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Abstract: Polymer composites with renewable lignocellulosic fillers, despite their many advantages,
are susceptible to biodegradation, which is a major limitation in terms of external applications.
The work uses an innovative hybrid propolis-silane modifier in order to simultaneously increase
the resistance to fungal attack, as well as to ensure good interfacial adhesion of the filler–polymer
matrix. Polypropylene composites with 30% pine wood content were obtained by extrusion and
pressing. The samples were exposed to the fungi: white-rot fungus Coriolus versicolor, brown-rot
fungus Coniophora puteana, and soft-rot fungus Chaetomium globosum for 8 weeks. Additionally,
biological tests of samples that had been previously exposed to UV radiation were carried out, which
allowed the determination of the influence of both factors on the surface destruction of composite
materials. The X-ray diffraction, attenuated total reflectance–Fourier transform infrared spectroscopy,
and mycological studies showed a significant effect of the modification of the lignocellulose filler
with propolis on increasing the resistance to fungi. Such composites were characterized by no
changes in the supermolecular structure and slight changes in the intensity of the bands characteristic
of polysaccharides and lignin. In the case of systems containing pine wood that had not been
modified with propolis, significant changes in the crystalline structure of polymer composites were
noted, indicating the progress of decay processes. Moreover, the modification of the propolis-silane
hybrid system wood resulted in the inhibition of photo- and biodegradation of WPC materials, as
evidenced only by a slight deterioration in selected strength parameters. The applied innovative
modifying system can therefore act as both an effective and ecological UV stabilizer, as well as an
antifungal agent.

Keywords: polypropylene composites; wood modification; propolis; structure; mechanical properties

1. Introduction

In recent years, more and more attention has been paid to ecological aspects and
environmental protection. These trends have a significant impact on the materials industry,
especially plastics. The new directives and regulations require that the products entering
the market are made of renewable or recyclable materials as much as possible. Therefore,
composites containing fillers of natural origin are very popular [1–3]. These include WPCs
(wood polymer composites), which consist of a thermoplastic matrix (most often PP, PE,
PVC) and a lignocellulose filler. They have many advantages that make them stand out
from other composite materials, especially with synthetic fillers. They are characterized
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by good mechanical properties, stiffness, ease of processing, no need for impregnation,
and a relatively low price. Moreover, the use of lignocellulosic filler makes this material
partially biodegradable [4–8]. WPCs have enormous application potential. Currently, they
are used primarily in construction and the automotive industry [9–12]. However, due to
the characteristics of the components, there is poor adhesion in WPCs between the filler
particles and the polymer chains. Weak interactions have a significant impact on obtaining
an even dispersion of the filler in the matrix; moreover, they allow the lignocellulosic
fibers to move freely and pull them onto the thermoplastic surface under the influence
of stresses [13–17]. The presence of lignocellulosic fibers, especially on the surface of the
material, makes WPCs very susceptible to the action of microorganisms including fungi.
Many works have demonstrated the negative influence of this destructive factor on the
structure and properties of WPCs [7,18–21]. It has been shown that the action of fungi
mainly causes the decomposition of the lignocellulosic component, which can be observed
indirectly in the weight loss of the sample. Krause et al. (2019) in their work presented the
influence of various types of fungi on the structure and properties of WPCs. They showed
that the moisture content of the sample plays a key role in the degradation process [22].

Therefore, the modification of lignocellulosic materials used as fillers in WPCs is
constantly being developed in order to improve their resistance to microorganisms, mainly
fungi. Among the methods used to improve the fungal durability of wood fillers, there is
thermal modification or wood impregnation with various protective agents, often synthetic
biocides, such as 3-iodo-2-propynyl butylcarbonate, 2-thiazol-4-yl-1H-benzoimidazole, or
4,5-dichloro-2-octyl-isothiazolone [23,24]. However, legal regulations and the degradation
of the natural environment lead to bio-friendly methods of wood treatment and modi-
fication being preferred. According to literature data, numerous natural substances or
individual compounds isolated from them can be applied as potentially protective agents
in bio-friendly wood protection, including natural oils, essential oils, plant extracts, chi-
tosan, caffeine, or propolis [25–29]. Propolis is an interesting plant-derived material with
broad antifungal activity, applied in wood protection. Wood treated with propolis extracts
showed resistance against brown rot (Coniophora puteana and Nelolentinus lepideus) and
white rot fungi (Trametes versicolor) [28,30]. In wood protection, propolis extract has also
been used as a constituent of mixtures and was mixed with silver nanoparticles, chitosan,
caffeine, and silicon compounds [30–33]. The pine wood treated with propolis extract and
silicon compounds showed resistance against C. puteana, an increase in bending strength,
and a decrease in hygroscopicity compared to untreated wood and wood treated with
propolis extract without silicon compounds [30,34,35]. Moreover, chemical analysis, includ-
ing infrared spectroscopy, nuclear magnetic resonance, and X-ray fluorescence, indicated
that constituents of propolis-silane preparations formed permanent bonds with wood
components [30]. The results presented in the literature showed that propolis extract and
propolis-silane preparations can be applied in ecological wood protection, and also as
modifying agents for wood fillers in WPCs, which, to the best of our knowledge, has not
been researched yet [34,35].

Another destructive factor that limits the wider use of WPCs is UV radiation. It
initiates the photooxidation of the polyolefins, which reduces the molecular weight of the
polymer chains. Photodegradation initially takes place on the surface of the composite;
however, with time, the radiation reaches the deeper layers of the WPC. This results in
a weakening of the interfacial interactions between the matrix and the filler. This leads
to a weakening of the stress transfer capacity of the WPC, and the bending strength and
modulus of elasticity are deteriorated [36]. The effect of UV radiation also changes the
color of the material. This is a real factor as WPCs are very often used in the production
of decorative articles in gardening. Thus, it is one of the basic problems that it tries to
eliminate by using various UV protectors. The issue of WPC aging has been addressed
in many previous works [37–41]. The change in the properties and color of composites
depending on the size of the filler particles is presented in the work of Gunjal et al. It was
noticed that the most exposed to the color change are composites containing smaller sizes
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of filler particles, while the greatest deterioration of mechanical properties was observed
in samples with larger filler particles [42]. The discoloration and decay of some of the
properties of WPCs were also noticed by Kuka et al. In order to eliminate the destructive
effect of UV, they proposed a thermal modification of the lignocellulosic filler. They noticed
a partial improvement in WPC photodegrading resistance [43]. Composites containing
lignocellulosic fillers are used primarily outdoors, where they are exposed to both the
effects of weather and fungi. Therefore, when designing a WPC, both these destructive
factors should be taken into account. However, there are few literature reports in which
their synergistic effect would be discussed [39,44].

This work is a continuation of our previous research on the use of propolis to modify
wood in terms of increasing resistance to fungi [45]. However, the work so far has included
testing the biological resistance of only wood raw material after treatment with propolis
extract. It is worth noting that the resistance to fungal growth of polymer composites
with lignocellulosic fillers after modification with the propolis-silanes hybrid system has
not been tested so far. An additional message of the research topic undertaken was the
determination of the impact of prior exposure to UV radiation of the composite materials
on the development of fungi on their surface. Such an assumption reflecting the actual
conditions of use of composite products is extremely important when designing materials
with increased resistance to aging processes. The aim of this study was to analyze the
influence of the applied modifications of the lignocellulosic filler with the bioactive propolis-
silane system on the structure and properties of the obtained composite materials. An
important task was to check the antifungal activity of the modifiers used in wood fillers,
as well as to check the influence of UV radiation and fungi on the structural changes and
functional properties of the obtained polymer composites.

2. Materials and Methods
2.1. Materials

Scots pine sapwood (Pinus sylvestris L.) in the form of sawdust (with grain size below
0.5 mm) was used.

The extract of Polish propolis in 70% ethanol was purchased from PROP-MAD
(Poznań, Poland), and silicon compounds (tetraethoxysilane and octyltriethoxysilane)
were purchased from Sigma Aldrich (Darmstadt, Germany).

The isotactic polypropylene MOPLEN HP456J produced by Basell Orlen Polyolefins
(Plock, Poland) with MFR230◦C/2.16kg, 3.4 g/10 min, was used as the polymeric matrix.

2.2. Wood Treatment

Pine wood sawdust was modified with 15% ethanolic propolis extract (EEP) and a
mixture (EEP-silanes) consisting of propolis extract, tetraethoxysilane, octyltriethoxysilane,
and 70% ethanol in a volume percent ratio of 15:5:5:75. The wood was treated with EEP
and a EEP-silanes formulation in the ratio of 1/25 (w/v). The reaction was carried out at
20 ◦C for 2 h with simultaneous stirring. Then, wood was filtered and dried in an air flow
at room temperature.

2.3. Preparation of Composite Materials

The sample preparation procedure was carried out in a laboratory room with a tem-
perature of about 23–24 ◦C and air humidity at the level of 40–45%. The prepared portions
of the composite components (wood and polypropylene) were mixed in a drum mixer until
optical homogeneity was obtained. The amount of wood sawdust (modified or not) in the
polymer matrix was 30 wt.%. The resulting mixture was then transferred in portions to the
hopper of a T-32 screw extruder and extruded. Extrusion parameters: temperature of screw
zones: 60; 100; 180; 175 ◦C. Screw rotation speed: 16 rpm. The composite was extruded
through an extrusion head with a circular die with a diameter of 10 mm. The resulting
bars were cooled in air. After cooling, the extruded bars were ground in a Wanner 17.26 s
high-speed mill to obtain a mill with particles with a diameter ranging from 3 to 7 mm. The
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shredded composite was then subjected to compression molding, obtaining plates with
dimensions of 70 × 70 × 2.5 mm. Compression parameters: temperature, 180 ◦C; pressure,
500 N/cm2. The procedure for composites preparation is illustrated in Figure 1.
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2.4. UV Aging Tests of Composites Materials

Aging of the composite samples was simulated in an accelerated aging test cham-
ber LU-8047-TM QUV (Q-LAB) spray according to PN-EN ISO 4892-3. The apparatus
is equipped with fluorescent lamps emitting UV radiation and a condensation system
for the production of dew. The sample degradation process consisted of successive
alternating cycles:

1. The dry cycle lasted 8 h, during which the samples were exposed to radiation of the
intensity of 0.76 W/m2, wavelength of l = 340 nm, and temperature of 60 ◦C, under
the conditions of forced air circulation.

2. The wet cycle lasted 4 h, during which the samples were exposed to steam, at 50 ◦C,
with the fluorescent lamp turned off and under the conditions of forced air circulation.

The radiation dose for the sample irradiated for 24 h was 65.7 kJ/m2. Samples for
subsequent tests were taken after 7 and 30 days.

2.5. Biological Resistance of Composite Materials

The decay resistance of wood plastic composites was performed based on the standard
EN 113 with some modifications (sample dimensions and time of exposure to fungi).
To investigate the fungal resistance of WPCs, the standard procedure was modified by
changing the sample size from 25 by 15 by 50 mm to 4 by 10 by 40 mm. Brown rot
fungus (Coniophora puteana (Schumacher ex Fries) Karsten (BAM Ebw.15)), white rot fungus
(Coriolus versicolor (Linnaeus) Quélet (CTB 863 A)), and soft rot fungus (Chaetomium globosum
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Kunze Fries BAM-12) were used to investigate the bio-resistance of composites. Prior to
analyses, the composites were dried at the temperature of 70 ◦C for 18 h and sterilized by a
stream of water steam at a temperature of 70 ◦C for 6 h. Wood composite samples prepared
in this way were placed onto the developed mycelium of the test fungus. Next, they
were put into a Petri dish and placed in a room ensuring a temperature of 21 ◦C ± 1 and
75% ± 5 air relative humidity. The mycological test lasted 8 weeks. After the termination
of the test, samples were carefully cleaned and mycelium removed and they were dried at
70 ◦C until reaching constant weight. Composite weight losses were calculated from the
weight differences of samples before and after the test.

2.6. Characterization of Polymer Composites
2.6.1. Attenuated Total Reflectance–Fourier Transform Infrared Spectroscopy (ATR–FTIR)

The spectra of composites were recorded by a Nicolet iS5 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) with Fourier transform and equipped with a deuter-
ated triglycine sulfate (DTGS) detector and attenuated total reflection (ATR) attachment.
The spectra were recorded. Five measurements for each samples, by re-sampling at differ-
ent locations across entire samples, were recorded over the range of 4000–400 cm−1, at a
resolution of 4 cm−1 and 16 co-added scans. All spectra were given in transmittance units
and no ATR baseline correction was applied.

2.6.2. X-ray Powder Diffraction (XRD)

The supermolecular structure of the modified and unmodified composite systems
exposed to various destructive factors was analyzed by wide-angle X-ray scattering. Mea-
surements were made at a wavelength of the Cu Kα radiation source of 1.5418 Å at 30 kV
and an anodic excitation of 25 mA. The diffractograms of all samples were recorded in the
2θ angle range from 5 to 30◦ with a step of 0.04◦/3 s. The deconvolution of the peaks was
performed by the Hindeleh and Johnson method [46,47]. The degree of crystallinity (Xc) of
the WPC samples was then determined by comparing the area under the crystalline peaks
and the amorphous curve.

2.6.3. Mechanical Tests

The mechanical tests of reference samples and composites after an aging test and
after biological tests were carried out in accordance with the PN-EN ISO 527 standard.
The endurance tests were performed on the Zwick Z020 universal mechanical testing
machine (Zwick/Roell, Ulm, Germany) with a load cell capacity of 20 kN at a cross-
head of 5 mm/min. The obtained stress–strain curves were used to determine selected
strength parameters such as: Young’s modulus (YM), tensile strength (TS), and elongation at
break (EB).

3. Results and Discussion
3.1. Weight Loss of Composites Caused by Wood-Decaying Fungi

The antifungal efficacy of WPCs against wood-destroying fungi, expressed as the
average mass loss of composite samples, are presented in Figures 1–3. The results showed
that composites exhibited the highest resistance against soft rot fungus—Ch. globosum,
while the durability of WPCs against C. puteana and C. versicolor was lower and similar
for all variants of composites. Moreover, the mycological test indicated that composites
containing wood treated with solution consisting of the propolis extract and silanes showed
higher resistance against all tested fungi species, compared with composites containing
untreated wood or wood treated with propolis extract without silicon compounds.
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The weight loss of the composite with untreated wood and wood treated with propolis
extract was about 3.5% for both samples before and after the UV aging test and exposure
to C. puteana, with the exception of the composite containing wood treated with propolis
extract and not exposed to UV radiation, for which the weight loss was 2.8% (Figure 2).
In turn, the mass loss of the composite containing wood treated with propolis extract and
silanes was similar for samples before the aging test and after 7 days of UV radiation and
was about 1.5%, whereas the elongation of UV radiation of samples to 30 days caused lower
durability against the destructive action of C. puteana.

The composite containing wood treated with EEP and silanes showed lower values
of mass loss (below 2.5%) and a higher resistance against C. versicolor than composites
containing untreated wood and wood treated with propolis extract (weight loss about 4%),
as presented in Figure 3. The UV aging test did not influence the WPC mass loss values,
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expected of the composite sample containing wood treated with EEP and subjected to
30 days of UV radiation, where the mass loss of samples was lower than for wood before
and after 7 days of aging.

In the case of composites’ exposure to Ch. globosum, samples containing wood treated
with propolis extract and EEP with silane compounds exhibited a higher resistance against
the tested fungus than composites with untreated wood (Figure 4). Moreover, the UV
radiation did not influence the mass loss values of composite samples.
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In order to increase the resistance of wood to biotic conditions, various types of
preservatives are used, and currently, preparations based on natural substances are becom-
ing more and more popular, e.g., propolis extract [27,28]. The literature data confirmed
that wood treated with propolis extract and a mixture of propolis extract and silicon
compounds showed resistance to wood-decay fungi, including C. puteana [28,30,48]. In
addition, wood used as a filler in wood composites are often modified or treated with preser-
vatives to obtain resistance of WPCs against wood destructive microorganisms. WPCs
with thermally modified wood fibers exhibited an improved resistance against C. puteana
compared to WPCs with unmodified fibers [49]. Composites consisting of polypropylene
with poplar sawdust treated with nano-clay were characterized by a durability against both
white rot (Physisporinus vitreus, Pleurotus ostreatus, and C. versicolor) and brown rot fungi
(C. puteana and Antrodia vaillantii) compared to WPCs with untreated wood [20]. In turn,
Müller et al. [50] investigated the resistance of composites consisting of wood modified with
acetic anhydride and treated with methylated melamine-form aldehyde resin or aminosi-
lanes mixed with polyvinyl chloride against basidiomycetes (C. puteana and C. versicolor),
and they found that only aminosilanes-treated WPCs showed a slight decrease in mass loss
compared to untreated reference samples of WPCs.
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An important factor when choosing a wood treatment preparation that is used as fillers
for WPCs seems to be its resistance to abiotic factors, including UV radiation. The results
presented in Figures 1–3 indicated that WPCs consisting of EEP-treated wood showed
lower resistance against C. puteana and C. versicolor, when the composite samples were
exposed to UV radiation for 30 days. In addition, WPCs containing wood treated with
EEP and silanes showed an increase in the value of weight loss after UV irradiation for
30 days and exposure to C. puteana compared to WPC samples before and after 7 days of
UV radiation. However, WPCs containing wood treated with EEP and silanes, also after
exposure to UV radiation, showed a high resistance against the tested fungi (Figure 5).
The higher resistance of wood treated with the mixture of propolis extract and silicon
compounds against UV radiation compared to wood treated with propolis extract without
silanes were confirmed in the literature [51].
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(a) C. puteana, (b) C. versicolor, and (c) Ch. globosum.

The highest resistance of WPCs was observed in the case when the samples were
exposed to Ch. globosum, even when the samples were subjected to UV radiation, which is
connected with the action mechanism of this fungus. Ch. globosum is a representative of the
S1-type soft rot [52], which causes slight losses in the mass of wood, especially coniferous
wood, compared to other types of brown rot and white rot fungi. However, with relatively
small losses of wood mass, a relatively large loss of physical and mechanical parameters of
degraded wood is noticeable, but not as significant as is observed for wood infested with
brown rot fungi [53]. For this reason, in the conducted experiment, a significant difference
in weight loss was observed between Ch. globosum and the other test fungi (C. puteana and
C. versicolor).

3.2. Changes in Composite Structure Caused by Decay Fungi

The impact of fungal activity in the wood structure was also determined using infrared
spectroscopy measurements. In this section, the spectra (Figure 6) of composites after
30 days of UV radiation and exposure to fungi are discussed. The changes in IR spectra
of composites before and after 7 days of UV radiation were similar and are presented
in Supplementary Materials. Moreover, no change was observed in the spectra of the
polypropylene without the wood filler; therefore, the PP spectra are not shown.



Materials 2022, 15, 3435 9 of 22Materials 2022, 15, x FOR PEER REVIEW 10 of 23 
 

 

 

 

Figure 6. FTIR–ATR spectra of composite samples: (a) PP+W (A–), (b) PP+W+EEP (A–), and (c) 
PP+W+EEP+silanes (A–), after UV aging (30 days) and exposure to C. puteana (B–), C. versicolor (C–
), and Ch. globosum (D–). 

The exposure of WPC samples to the action of Ch. globosum caused a decrease in the 
intensities of bands corresponding to cellulose and hemicelluloses (1375 cm−1, 1160 cm−1, 
and 895 cm−1), compared to intensities of these bands in the spectra of undecayed samples, 
as presented in Figure 6a–c (spectra C). The intensities of the lignin band (1515 cm−1) was 
similar in the spectra of decayed and undecayed composites samples. The ATR-IR results 

Figure 6. FTIR–ATR spectra of composite samples: (a) PP+W (A–), (b) PP+W+EEP (A–), and
(c) PP+W+EEP+silanes (A–), after UV aging (30 days) and exposure to C. puteana (B–),
C. versicolor (C–), and Ch. globosum (D–).

The exposure of wood composites to C. puteana caused significant changes in the
ATR–FTIR spectra of WPC samples, causing changes in the intensities of bands charac-
teristic for polysaccharides and lignin. The bands characteristic for carbohydrates were
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observed in the IR spectra at 1375 cm−1 (deformation of C-H cellulose and hemicelluloses),
1160 cm−1 (C-O-C vibration in cellulose and hemicelluloses), and 895 cm−1 (C-O-C stretch-
ing at β-1,4-glucoside linkages of cellulose and hemicelluloses) [33,54–57]. In turn, the
lignin characteristic bands were presented at 1645 cm−1 (conjugated C=O stretching Ph-
(C=O)-groups), 1515 cm−1 (aromatic skeletal vibration), and 1260 cm−1 (guiacyl ring
breathing and C=O stretching from lignin) [56,58–60]. In the spectra of composites af-
ter exposure to C. puteana (Figure 6a–c, spectra B), the intensities of carbohydrate bands
(1375 cm−1, 1160 cm−1, and 895 cm−1) were lower compared to intensities of these bands
in the spectra of composites before exposure to fungus (Figure 6a, spectra A). In contrast,
the intensities of lignin bands (1645 cm−1, 1515 cm−1, and 1260 cm−1) slightly increased
in the spectra of composites subjected to the activity of C. puteana, compared to spectra of
composites before fungus action.

Slight differences in the intensities of lignin bands observed in the spectra of compos-
ites can be connected with a small amount of wood filler in the composites, and, therefore,
a small amount of lignin content in WPCs, possibilities of overlapping bands of wood
components, compounds from propolis extract, and a low impact of destructive action of
fungus into the wood structure, which confirmed the low weight loss values (Figure 2).

The spectra of composites after exposure to C. versicolor presented in Figure 6a–c
(spectra C) showed changes in the intensities of structural wood components in comparison
to spectra of undecayed WPCs. The intensity of bands resulting from polysaccharides
(1375 cm−1, 1160 cm−1, and 895 cm−1) decreased in comparison to the bands in the spectra
of undecayed composites. In turn, the intensity of lignin bands at 1515 cm−1 in the
spectra of composites after exposure to C. versicolor was similar to that in the spectra of
composites before fungus action, whereas the intensity of bands at 1645 cm−1 increased in
the spectra of decayed WPCs. The literature data showed that the increase in the 1645 cm−1

bands intensities indicate the presence of mycelium formed by C. versicolor in decayed
wood samples [61]. The changes in decayed composite samples confirmed the ability of
C. versicolor to utilize all major chemical components in the cell wood wall, suggesting that
C. versicolor is a nonselective white-rot fungus, especially in the early step of its action,
which agrees with literature data [62–67].

The exposure of WPC samples to the action of Ch. globosum caused a decrease in the
intensities of bands corresponding to cellulose and hemicelluloses (1375 cm−1, 1160 cm−1,
and 895 cm−1), compared to intensities of these bands in the spectra of undecayed samples,
as presented in Figure 6a–c (spectra C). The intensities of the lignin band (1515 cm−1) was
similar in the spectra of decayed and undecayed composites samples. The ATR-IR results
confirmed that Ch. globosum had the ability to degrade polysaccharides and lignin, with
preference for the former, which agrees with the results presented in the literature [68,69].

The relative intensities of polysaccharides-associated bands at 1375 cm−1, 1160 cm−1,
and 895 cm−1 against the lignin band at 1515 cm−1 were calculated using peak heights
and are presented in Table 1. It can be seen that wood decay caused by all the tested fungi
(C. puteana, C. versicolor, and Ch. globosum) resulted in a decrease in carbohydrate/lignin ra-
tio, which indicates that the tested fungi are capable of altering the main components of the
cell walls (lignin, cellulose, and hemicelluloses), causing simultaneous wood destruction.

Table 1. Relative changes in the ratios of carbohydrate bands with lignin reference band in composite
samples decayed by wood rot fungi.

Tested Fungus Composite Samples I1375/1515 I1160/1515 I895/1515

WPC before
fungus

exposition

PP+W 20.706 5.202 2.577
PP+W+EEP 15.716 5.344 0.687

PP+W+EEP+silanes 12.091 3.549 1.320

C. puteana
PP+W 14.646 4.192 1.774

PP+W+EEP 4.369 2.243 0.430
PP+W+EEP+silanes 9.770 3.005 1.179
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Table 1. Cont.

Tested Fungus Composite Samples I1375/1515 I1160/1515 I895/1515

C. versicolor
PP+W 8.472 2.743 1.090

PP+W+EEP 3.887 1.813 0.481
PP+W+EEP+silanes 4.601 2.021 0.549

Ch. globosum
PP+W 7.728 2.997 1.246

PP+W+EEP 2.213 1.309 0.411
PP+W+EEP+silanes 4.536 2.101 0.748

3.3. Supermolecular Structure of Polymer Composites after UV Aging and Biological Action

The supermolecular structure of PP wood composites was investigated using wide-
angle X-ray diffraction (XRD). The diffraction curves obtained for composite systems with-
out and after 30 days of UV irradiation and fungal exposure are shown in Figures 7 and 8.

All the obtained diffractograms show the maxima derived from the α polymorph
of polypropylene. This is indicated by the maxima appearing at the diffraction angles
2θ = 14◦, 17◦, 18.5◦, 21◦, and 22◦ [70]. Importantly, there were no maxima derived from the
β-PP variety. Thus, the introduction of the filler, processing, and action of UV and fungi
did not affect the formation of this type of PP.

During structural studies, the influence of two destructive factors (UV and fungi) on
the supermolecular structure of composites was analyzed. The analysis of the obtained
diffraction curves did not show any significant changes in the supermolecular structure of
composites exposed to fungi, without UV. The curves had a similar course. In the case of
samples additionally exposed to UV radiation, changes in the supermolecular structure
of composites can be noticed. Differences in the intensity of the peaks were noticed
depending on the type of fungus. The greatest changes are visible in the case of composites
containing raw wood. Based on the analysis of the obtained curves, it can be concluded
that the combination of fungal action and UV influences the supermolecular structure
of composites. However, in the case of composite samples containing propolis-modified
wood, these changes were not significant. In order to explain the obtained relationships in
detail, the content of the crystalline phase (Xc) in the composites was determined in the
next step. The degree of crystallinity of composite materials is the total result of the content
of this phase in the material, both from PP and cellulose. The results are summarized
in Table 2.

Table 2. The results of Xc-obtained composites samples.

Composite Samples
Xc (%)

Tested Fungus
- C. puteana C. verisolor Ch. globosum

PP+W “0” 30 31 28 34
PP+W+EEP “0” 37 35 37 40

PP+W+EEP+silanes “0” 36 38 37 39
PP+W 30 days 32 41 40 43

PP+W+EEP 30 days 40 44 43 43
PP+W+EEP+silanes 30 days 39 38 40 40

It can be seen that the modification of wood with propolis and silanes (without UV-
radiation and fungi action) resulted in an increase in the Xc value compared to composites
containing raw wood. In this case, the increase in the degree of crystallinity caused by the
modification of the filler can be explained by the changes taking place during the reaction
of wood with the ethanolic propolis solution. During the treatment, low-molecular-weight
compounds contained in the wood are washed out and amorphous parts of cellulose
are also cracked. These actions increase the proportion of the crystalline phase in the
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filler. The influence of propolis modification on the supermolecular structure of wood was
investigated and explained in the previous work [45].
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Exposure of the composites to UV irradiation caused a slight increase in the content
of the crystalline phase in relation to the reference samples. However, the introduction
of the second factor—fungi—resulted in a large variation in the Xc values. The greatest
changes were recorded for samples with raw wood—the degree of crystallinity increased
from 32 to even 43%. Interestingly, the action of both factors in the case of composites
with wood modified with propolis extract did not cause significant changes in Xc. All
PP+W+EEP 30 samples that were bioassayed had comparable Xc. In the case of composites
with propolis-modified wood and silanes, the results were practically identical. It can
therefore be concluded that in the case of composites containing unmodified wood exposed
to both UV and fungi, a synergistic destructive effect of these factors is observed. However,
this action is inhibited by the chemical modification of wood with propolis and silanes.
Increasing the content of the crystalline phase in samples exposed to UV radiation is related
to photooxidation. UV radiation first breaks the bonds in the amorphous part of the matrix.
This action ‘exposes’ the wood particles in the composite, which increases their susceptibil-
ity to UV radiation. Given that about 2/3 of all wood polysaccharides are amorphous and
readily photodegradable, the overall content of the crystalline phase has to increase after
irradiation [60,69,71]. The content of the crystalline phase in the sample therefore initially
increases and decreases when a certain maximum is reached. The described dependencies
were also noticed by Guadagno et al. In their work, they investigated changes in the struc-
ture of PP exposed to UV at different times. They noticed a significant increase in the value
of Xc (even by 135%) compared to unexposed PP. They explained such large differences
with the phenomenon of breaking the polymer chains caused by photooxidation. As a
result, the amorphous parts of the chains were shortened, making the remaining parts
more mobile and free to crystallize [72]. Similar relationships for PP were also noted by
Morancho et al. [73]. On the other hand, the increase in the crystalline cellulose fraction
observed in the tested wood sample exposed to UV rays is consistent with that noted by
other researchers [74,75]. The stabilization of Xc results for systems containing modified
wood can be explained by the protective effect of propolis. The activity of propolis against
decay fungi has been studied and published many times [28,30,33]. There have also been
many studies showing that propolis is a material capable of absorbing UV radiation [76–78].
Propolis works great as a radical scavenger. This work, however, concerned its medical
applications. Thus far, it has not been used as a UV protector in composite materials.

Summarizing, the results of XRD studies showed the influence of UV irradiation and
fungi on the supermolecular structure of composites. The greatest changes in Xc were
observed for samples with unmodified wood treated with UV. However, in the case of
introducing propolis into the wood structure, no significant changes in the value of Xc were
noticed. The obtained dependencies allow for assumptions that propolis can be used in
WPCs both in the form of a UV protector and an antifungal agent.

3.4. Mechanical Testing of Polymer Composites after UV Aging and Biological Action

Mechanical tests were carried out to evaluate the effect of UV irradiation and fun-
gal action on the strength properties of the obtained composites. The results for tensile
strength, Young’s modulus, and elongation at break are summarized in Tables 3–5 and
in Figures 9 and 10.

Table 3. Young’s modulus of WPCs.

Young’s Modulus (GPa)

Before Exposure
to Fungi C. puteana (Cp) C. versicolor (Cv) Ch. globosum (Chg)

Time of UV Irradiation (Days) 0 7 30 0 7 30 0 7 30 0 7 30

PP+W 1.42 1.42 1.12 1.42 1.34 1.20 1.44 1.31 1.15 1.32 1.22 1.15
PP+W+EEP 1.91 1.84 1.74 1.96 1.91 1.82 1.82 1.82 1.72 1.82 1.81 1.75

PP+W+EEP+silanes 1.89 1.80 1.74 2.07 1.97 1.82 1.84 1.74 1.59 1.76 1.71 1.66
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Table 4. Tensile strength of WPCs.

Tensile Strength (MPa)

Before Exposure
to Fungi C. puteana (Cp) C. versicolor (Cv) Ch. globosum (Chg)

Time of UV
Irradiation (Days) 0 7 30 0 7 30 0 7 30 0 7 30

PP+W 13.05 13.66 10.38 12.02 12.46 10.79 15.11 12.95 10.95 12.88 13.86 10.87
PP+W+EEP 20.23 19.39 17.67 20.22 19.39 18.44 19.60 18.59 17.92 19.32 18.61 18.29

PP+W+EEP+silanes 18.68 17.27 16.53 18.11 18.45 16.92 18.61 16.47 16.02 17.50 17.27 16.61

Table 5. Elongation at break of WPCs.

Elongation at Break (%)

Before Exposure
to Fungi C. puteana (Cp) C. versicolor (Cv) Ch. globosum (Chg)

Time of UV
Irradiation (Days) 0 7 30 0 7 30 0 7 30 0 7 30

PP+W 1.65 1.87 1.77 1.56 1.58 1.61 2.07 2.01 1.91 1.78 1.76 1.90
PP+W+EEP 2.21 2.35 1.84 1.83 1.77 1.81 2.11 2.04 1.93 1.84 1.76 1.84

PP+W+EEP+silanes 2.10 2.22 1.58 1.74 1.95 1.71 2.31 2.17 2.27 2.03 2.01 2.04

It can be seen that the modification of wood with propolis and silanes improved
the mechanical properties of WPCs. The highest values of parameters were obtained for
composites with wood modified with propolis, which correlates very well with the XRD
results. The highest Xc values were also obtained for samples of this composite. The value
of Young’s modulus for the reference sample was 1.42 GPa, while for composites with
modified wood, it was about 1.9 GPa.

Mechanical tests of samples exposed to UV treatment confirmed the negative influence
of this factor on the strength properties of WPCs. It was noticed that the strength parameters
of composites decrease with the time of exposure. The greatest changes in properties were
observed for WPC samples with unmodified wood. Young’s modulus and tensile strength
values for these composites decreased by over 20%. Wood modification with propolis
and silanes resulted in a greater stability of the strength parameters. For these samples, a
decrease in YM and TS by only about 10% was observed.

The addition of another destructive factor also resulted in a reduction in the mechanical
properties of the samples; however, the effect differed depending on the type of attacking
fungus. The WPC samples showed the highest susceptibility to the action of C. versicolor,
while the least aggressive fungus turned out to be Ch. globosum. However, the destructive
effect of fungi on the strength parameters was limited in the composite samples containing
propolis-treated wood. Interestingly, both UV radiation and the action of all types of fungi
did not have a significant effect on the elongation of break of all tested composites.

The obtained relationships are perfectly illustrated in Figures 9 and 10, where the
change in the values of individual parameters under the influence of two parameters—UV
radiation and fungal activity—is shown. It can be seen that there is a large discrepancy in
the values for PP+W composites. These composites are very susceptible to both fungi and
UV radiation, and the action of both of these factors increases their destructive effect and
the reduction in the YM and TS values. However, for the remaining composites containing
propolis, an inhibitory effect was noticed. This proves the beneficial effect of propolis and
the increased protection of the material against both factors. The decrease in the strength of
composites can be explained by the photodegradation of the material.
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The obtained dependencies are consistent with the literature data. Many studies
have shown that UV radiation played a remarkable role in the decline in the mechanical
properties of composite materials. In these works, it was found that the tensile strength
of the fibers decreases with exposure time [10,79,80]. An extensive review of the effects of
weathering on the properties of WPCs was presented by Friedrich [36]. The effect of cou-
pling agents (maleic anhydride-grafted polypropylene and m-TMI grafted polypropylene)
on the mechanical properties of WPCs after UV was investigated by Gunjal et al. [42]. The
influence of fungi on WF/HDPE composites in the presence of various compounds was
also investigated by Feng et al. [19]. They noticed a decrease in the strength parameters
of composites exposed to mycelium. The properties, however, improved when fungi-
cides were added to the system. Curling et al. presented the relationship between the
mechanical properties, weight loss, and chemical composition of wood caused by brown
rot decay. In the work, they investigated the influence of degradation on the composition
of hemicellulose and the relationship between the decay and the mechanical properties of
wood [81]. The results obtained in our study indicate a positive effect of propolis on the
protection of wood against fungi. This phenomenon was demonstrated in many previous
works, but they concerned only solid wood. Akcay et al. in their research used propolis
methanol extract (MPE) as an antifungal agent for the preservation of Scots pine wood.
They observed a 91.5% degree of protection against wood rot fungus compared to the
control [28]. Woźniak et al. and our previous work also confirmed the effectiveness of
improving the resistance of wood to fungi (including C. puteana) as a result of the action of
propolis [45,48].

Summing up, the analysis of the obtained results of mechanical tests showed that the
greatest deterioration of the strength properties was noted for raw wood systems exposed
to both fungi and UV. The modification of wood with propolis extract and silanes resulted
in the production of composites with a much greater resistance to the action of destructive
factors, as evidenced only by a slight deterioration in selected strength parameters.

4. Conclusions

The conducted research showed a significant effect of the wood modification with
propolis extract on increasing the fungal resistance of the obtained composite materials. The
composites containing wood impregnated with the propolis-silanes formulation showed
the highest resistance against all tested fungi (Ch. globosum, C. puteana, and C. versicolor),
also when composite samples were subjected to UV radiation. The higher resistance of these
WPCs may be connected with the synergistic action of the bioactive components of propolis
and silicon compounds, which possesses hydrophobic properties, and thus may reduce
the moisture content of wood. The UV radiation did not influence the WPC resistance
against T. versicolor and Ch. globosum. Only in the case of the WPC with wood treated with
the propolis-silanes system and exposed to C. puteana, a slight increase in weight loss of
WPC samples after 30 days of radiation was observed. The resistance of tested composites,
especially in the case of composites containing wood impregnated with propolis extract and
silicon compounds, against decay fungi was also confirmed by ATR–FTIR analysis, where
slight changes in the intensities of bands characteristic for polysaccharides and lignin were
observed. Moreover, the relative intensities of polysaccharides bands against the lignin
band indicated that the action of tested fungi resulted in a decrease in carbohydrate/lignin
ratio in WPC samples, which confirm that all fungi are capable of removing all chemical
components of the cell walls, causing simultaneous wood destruction.

In the further part of the work, structural and mechanical tests of composites contain-
ing modified lignocellulosic fillers, previously exposed to UV radiation and fungi, were
carried out. Then, the impact of the modification of the filler on the protection of WPCs
against the effects of the above-mentioned destructive factors was assessed. The analysis of
the XRD test results showed that all types of fungi and UV radiation cause a change in the
WPC supermolecular structure, as evidenced by an increase in the Xc value. The range of
changes increased with the exposure time and was most noticeable for composites with
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unmodified wood. However, composite samples containing wood treated with propolis
extract and silanes were characterized by Xc values similar to the reference samples. Me-
chanical tests also showed a synergistic destructive effect of UV radiation and fungi activity
on composite materials. For WPC systems with raw wood, a significant deterioration in
strength properties was noted. Moreover, it has been shown that the use of propolis extract
and the hybrid system (propolis-silanes) in the modification of the filler results in obtaining
a material with only a slight deterioration in selected strength parameters (YM, Eb, TS) and
a stabilization of the values of these parameters during irradiation.

On the basis of the obtained results, it can be concluded that the introduction of fillers
modified with propolis and silanes into the polymer matrix results in the inhibition of
photo- and biodegradation of WPC materials. Thus, the proposed modifying system plays
the role of an effective and ecological UV stabilizer and an antifungal agent.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ma15103435/s1, Figure S1. FTIR–ATR spectra of com-
posite samples: (a) PP+W (A–), (b) PP+W+EEP (A–), and (c) PP+W+EEP+silanes (A–), without UV
aging (0) and exposure to C. puteana (B–), C. versicolor (C–), and Ch. Globosum (D–). Figure S2. FTIR–
ATR spectra of composite samples: (a) PP+W (A–), (b) PP+W+EEP (A–), and (c) PP+W+EEP+silanes
(A–), after UV aging (7 days) and exposure to C. puteana (B–), C. versicolor (C–), and Ch. Globosum (D–).
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54. Kumar, A.; Pavla, R.; Sever, S.A.; Humar, M.; Pavlič, M.; Jan, T.; Petr, H.; Zigon, J.; Petric, M. Influence of Surface Modification of
Wood with Octadecyltrichlorosilane on Its Dimensional Stability and Resistance against Coniophora Puteana and Molds. Cellulose
2016, 23, 3249–3263. [CrossRef]

55. Pandey, K.K.; Pitman, A.J. FTIR Studies of the Changes in Wood Chemistry Following Decay by Brown-Rot and White-Rot Fungi.
Int. Biodeterior. Biodegrad. 2003, 52, 151–160. [CrossRef]
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