ml of sterile tap water and given a shake. 0.1 ml of
suspension was applied on the surface of the broth



420 M. Danilaev et al. / Karbala International Journal of Modern Science 9 (2023) 417—428

Table 1. Samples used to study resistance to micromycetes.

Samples Capsulated? Mass fraction (C) of
Cu,O particles, %

Sample 0 - 0

Sample 1.1 - 0.05 + 0.01

Sample 1.2 - 0.16 + 0.02

Sample 1.3 - 0.33 + 0.03

Sample 1.4 - 0.5 + 0.05

Sample 1.5 - 0.67 + 0.07

Sample 1.6 - 0.83 + 0.09

Sample 1.7 - 1.1+0.1

Sample 2.1 + 0.05 + 0.01

Sample 2.2 + 0.16 + 0.02

Sample 2.3 + 0.33 + 0.03

Sample 2.4 + 0.5 + 0.05

Sample 2.5 + 0.67 + 0.07

Sample 2.6 + 0.83 + 0.09

Sample 2.7 + 1.1+ 0.1

in Petri dishes and evenly distributed over the entire
diameter. Czapek's medium (g/1) was used: NaNO;
— 2.0; KH,PO, — 1.0; MgSO, x 7H,O — 0.5; KC1 —
0.5; FeSO4 — 0.01; sucrose — 30.0; agar — 20.0. The
dishes were incubated in a thermostat at 30°C for 7
days. The obtained micromycetes were identified
based on morphology and cultural properties.

2.4. Polymer composite resistance to biodegradation

Polymer composite samples were sprinkled with
sterile Czapek's medium and placed into sterile
plastic containers. Testing was performed at 30°C
and relative humidity exceeding 90%. To reach such
humidity, a small amount of sterile distilled water
was poured into the bottom of the chamber. The
testing lasted for 28 days with an interim inspection
after 7 days. The chamber was uncovered for
3—5 min every 7 days to ensure some air inflow.

The micromycetes fouling area of samples was
calculated from photographs using the Image]J pro-
gram, version 1.53. The area of fouling was
expressed as the ratio of affected areas (S1) to the
affected area (S0) of the Sample 0. MicroMed mi-
croscope with FMAO050 Touptek Photonics adapter
with 0.1 um resolution was used to obtain optical
images of the samples.

2.5. Study of the structure and mechanical
performance of the samples

Carl Zeiss AURIGA CrossBeam station with Inca
X-Max 80 mm? SDD was used to study the structure
of polymer composite samples as well as capsulated
and non-capsulated Cu,O particles. The experiment
was carried out under the following conditions:
vacuum — at least 1-10~° Pa, temperature — 23°C.
All samples were fixed on sample holder using

conducting carbon adhesive tape (cat. N2 G3939,
Agar Scientific, UK) for electron microscopy. Pri-
mary electron beam current was ~10-10"° A, accel-
eration voltage was 5 kV. The thickness of
polylactide capsulating on Cu,O distributed parti-
cles was determined based on the size of capsulated
and non-capsulated particles. The images (Fig. 1)
were statistically processed in Image] software to
determine the thickness of the capsulating. The
number of particles for which statistical processing
was carried out was approx. 800—1300. The average
thickness (h) of polylactide capsulating on copper
oxide particles was determined the following way:

h=(dy—dy) /2

Here, d, is the size of capsulated particles that cor-
responds to the maximum of distribution chart
(Fig. 2B), d; is the size of non-capsulated particles
that corresponds to the maximum of distribution
chart (Fig. 2A).

Mechanical performance was studied on Shi-
madzu AG-X 50 kN testing machine with the

N/No
1.0 ]
0.8 4
0.6
0.4
0.2
d, nm
0.0
0 500 1000 1500 2000 2500 3000 3500
N/No
1.0 4 L ]
0.8
0.6
0.4
0.2
d, nm
0.0 +
0 500 1000 1500 2000 2500 3000 3500

Fig. 2. Particles size distribution: A — non-capsulated particles; B —
capsulated copper (I) oxide particles; N — the number of particles with a
certain size, No — the number of particles (~100) that corresponds to the
maximum in the distribution.
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following testing parameters: compression rate was
0.1 mm/min, ambient temperature was 23 + 2 °C.
Shimadzu Trapezium X software was used. Accuracy
grade of the testing machine was 1%. The mea-
surements were performed each 0.2 msec, which
ensures the accuracy of compression diagrams.

3. Results

3.1. Characteristics of capsulated Cu,O particles
and their adhesion to matrix polymer

It is known that the temperature of solution, the
volume of displacing solvent and solution stirring
time define the thickness of the capsulating when it
is being applied [38]. The conditions for capsulating
application were constant, and calculated average
thickness (h) of the capsulating was ~150 nm.
Capsulated particles sample increase did not
change distribution charts (Fig. 2).

With particles’ size increase, polylactide capsu-
lating thickness increased pro rata. In fact, the
shape of distribution charts for capsulated and
non-capsulated particles remained the same; the
width of the charts (Fig. 2) at 0.5 for capsulated and
non-capsulated particles was the same: ~500 nm.
Surface roughness (dispersion component of the
surface energy of the particles) determines adhe-
sion of polylactide capsulating to the Cu,O parti-
cles. The method used to introduce capsulated
particles into polymer matrix secured the capsu-
lating (Fig. 3).

The quality of adhesion of capsulated and non-
capsulated Cu,O particles to the matrix polymer
was assessed by the wettability of these particles.
Micrographs of the chips on the samples after
compressive testing were analyzed to perform the
assessment (Fig. 3). It is found that wettability of
capsulated particles by matrix polymer is better
compared to non-capsulated ones.

3.2. Isolating pure micromycetes culture from the
surface of polymer composite samples and their
initial identification

Four types of microscopic fungi were isolated
from the surface of the samples incubated for 6
months in tropical conditions: Aspergillus, Penicil-
lium, Fusarium, and Alternaria. The major part of
micromycetes (81%) were Aspergillus and Penicillium.
The rest 19% were Fusarium (10%) and Alternaria
(9%). The most common fungus on the surface of
the samples was Aspergillus niger. It should be noted
that spores of all identified micromycetes were
present on all the samples under study.

Fig. 3. Standard micrographs of chips on the samples containing copper
oxide: A — non-capsulated; B— capsulated.

3.3. Micromycetes resistance of polymer composite
samples

The effect of Cu,O on micromycetes resistance of
polymer composite samples was assessed by the
rate of germination of micromycetes spores located
on the surface of the samples. For this purpose,
favorable conditions were created.

(i) optimum temperature and humidity;
(ii) the broth (sprinkling with Czapek's medium).

Mycelia and conidiophores of A. niger, both on
the control samples (without Cu,O particles) and
on the samples with 0.05% and 0.16% of Cu,O
particles, were identified on the third day. The
fouling area on the samples with capsulated par-
ticles was visually smaller. Starting from incuba-
tion day 7, intensive growth of A. niger on the
samples without Cu,O particles and samples with
non-capsulated Cu,O particles in the amount not
exceeding 0.67% was highlighted. At higher Cu,O
content, the growth was insignificant. Introduction
of capsulated particles into ED-20 resin resulted in
the decrease of fouling area at 0.05—0.67% of Cu,O
and suppression of spore fouling at higher
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content. On the samples with 0.05—0.33% Cu,O
content, Aspergillus wn Penicillium growth was
identified, apart from A. niger, regardless of the
type of the particles introduced. However,
following the further incubation A. mniger sup-
pressed their growth completely (Table 2). Rate is
an average rate of fungi growth on the surface of
the samples in a time period indicated in the first
column of Table 2.

After 28 days, micromycetes fouling was washed
off the samples. Microscopy demonstrated the
presence of residual micromycetes hyphae on the

M. Danilaev et al. / Karbala International Journal of Modern Science 9 (2023) 417—428

surface of the samples with non-capsulated particles
(Fig. 4A). The depth of decay did not exceed samples
roughness (Ra): it was ~0.6 pm before exposure to
tropical conditions and approx. 4.2 pm after the
exposure (the samples with non-capsulated Cu,O
particles) and 3.25 um (the samples with capsulated
particles). Micromycetes affected area (S;) decreased
with increasing content (C) of the distributed par-
ticles in relation to the affected area (So = 10.35 cm?)
of the Sample 0 (Fig. 4B). Here, this decrease was
more significant for the samples filled with capsu-
lated particles.

Table 2. An effect of Cu,O particles on the growth of microscopic fungi on the surface of polymer composite samples.

Days Cu,O Cu,O content (%) in ED-20 samples

0 0.05 0.16

0.33 0.5 0.67 0.83 1.1

7 non-capsulated

Rate, cm?*/day
capsulated

Rate, cm?/day
21 non-capsulated

Rate, cm?/day
capsulated

Rate, cm?/ day 0.31

28 non-capsulated

Rate, cm?/day
capsulated

0.36

Rate, cm?/day

0.07

0.09

0.04

0.24

011

0.08
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samples with noncapsulated particles
samples with capsulated particles

1
100
[

0.0 02 04 06 08 10 1.2

Fig. 4. Micromycetes attack: A — micromycetes hyphae on the surface of
the samples with 1.1% non-capsulated Cu,O particles after the fouling
was washed off; B — relative micromycetes fouling area vs. Cu,0O
particles content.
1.16
1.12 4
1.08 +

1.04

1.00

0.96

3.4. Mechanical performance of polymer composite
samples

It was established that elasticity modulus (Eg) of
polymer without any particles was ~3.4 + 0.2 GPa.
The dependence between o = E,/E; (a ratio between
elasticity moduli of samples with capsulated (E,)
and non-capsulated (E;) particles) and Cu,O content
is presented in Fig. 5.

It is found that elasticity moduli of the samples in
Table 1 are defined only by the polymer and do not
experience significant changes with a change in the
concentration of capsulated and non-capsulated
particles. It should be noted that after exposure to
tropical conditions elasticity modulus remains the
same taking into account measurement error. It
happens due to the fact that micromycetes attack
only the surface of the samples. However, exposure
of the samples to microbial destructors may lead to
changes in their strength. It was established that
polylactide (capsulating material) has an effect on
the strength of polymer composite samples. Ulti-
mate relative strain (A€y(0)) of the polymer com-
posite before and after biocorrosion testing was
2.8 + 0.4% and 2.55 + 0.3%, respectively. Ultimate
strength (Ac(0)) before and after testing was
53.3 + 4 N/mm” and 45.5 + 5 N/mm®, respectively.
Differences in strength of samples filled with
capsulated and non-capsulated particles should be
noted. Ultimate strength of the samples filled with
capsulated particles is 1.4 times lower compared to
the samples filled with non-capsulated particles,

0.92 +

—a— after exposure to tropical condition
—e— before exposure to tropical condition

C, %

0.88 +—————TJ———

0.0 0.2 04

T . T y T . 1
0.6 08 1.0 12

Fig. 5. a vs. particles content in the polymer composite. Measurement error did not exceed 10%.
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and ultimate strain is 1.3 times higher (when parti-
cles content C = 1%). It happens, because the cap-
sulating has an effect on mechanical performance of
the polymer composite [30,36]. Strength perfor-
mance decreases after exposure to tropical condi-
tions. Ultimate strength of the samples filled with
capsulated particles demonstrates 10% decrease and
ultimate strain — 15% decrease (C = 1%). As for the
samples with non-capsulated particles, the decrease
is 20% and 15%, respectively (C = 1%).

4. Discussion
4.1. Characterization of the obtained material
Characterization of the obtained new material

with polylactide-capsulated Cu,O particles included
elasticity modulus, ultimate strength and ultimate
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strain compared to the material filled with non-
capsulated particles.

It was demonstrated earlier that if the matrix
polymer and capsulating polymer had significantly
different elasticity moduli, then elasticity moduli of
polymer composites filled with non-capsulated and
capsulated particles with polymer capsulating
thickness exceeding 50 nm would be different as
well [39]. In our study, elasticity moduli of matrix
polymer based on ED-20 resin (~3.4 + 0.2 GPa) and
polylactide 2 + 3 GPa [38], (Fig. 5) have close values.
That is why elasticity moduli of polymer composite
samples do not have significant differences. It is
critical to note that elasticity moduli of the materials
are the same before and after expose to tropical
conditions (Fig. 5).

It was demonstrated earlier that surface decom-
position of the samples by the microorganisms
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Fig. 6. Strength performance of the polymer composite based on non-capsulated and capsulated copper (I) oxide particles content: (4, B) — relative
ultimate strain before and after exposure to tropical conditions, respectively; (C, D) — ultimate strength before and after exposure to tropical con-

ditions, respectively. Measurement error did not exceed 10%.
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affected the strength of the material [39]. As it was
assumed, difference in mechanical performance of
polymer composites filled with capsulated and non-
capsulated particles appeared in their strength
values (Fig. 6).

This difference in strength is caused by the poly-
lactide capsulating [30,36]. Apparently, polylactide
has better plasticity compared to ED-20 resin-based
polymer which is reflected in increased relative ul-
timate strain of the samples (Fig. 6A and B)
compared to the samples filled with non-capsulated
particles.

Samples filled with capsulated particles have
lower ultimate strength compared to samples filled
with non-capsulated particles (Fig. 6C and D)
because of two reasons.

(i) Polylactide has lower ultimate
compared to matrix polymer [40,41].

(ii) Matrix polymer has higher stiffness near
capsulated particles due to decrease in
macromolecular mobility [30].

strength

Increased interaction between particles and mac-
romolecules of the polymer leads to enhanced
wettability of capsulated particles (Fig. 3B) [30,42].
This interaction leads to limited mobility of macro-
molecules and, as a result, increases stiffness of
polymer matrix near such particles.

It should be noted that the best wettability of
capsulated particles with matrix polymer promotes
decrease in the number of agglomerates [43]. Pres-
ence of agglomerates significantly affects mechani-
cal performance of polymer composite, decreasing
its strength [44]. Enhanced wettability of the parti-
cles with matrix polymer promotes the increase in
resistance to the motion in epoxy resin when stir-
ring. It decreases the frequency of non-elastic col-
lisions between the particles and, consequently,
decreases the number of agglomerates of such
particles [45]. The authors did not determine ag-
glomerates content in the samples, but they found
that wettability of capsulated particles with matrix
polymer is better compared to wettability of non-
capsulated particles. This fact indirectly indicates
the smaller number of agglomerates in the material
with capsulated particles and its better mechanical
performance.

4.2. The effect of micromycetes on the obtained
material

Filling ED-20-resin based composite with distrib-
uted polylactide-capsulated Cu,O particles provides
a possibility to increase biodegradation resistance of

polymer composites and simultaneously increase
such strength characteristics as ultimate strain
(Fig. 6A, B). Experimental studies demonstrated that
the main factor that influenced mechanical perfor-
mance of a composition was viscoelasticity of poly-
mer capsulating. After exposure to microbial
destructors that leads to an even insignificant fouling
of the material surface, the strength of the samples
decreases. It is known that degradation of polymer
material in most cases is induced by defects on its
surface [39]. More in-depth decay of samples filled
with non-capsulated particles due to micromycetes
attack is the reason for a greater decrease in the
strength properties of these samples. A decrease in
ultimate strength of the samples filled with non-
capsulated particles after exposure to tropical con-
ditions was 20%, and 10% for the samples filled with
capsulated particles. That increases the strength of
the material at the same ultimate strength decrease
of ~15% (Fig. 6C and D). Unchanged elasticity
modulus (Fig. 6) of the samples filled with capsulated
particles and increase in their ultimate strain (Fig. 6
A, B) even after their exposure to microbial
destructors indicates an increase in biodegradation
resistance of the new polymer composite.

It was established that the area affected by
micromycetes got reduced with an increase in
distributed particles content (Fig. 4B). At the same
time, this reduction was more significant for the
samples with capsulated particles compared to the
material with non-capsulated particles. Antimicro-
bial effect of copper is well-known. It is shown that
toxicity of copper oxide nanoparticles is linked to
production of reactive oxygen species and reactive
nitrogen species and about three times less than that
of the copper ion [34,44]. Copper oxide particles
demonstrate antifungal activity [35]. Toxicity of
copper oxide particles was mainly driven by copper
ions released from particles. Copper ions release
from nanoparticles is induced by acids [45]. In na-
ture, CuO is slowly oxidized to copper (II) hy-
droxide that reacts with organic acids produced by
micromycetes and forms more toxic soluble salts,
e.g., copper citrate. Cu*" ion modulated production
of organic acids by micromycetes and induced dis-
turbances of the mycelium growth; at the same time,
crystalline copper oxalate is accumulated in the
mycelium of Penicillium, but not in Aspergillus. This
interesting fact partly explains why Aspergillus fungi
supersede Penicillium fungi that are more apt to the
toxic effects of copper salts. A. niger isolated from the
surface of materials exposed to tropical conditions
produces an especially large number of organic salts
[46], and that explains its final prevalence on the
samples.
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5. Conclusion

The study demonstrates that combination of pol-
ylactide-capsulated copper oxide particles with ED-
20 epoxy-based polymer results in a new composite
with enhanced biocidal effect. An approach to pro-
duction of polymer composites with biocidal effect
suggested in this paper may be applied for com-
posite components operating in tropical conditions.
It should be noted that after exposure of the samples
to tropical conditions in The Tropical Center (T 1.12
program), among micromycetes obtained from
samples, A. niger prevailed due to the fact that this
fungus produced large amounts of organic acids.
Biocidal efficiency of polylactide-capsulated parti-
cles in the samples is confirmed by the smaller
damaged area in the samples filled with capsulated
particles compared to the material filled with non-
capsulated ones.

It should be noted that elasticity moduli of the
samples do not depend on the type of the particles
(capsulated or non-capsulated). Elasticity modulus
of 3.4 + 0.2 GPa did not change after exposure of the
samples to the tropical conditions. The same elas-
ticity moduli of the samples with capsulated and
non-capsulated particles are explained by the close
elasticity moduli values of ED-20 epoxy-based ma-
trix polymer and coating polymer (polylactide).
Apparently, the thing that elasticity modulus
remained the same after exposure to tropical con-
ditions was due to the fact that only surface of the
sample was subject to destruction. Surface rough-
ness after exposure to tropical conditions increased
7 times for the samples with non-capsulated parti-
cles (average damage depth was 4.2 um) and 5.4
times for the samples with capsulated particles
(average damage depth was 3.25 pm). Surface
damage after exposure to tropical conditions led to a
decrease in mechanical performance of the samples.
The samples with non-capsulated particles experi-
enced 20% decrease in ultimate strength after
exposure to tropical conditions while the samples
with capsulated particles experienced only 10%
decrease, so the material with capsulated particles
was stronger.

The fact that the elastic moduli of samples with
capsulated particles remain the same after exposure
to the microbial destructors indicates improved
resistance of new PCM to biodegradation and con-
firms promising practical application of the created
material. Thus, this article is the first one to demon-
strate that application of polylactide-capsulated
copper oxide particles in combination with ED-20
epoxy-based polymer provides a possibility to obtain
a new composite with improved biocidal effect.
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