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Abstract: The article discusses the grain morphology of the natural filler from hazelnut and walnut
shell flour. It was observed that the geometry of both meals is similar to each other and resembles
uneven balls in shape. The heterogeneity and well-developed outer surface of the flour grains
allow for filling the voids with the polymer matrix. The analysis of the surface of the SEM images
allowed to observe the presence of natural filler flour grains in the entire volume of the produced
polymer composites, uneven distribution and small agglomerates, as well as the presence of voids,
distributed in the matrix and in the matrix/filler interface. As a result of the visual evaluation of the
activity of microorganisms (mycelium) on the surface of the produced polymer composite materials
PP /hazelnut and walnut shell flour with a different % share, different fraction, it was found that the
best fungistatic effect was shown by the samples marked with the symbol hazelnut at the fraction
315-443 pum. The least fungistatic material was found to be the samples with walnut shell meal filler
at the fraction 315443 um (F2 and F4), on which the microorganisms achieved significant growth
(more than 50% of the test area). The highest value of contact angle was obtained for samples with
hazelnut filler fraction 315443 (C2 and C4), which also confirms its best fungistatic effect.

Keywords: polymeric materials; WPC; biodegradation; hazelnut shell flour; walnut shell flour; fungi

1. Introduction

Over the past few years, interest in polymeric WPC composite materials has increased,
resulting in broader research into modifying these materials. Modern materials are pro-
duced with increasingly better properties, containing natural plant fillers.

Until now, wood has been the main natural construction material owing to its high
inherent strength, and the fact that they are easily shaped and machined by uncomplicated,
inexpensive methods using versatile tools. Unfortunately, wood has the disadvantage
of being flammable, as well as being susceptible to moisture and biological microorgan-
isms. This is very important when using wood for structures located outdoors, which
necessitates regular impregnation. Naturally, there are defects in wood in the form of
knots, which also adversely affect the properties of products made from wood [1,2]. The
United States is the largest market for the production of WPC composites using wood
flour as the filler. This country produces mainly board-like profiles to replace wooden
boards in outdoor applications (porches, terraces, and balustrades). In Germany, this type
of material is used in the automotive industry, and in China, the applications are most
varied, from production of elements of window profiles, doors, flower pots, benches to
thermal insulation systems [3—6]. WPC materials can also be used in sports equipment,
such as baseball bats and skis [7-13]. Inedible parts of fruits or plants, cereal grains, plant
stalks, nutshells may be used as an alternative to wood flour used in polymer composites,
which makes it possible to obtain the product features desired by the consumer, such as:
Aesthetics, low product weight, high resistance to UV factors or moisture.

The use of hazelnut or walnut shell flour as a filler may reduce water absorption and
improve the functional properties of the products, which would make it possible to use
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them, among other things, for garden elements (terrace boards, balustrades, playgrounds,
roofing, etc.) [14-23].

In many countries, nutshells are crushed, and this reduces the cost of the process
compared to wood, which is a significant advantage for using nut flour as a filler in WPC
materials. In addition, nutshell flour has a relatively low price, about 5 cents/kg lower than
the cheapest wood flour—pine flour. These features make the study of WPC composites
filled with nutshell flour a response to real consumer needs [23].

However, ongoing research on these materials shows that the use of natural fillers
reduces the usable life of products made from them, as they are exposed to microorgan-
isms, mainly fungi and bacteria, which thrive in environments suitable for them. Their
rapid development has a strong influence on the deterioration of product properties, and
therefore, an assessment is carried out in terms of the factors affecting these properties.

The result of research on biological resistance of polymer composite materials is the
assessment of the susceptibility of such materials to microbial colonization processes. At a
given time, the speed and size of the area occupied by fungal mycelium is checked [24].

Fungal growth on materials is a type of biological corrosion, the summation of two
chemical processes: Biodegradation and mycotoxic environmental contamination.

Biodegradation is the so-called decomposition of plastics and polymeric materials in
the natural environment as a result of the activity of microorganisms [24-27].

Adequate access to nutrients as well as favorable conditions, i.e., adequate humidity
(approx. 60-70%), temperature and weather conditions, contribute to the proper develop-
ment of fungi. The type of medium on which the fungi grow depends on the type of fungi
growing most commonly.

The rate, nature, and growth of microorganisms affect the performance, chemical,
physical and strength properties of both plastics and polymeric composite materials with
plant fillers.

The impact of microorganisms on polymer composites involves a number of chemical
and biological processes. Enzymes produced by microorganisms shorten the polymer
chains in the material, reducing the molecular weight, altering a number of properties, and
thus affecting other degradation processes [24,28].

The biodegradability of polymeric materials depends on their intended use. On the
one hand, the aim is to develop materials with increased biodegradability, and these are
all kinds of packaging, while on the other hand, materials with reduced microbial activity
are being developed in order to extend their useful life, e.g., materials for construction, the
automotive industry, or the decorative and utility industries.

This paper presents the results of: Morphology of the natural filler grains, microstruc-
ture of the produced polymeric composites, and a visual assessment of the surface of the
produced PP polymeric composite materials /hazelnut shell flour and walnut shell flour in
terms of mycelium and wetting angle.

2. Materials and Methods

The investigations were carried out on polymer composite materials based on the
Moplen HP400R polypropylene (produced by Lyondellbasell in Poznar, Poland) matrix
with the filler from the hazelnut and walnut shell flour walnut shell flour with 30% and
50% content and fractions of 0-200 um and 315-443 um (Table 1). The PP polypropylene
used as a matrix is a homopolymer designed for injection, characterized by low viscosity
and good stiffness.

Before extrusion, the hazelnut and walnut shells used as a filler to produce polymeric
composite materials were ground in a two-step process: Stage I in a Schutte Buffalo hammer
mill (Instytut Nowych Syntez Chemicznych. Oddziat Chemii Nieorganicznej “IChN”,
Gliwicach, Poland) and Stage II in a turbine mill (Instytut Nowych Syntez Chemicznych.
Oddziat Chemii Nieorganicznej “IChN”, Gliwicach, Poland). After grinding, the resulting
flour was passed through sieves with different mesh sizes in order to obtain different
flour fractions.
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Table 1. Marking of the investigated materials.

The Content of Flour in the Composite, %

Flour from Walnut Shells, Fraction um Hazelnut Shell Walnut Shell
0 30 50 0 30 50
0-200 PP A2 A4 PP D2 D4
315-443 PP C2 C4 PP F2 F4

Then, the flour was dried at a temperature of about 80 °C for about 4 h and mixed with
polyolefin granulate. Such blends were subjected to one homogenizing extrusion using
a Goottfert counter rotating twin-screw extruder (Sie¢ Badawcza Lukasiewicz-Instytut
Inzynierii Materiatéw Polimerowych i Barwnikow, Gliwice, Poland) at a ratio of L/D = 25,
equipped with an extrusion head for extruding a bar with ¢ 3 mm diameter at the exit.

The extrusion process conditions selected for the PP /nut shell flour composite blends:
Zone I temperature: 180 °C, zone II temperature: 200 °C, zone III temperature: 210 °C,
head temperature: 215-220 °C, number of rotations: 2—4 rpm.

After extruding, the granulate was injected, and the final results were test samples
in the form of a standardized Al-type test piece according to PN-EN ISO 527-1 [29]. The
injection process was carried out with a Battenfeld Plus 35/75 injection molding machine
(Sie¢ Badawcza Lukasiewicz-Instytut Inzynierii Materialow Polimerowych i Barwnikoéw,
Torun, Poland) equipped with a Unilog B2 control system with the L/D ratio of 17.

2.1. Structure Study

Images of the microstructure of the surface of natural filler powders and the surface
structure of the produced polymeric composite materials were made using a SEM scanning
electron microscope type ZEISS Supra 35 (The Silesian Technical University, Gliwice,
Poland), at magnifications of 100x and 200x for the filler, and 100x for the produced
polymeric composites. Before examination on the microscope, all flour samples and
composite samples were placed on carbon tape and dusted with gold.

2.2. Influence of Microorganisms on the Surfaces of Polymer Composite Materials

The evaluation of the impact of microorganisms on the surfaces of manufactured poly-
meric composite materials was carried out in accordance with PN-EN ISO 846, 2002 [30].
The methods used were Method A of the standard “Mycelium growth test” for the deter-
mination of the resistance of plastics to fungi and Methods B and B” “Determination of the
fungistatic effect.”

Fungal reference strains were used for the study: Aspergillus niger (ATCC 6275),
Chaetomium globosum (ATCC 6205), Gliocladium virens (ATCC 9645), oraz Paecilomyces
variotti (ATCC 18502).

The size, shape of the test specimens, materials, test methodology and guidelines
described in EN ISO 846, 2002 were applied to the tests.

In Method A, samples are exposed to a suspension of a fungal spore mixture in the
presence of an incomplete medium (no carbon source). Fungi can only grow at the expense
of the test material. If the samples do not contain nutrient elements, no fungal growth can
occur, and the properties of the plastic will not deteriorate as a result. This method is used
to assess the natural resistance of plastics to fungi where no other organic matter is present.

In Methods B and B’, samples are exposed to a suspension of a fungal spore mixture
in the presence of a complete medium, i.e., with a carbon source. Even if the material does
not contain any nutrients, fungi can grow on the samples and their metabolic products can
affect the material. In the case of Method B’, samples are not placed on the medium until
the medium is fully grown.

According to EN ISO 846, 2002, a division into 3 batches of samples was used:
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- Batch 0—control samples, kept at a standardized temperature and relative humidity,
(23 £ 1 °C, 50% humidity + 5);
- Batch I—samples seeded with micro-organisms and incubated at 24 + 1 °C;
- Batch S—non-seeded samples, stored under the same conditions as Batch L.
Visual assessment was carried out according to the scale contained in the standard
(Table 2, after 4 weeks of incubation).

Table 2. Evaluation of microbial growth according to EN ISO 846 (2002).

Growth Rating

Intensity
0 No visible growth under the microscope.
1 Growth invisible to the unaided eye but clearly visible under the microscope.
2 Growth discernible to the unaided eye, covering up to 25% of the examined area.
3 Growth discernible to the unaided eye, covering up to 50% of the examined area.
4 Substantial growth, covering more than 50% of the examined area.
5 Intense growth, covering the entire examined area.

2.3. Surface Observation

Images taken with the SCAN® 1200 (Interscience, France). automatic colony counter
were used for visual assessment. For microscopic observations, an Olympus SZX 12 stereo
microscope (Olympus, Tokyo, Japan) was used at 60 x magnification of the sample image,
using a camera ARTRAY Model ARTCAM 300MI (Artray, Tokyo, Japan).

2.4. Wettability

The wettability of surface of tested polymer composites was determined on the base
of contact angle measured by direct method. Deionized water with a surface tension of
72.8 mJ/ m? was used for measurements. Investigations were made in the air with a humid-
ity of approximately 30% at room temperature using a G-10 device Kriiss GmbH Company
(Hamburg, Germany), equipped with PG software. Water drops were placed on surfaces of
tested samples and the contact angle was then measured. For this, 10 measurements were
made for each sample.

3. Results and Discussion

The grain morphology of the natural plant fillers was assessed from the analyzed SEM
images. This analysis (Figure 1) confirmed that the hazelnut and walnut shell flour grains
in the loose state obtained by milling differed in surface structure, while their geometry
was similar. The particles of the ground shells resembled uneven balls (Figure 1b—d) and,
moreover, their surface was rough, but when comparing the grains from the shell flour of
the two types of nuts, the surface of the walnut particles appears to be more rough and
uneven. The heterogeneity and well-developed outer surface and the discontinuities seen
within the grains are most likely due to the structure of the nutshells. These discontinu-
ities allow the free spaces to be filled by the PP matrix, which affects its bonding to the
filler [31-34].

Hazelnut and walnut shell flour are a promising filler for polymeric composite mate-
rials. This is owing to their favorable structure. Nutshells are made up of sclerenchyma,
which is dead tissue, and its function is to strengthen the plant. Mature sclerenchymatous
cells have strongly thickened secondary walls and are the hardest plant tissues, character-
ized by very high hardness and rigidity and low water absorption. In addition, suberin
is found in the nutshells. This substance is composed primarily of long-chain fatty acids
and their esters with aliphatic alcohols, which exhibit strong hydrophobic properties that
further protect the shell against biodegradation and moisture absorption. The hydrophobic
nature of the shell surface presents considerable difficulty in breaking down this plant
tissue by microbial enzymes and assimilating it. There are practically no natural polymers
in them: Lignin and cellulose, which can degrade quite easily in wood under the influence
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of various environmental factors, e.g., UV radiation, which leads to wood graying and color
change. The absence of lignin and cellulose in the nutshells has another very important
advantage from the point of view of thermoplastics processing. It improves the thermal
resistance of the filler in the matrix. Possessing such features allows the creation of new
WPCs (wood-polymer composites) composite materials devoid of the basic disadvantage
of this type of material, which is the change of properties and reduction in durability under
the influence of moisture and microorganisms [35,36].

200 pim EHT = 10.00 kv Signal A = SE2 100 pm EHT = 15.00 kv Signal A = SE2 f—
WD =165 mm Mag= 80X F——  wo=172mm Mag= 400X

o B

200 pm EHT =10.00 kv Signal A = SE2 EHT = 10.00 kv Signel A = SE2
H WD =17.2mm Mag= 60X F——  wo=175mm Mag= 400X

Figure 1. Photos of hazelnut shell meal (a,b) and walnut (c,d).

The surface analysis of SEM images allowed to observe the presence of natural filler
flour grains in the whole volume of the produced polymer composites, as well as their
uneven distribution and small agglomerates (Figure 2). The uneven distribution of fillers
in the PP matrix is characteristic of particle-filled polymer composites [10,34]. Proper
wettability of the filler surface resulting from the use of a relatively low molecular weight
polymer increases the adhesion between the matrix and the filler [16,34]. The PP polymer
matrix not only covers the surfaces of the plant filler flour but also appears to penetrate
deep into the porous grain structure. The presence of voids, free spaces distributed in the
PP matrix, as well as in the matrix/filler interface, was also observed.

The higher porosity of the material was observed in composites filled with hazelnut
shell flour, regardless of the % amount of the filler, which is most likely due to the smoother
surface structure of the hazelnut shell, which may result in limited adhesion between
the matrix and the natural filler. A few pores of larger size that can be observed in the
material may be the result of impeded degassing of the highly viscous components, which
is influenced by the shape and surface of the flour grains [16,34,37].
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Figure 2. Photo of the produced PP/shell flour polymer composite material: (a) A4 and (b) C4 from
hazelnuts and (c) D4 and (d) F4 from walnuts.

The susceptibility of manufactured polymeric composite materials to microorganisms
depends, among other things, on the type of polymer, the natural filler, the % share of
the filler in the matrix, and the particle size of the filler. Among other things, this is
related to the properties of the PP polymer, i.e., its molecular weight, chemical structure,
and physicochemical properties [24,38,39]. Synthetic polymers including PP show little
susceptibility to microorganisms as a result of the hydrophobic chemical structure of the
surface [24,40].

The results of the visual analysis of the individual fungal treated samples are included
in Tables 3-5.

Table 3. Fungal growth on test samples (Method A)—result of visual assessment of samples based
on Table 2.

Tested Samples

Batch PP A2 A4 C2 C4 D2 D4 F2 F4
0 0 0 0 0 0 0 0 0 0
I 2 4 4 2 2 4 4 4 4
S 0 0 0 0 0 0 0 0 0

In the case of walnut filler (D2, D4, F2, and F4), in both fractions (0-200 um and
315-443 um) with different % (30% and 50%) amount in Method A, where samples are
exposed to a suspension of a mixture of fungal spores in the presence of an incomplete
nutrient medium (without a carbon source), significant mycelium growth was observed,
covering more than 50% of the test area samples (Figure 3). In this method, mushrooms
can only grow at the expense of tested material.
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Table 4. Fungal growth on test samples (Method B)—result of visual assessment of samples based on
Table 2.

Tested Samples

Batch PP A2 A4 C2 C4 D2 D4 F2 F4
0 0 0 0 0 0 0 0 0 0
I 1 4 4 2 2 4 4 5 5
S 0 0 0 0 0 0 0 0 0

Table 5. Fungal growth on test samples (Method B’)—result of visual assessment of samples based
on Table 2.

Tested Samples

Batch PpP A2 A4 C2 C4 D2 D4 F2 F4
0 0 0 0 0 0 0 0 0 0
I 1 4 5 2 2 4 4 5 5
S 0 0 0 0 0 0 0 0 0

On the other hand, in Method B and B’, where samples are exposed to a suspension of
mixture of fungal spores in the presence of a complete nutrient solution, i.e., with a carbon
source, in the case of a larger fraction in both cases of natural walnut filler (315443 um),
intensive fungal growth was observed, covering the entire test area (Figures 4 and 5).

The best fungistatic effect demonstrated samples marked symbol C2 and C4 (hazelnut
meal filler) in all Methods A, B, and B’. With the naked eye, mycelium growth was observed
up to 25% of the tested area, with both 30% and 50% filler content and the size of the meal
fraction 315—443 um. The other tested materials marked A2, A4, D2, D4, F2, F4 (Method A)
did not show resistance to fungi. The fungal colony growth was observed to cover more
than 50% of the tested area. The intensive growth of the mycelium covering the entire
surface of the tested samples took place on the composites designated F2 and F4 (Method
B and B’).

The least fungistatic material of all tested samples were samples with 30% and 50%
walnut shell meal filler and 315443 pm fraction (F2 and F4), on which the microorganisms
achieved significant growth covering the entire surface area. This is probably due to the
structure of shell being rougher and uneven than that of hazelnut shells, where this fungus
resistance is the best in larger fraction.

Figure 6 shows the surfaces of the tested samples not inoculated with the mixture of
fungal embryos in which no mycelial colonies were observed.

In Method A (Figure 7), where the samples were exposed to a suspension of the
mixture of fungal spores in the presence of an incomplete medium, growth of fungal
colonies was observed on all tested surfaces. They are visible by the naked eye and cover
up to 25% in the case of samples with the symbols PP, C2, and C4. On the surface of the A4
sample with the content of 50% hazelnut meal filler and 0-200 um fraction, water droplets
and small amounts of fungal hyphae are visible. The remaining surfaces of the test samples,
both with walnut and hazelnut meal filler (A2, D2, D4, F2, and F4) are largely covered
(over 50% of the surface).

In Method B (Figure 8), where the test surfaces were exposed to a suspension of the
mixture of fungal spores in the presence of a complete nutrient medium with a carbon
source, a significant growth of filamentous hyphae was observed on almost the entire
surface on samples A2, A4, D2, D4, F2, and F4. There are also numerous long, straight
fungal hyphae elongated upwards with spherical embryos on the surface. In the case of
the sample area C2 and C4, the coverage with fungal colonies is the lowest and amounts
to 25%.
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Ad—batch I
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F2—batch 1 —batch I

Figure 3. Method A—results of visual assessment of samples; photos of batch samples: I.
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Figure 4. Method B—results of visual assessment of samples; photos of batch samples: I.
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Fd—batch I

F2—batch I
Figure 5. Method B’—results of visual assessment of samples; photos of batch samples: I.
In Method B’ (Figure 9), samples are not placed on the medium until it is completely

grown. On the surface of the tested samples A4, F2, and F4 (50% hazelnut flour content
with 0-200 um fraction and 30% and 50% walnut flour content with 315-443 um fraction),
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there is an intense growth of flat, thread-like hyphae colonies. In the case of samples C2
and C4, this coverage is the smallest and covers only 25% of the tested area.

PP—batch S

A2—Dbatch S

C2—batch S

R T

[}

D2—Dbatch S D4 —batch S

F2—Dbatch S F4—Dbatch S

Figure 6. Results of microscopic evaluation of batch samples: S.
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A2—batch I ' Ad—batch I

D2—batch I

F2—batch I o F4—batch I

Figure 7. Methods A—results of microscopic evaluation of batch samples: 1.
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o
PP—batch I

. A2 —batch I - A4 —batch I

C2—batch I . i C4 —batch I

D2—batch I D4—batch I

F2—batch I F4—Dbatch I

Figure 8. Methods B—results of microscopic evaluation of batch samples: 1.
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PP—batch I

A4—batch I

C2—batch I ' C4—batch I

D4—batch I

F2—batchl F4—batch I

Figure 9. Methods B’—results of microscopic evaluation of batch samples: 1.
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In the case of the walnut filler, significant mycelial growth was observed at both
fractions and % share in Method A, covering more than 50% of the surface of the examined
sample. In contrast, in Methods B and B’, intensive fungal growth was observed for the
larger fraction (315-443 um), covering the entire examined surface.

Visual observation of the mycelium growth process on the surface of the tested
materials showed that both the environment in which the tests were carried out, the type
of filler (hazelnut and walnut flour), the grain fraction, and the percentage of flour in the
polymeric composite materials produced had an effect on the result. Visible fungal culture
colonies can be observed on samples in Method A, B, and B’ (Figures 3-9).

The measure of wettability of tested surface is contact angle, also known as wetting
angle. It is angle between tested surface and the tangent to the surface of distilled water
drop wetting the surface. The value of contact angle lower than 90° determines the degree
of wetting of tested surface. A contact angle of 0° theoretically defines the ideally spreading
liquid over surface and complete wetting. A contact angle of 180° corresponds to the
complete non-wettability of the surface.

The wettability result is influenced by factors such as: Surface heterogeneity under
chemical or physical influence, surface roughness, contamination on the surface, and
type and size of the measuring drop. Table 6 below shows values of contact angle of
tested surfaces.

Table 6. Results of the wetting angle.

Designation of the
Sample

PP A2 A4 Cc2 C4 D2 D4 F2 F4

Wetting angle (°)

97.55 104.81 98.22 100.02 105.36 97.33 101.35 97.85 97.14
+6.95 +£1.29 +2.64 +1.47 *1.85 +8.27 +5.88 +2.37 +2.40

The highest values of contact angle were shown by polymer composites marked sym-
bol A2, C2, and C4 (100.02°-105.36°), which proves their worse wettability in comparison
with wettability of other composite surfaces (PP, A4, D2, D4, F2, and F4). In all cases, the
contact angle is close to 100°, which may prove stable, homogeneous energy properties of
tested surfaces in the area of contact with water drop.

Samples marked F2 and F4 showed the lowest contact angle and the differences
between samples with different percentages were the smallest in comparison with other
samples, which proves the best wettability. Samples marked A2, A4, C2, and C4 showed
the lowest values of standard deviation of contact angle (1.29°-2.64°), which may result
from the high dimensional stability of droplet or the lack of a tendency for water droplets
to spread on tested surfaces.

The differences between the wettability of tested samples with the same fillers, but
with a different content in the PP matrix (97.55°) and with a different fraction, is small.

The wettability of samples marked F2 and F4 (97.85°-97.14°) is the closest to the
contact angle of PP matrix surface itself. The difference in contact angle of tested samples
depends on the type of natural filler, the amount of % filler in matrix, as well as its fraction.

4. Conclusions

The activity of microorganisms, first of all fungi, significantly affects the specific
features and utility of tested polymer composites exposed to contact with microorganisms.
Biological corrosion caused by the growth of fungi takes place when favorable conditions
are met.

Tested polymer composites contain nutrients in the form of natural fillers, such as
walnut or hazelnut shell flour. It was possible to assume that they are susceptible to
the action of microorganisms, which was confirmed by the research results obtained and
described in the paper.

Despite the use of PP matrix, which is characterized by a relatively low molecular
weight, which increases adhesion with the filler, and PP is a type of polyolefin with high
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resistance to biodegradation, it did not form a sufficiently tight cover around the filler
particles to protect the material from mycelium.

The occurrence of pores observed in composite matrix, regardless of the % amount
of natural filler, probably results from difficult degassing of sticky matrix and the filler
components, which also affects the resistance to microorganisms.

There are many methods available for testing fungus degradation of polymer compos-
ites, but currently there is no laboratory standard for testing.

As a result of visual evaluation of the effect of microorganisms—fungi, on the surface
of manufactured PP polymeric/nutshell flour composite materials with different % share
of different fractions, it was found that the best fungistatic effect was demonstrated by the
samples labeled C2 and C4 in all Methods A, B, and B’. The other tested materials, A2, A4,
D2, D4, F2, and F4, did not demonstrate any fungal resistance. Intensive microbial growth
covering the entire surface was noted (for Methods B and B’). The least fungistatic material
proved to be samples with walnut shell flour filler at 30% and 50% share and fractions of
315-443 um (F2 and F4), on which microorganisms reached (after 4 weeks of testing) a
significant growth, covering more than 50% of the examined surface. This could probably
be due to the rougher and more uneven shell surface compared to hazelnut shells, where
this fungal resistance is best with a larger fraction.

Both in Methods A, B, and B’, the growth of fungal colonies to a different degree was
observed on the examined surfaces. In Methods A and B, numerous hyphae elongated
upwards ended with embryos were observed on the surface of samples A, D, and F. On the
other hand, the surfaces of samples C2 and C4 are the least covered in all the Methods.

Interaction between polymer matrix and natural filler is of great importance. Natural
fillers used in the form of hazelnut and walnut shell flour are characterized by a highly
lignified cell structure, which is the main component of walnut shells. Almost 90% of
cell’s volume is attributed to the walls, thanks to which shell has a better resistance to
degradation than wood.

The susceptibility of manufactured polymer composite materials to fungi depends,
inter alia, on the type of natural filler, the percentage of filler in matrix, and the size of
its particles. The fact that surface of natural fillers is not covered by PP matrix promotes
growth and spread of colonies of microorganisms, including fungi. The materials can be
secured with additional agent to protect them against damaging effects of fungi, but this
would increase their price and reduce the recycling process carried out after the period
of use.

The hydrophilicity of tested samples determines the wettability of their surface, which
will result in a good, enabling migration of fungal colonies on tested surface. The highest
value of the contact angle was obtained for samples marked C2, C4, which also confirms
its best fungistatic effect, which may also result from the developed surface of filler meal.
The adhesion of mycelium to tested surface is conditioned by the existence of electrostatic,
hydrophobic interactions between fungi and surfaces of composite materials. It was found
that there is a direct influence of composition of composite material, the % amount of filler
in matrix, and filler fraction on the value of water contact angle.

Author Contributions: A.W.-F. analyzed the data and wrote this article; A.W.-F. and M.P.-R. partic-
ipated in the revision of the manuscript. All the authors have commented on the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2021, 14, 1368 17 of 18

References

1.  Lewandowski, K.; Zajchowski, S.; Tomaszewska, J. Influence of temperature on the properties of PVC/wood composites. Cherm.
Engine. Appar. 2010, 49, 71-72.

2. Hyla, L; Sleziona, J. Composites—Elements of Mechanics and Design; Publishing House of the Silesian University of Technology:
Gliwice, Poland, 2004.

3. Chmielnicki, B.; Konieczny, J. Properties of WPC composites with polyethylene matrix filled with nut shell flour. Plast. Process.
2014, 1, 12-20.

4. Prochon, M.; Witczak, M.; Biernacka, A. Wood as a component of polymer biocomposites. Eliksir 2017, 1/5, 24-26.

5. Postawa, P; Stachowiak, T.; Szarek, A. Investigation of the properties of wood-polymer composites by the DMTA method.
Compozyty 2010, 3, 266—-269.

6.  Lyutyy, P; Bekhta, P; Sedlliacik, J.; Ortynska, G. Properties of flat-pressed wood-polymer composites made using secondary
polyethylene. Acta Fac. Xylologiae Zvolen 2014, 56, 39-50.

7. Chmielnicki, B.; Konieczny, J.; Flisiak, ]. WPC composites—Production, processing and application possibilities. Plast. Process.
2017, 3, 172-184.

8. Michalska-Pozoga, I.; Rydzkowski, T. The effect of extrusion conditions for a screw-disk plasticizing system on the mechanical
properties of wood-polymer composites (WPC). Polimery 2016, 61, 202-210. [CrossRef]

9.  Shakuntala, O.; Raghavendra, G.; Kumar, A.S. Effect of filler loading on mechanical and tribological properties of wood apple
shell reinforced epoxy composite. Adv. Mater. Sci. Eng. 2014, 2014, 1-9. [CrossRef]

10. Satasiriska, K.; Barczewski, M.; Gérny, R.; Klozinski, A. Evaluation of highly filled epoxy composites modified with walnut shell
waste filler. Polym. Bull 2018, 75, 2511-2528. [CrossRef]

11. Pirayesh, H.; Khazaeian, A. Using almond (Prunus amygdalus L.) shel as bio-waste resource in wood based composites. Compos.
Part B Eng. 2012, 43, 1475-1479. [CrossRef]

12.  Bledzki, A K.; Abdullah, A.M.; Volk, J. Physical, chemical and surface properties of wheat, rye and softwood hulls and their
polypropylene composites. Compos. Part A Appl. 2010, S41, 480-488. [CrossRef]

13. Bledzki, A K.; Mamun, A.A.; Volk, J. Barley husk and coconut shell reinforced polypropylene composites: The effect of fibre
physical, chemical and surface properties. Compos. Sci. Technol. 2010, 70, 840-846. [CrossRef]

14. Carus, M,; Eder, A.; Dammer, L.; Korte, H.; Scholz, L.; Essel, R.; Breitmayer, E. Wood-Plastic Composites (WPC) and Natural Fiber
Composites (NFC); Conduct on European and Global Markets 2012 and Future Trends: Huerth, Niemcy, 2015.

15. Satasiriska, K.; Barczewski, M.; Borucka, M.; Gorny, R.; Kozikowski, P.; Celiniski, M.; Gajek, A. Thermal Stability, Fire and Smoke
Behaviour of Epoxy Composites Modified with Plant Waste Fillers. Polym. Test. 2019, 75, 1234. [CrossRef]

16. Barczewski, M.; Satasiniska, K.; Szulc, J. Application of sunflower husk, hazelnut shell and walnut shell as waste agricultural
fillers for epoxy-based composites: A study into mechanical behavior related to structural and rheological properties. Polym. Test.
2019, 75, 1234. [CrossRef]

17.  Sui, G.; Fuqua, M.A ; Ulven, C.A.; Zhong, W.H. A plant fiber reinforced polymer composite prepared by a twin-screw extruder.
Bioresour. Technol. 2009, 100, 1246-1251. [CrossRef]

18.  Ayrilmis, N.; Kaymakci, A.; Ozdemir, F. Physical, mechanical, and thermal properties of polypropylene composites filled with
walnut shell flour. J. Ind. Eng. Chem. 2013, 19, 908-914. [CrossRef]

19. Laaziz, S.A; Raji, M.; Hilali, E.; Essabir, H.; Rodrigue, D.; Bouhfid, R.; el kacem Qaiss, A. Bio-composites based on polylactic acid
and argan nut shell: Production and properties. Int. J. Biol. Macromol. 2017, 104, 30-42. [CrossRef] [PubMed]

20. Demirer, H.; Kartal, I.; Yildirim, A.; Biiytikkaya, K. The Utilisability of Ground Hazelnut Shell as Filler in Polypropylene
Composites. Acta Phys. Pol. 2018, 134, 254-256. [CrossRef]

21. Sommerhuber, PFE,; Welling, J.; Krause, A. Waste Manage, Polymer composites modified by waste materials containing wood
fibres. J. Ecol. Eng. 2016, 17, 72-78. [CrossRef]

22.  Olakanmi, E.; Strydom, M. Critical materials and processing challenges affecting the interface and functional performance of
wood polymer composites (WPCs). Mater. Chem. Phys. 2016, 171, 290-302. [CrossRef]

23.  Wiodarczyk-Fligier, A.; Polok-Rubiniec, M.; Chmielnicki, B. WPC composite materials with a polypropylene matrix reinforced
with a natural filler. In Proceedings of the Issue of Abstracts of the International Conference Material Technologies in Silesia’,
Zawiercie, Poland, 13-16 October 2019.

24. Sobkéw, D.; Barton, J.; Czaja, K.; Sudot, M.; Mozon, A. Research on the resistance of materials to environmental factors. Chemik
2014, 4/68, 347-350.

25. Sarsari, N.A.; Pourmousa, S.; Tajdini, A. Physical and mechanical properties of walnut shell flour-filled thermoplastic starch
composites. Mater. Sci. Bioresour. 2016, 11, 6968-6983.

26. Leja, K.; Lewandowicz, G. Polymer biodegradation and biodegradable polymers—A review. Pol. |. Environ. Stud. 2010, 19,
255-266.

27.  Gautam, R.; Bassi, A.S.; Yanful, E.K. A review of biodegradation of synthetic plastic and foams. App. Biochem. Biotech. 2007, 141,
85-108. [CrossRef]

28. Razza, F,; Innocenti, F.D. Bioplastics from renewable resources: The benefits of biodegradability. Asia Pac. ]. Chem. Engin. 2012,

7/3,301-309. [CrossRef]


http://doi.org/10.14314/polimery.2016.202
http://doi.org/10.1155/2014/538651
http://doi.org/10.1007/s00289-017-2163-3
http://doi.org/10.1016/j.compositesb.2011.06.008
http://doi.org/10.1016/j.compositesa.2009.12.004
http://doi.org/10.1016/j.compscitech.2010.01.022
http://doi.org/10.3390/polym11081234
http://doi.org/10.1016/j.polymertesting.2019.01.017
http://doi.org/10.1016/j.biortech.2008.03.065
http://doi.org/10.1016/j.jiec.2012.11.006
http://doi.org/10.1016/j.ijbiomac.2017.05.184
http://www.ncbi.nlm.nih.gov/pubmed/28587966
http://doi.org/10.12693/APhysPolA.134.254
http://doi.org/10.12911/22998993/65448
http://doi.org/10.1016/j.matchemphys.2016.01.020
http://doi.org/10.1007/s12010-007-9212-6
http://doi.org/10.1002/apj.1648

Materials 2021, 14, 1368 18 of 18

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.
40.

PN-EN ISO 527-1: 2012-1, Plastics—Determination of Mechanical Properties under Static Stretching—Part 1: General Principles.
Available online: https://sklep.pkn.pl/pn-en-iso-527-1-2012e.html (accessed on 10 March 2021).

PN-EN ISO 846, 2002, Plastics. Evaluation of the Activity of Microorganisms. Available online: https://sklep.pkn.pl/pn-en-iso-
846-2002p.html (accessed on 10 March 2021).

Satasiniska, K.; Ryszkowska, J. Influence of the chemical composition of the filler and morphological properties on the mechanical
properties of composites of natural fibers. Compos. Interfejsy 2015, 22, 39-50. [CrossRef]

Bledzki, A K.; Jaszkiewicz, A. Mechanical action of biocomposites based on PLA and PHBV reinforced with natural fibers—
Comparative study with PP. Compos. Sci. Technol. 2010, 70, 1687-1696. [CrossRef]

Satasiniska, K. Thesis. In Polymer Composites with Plant-Derived Fillers Obtained from Waste Materials; Warsaw University of
Technology: Warsaw, Poland, 2015.

Wiodarczyk-Fligier, A.; Polok-Rubiniec, M.; Chmielnicki, B. Polymer composites with a natural filler. Compos. Mater. 2019, 2,
44-48.

Wiodarczyk-Fligier, A.; Polok-Rubiniec, M.; Chmielnicki, B. Polypropylene-matrix polymer composites with natural filler. Arch.
Matall. Mater. 2021, 66, 313-319. [CrossRef]

Araujo, ].R;; Mano, B.; Teixeira, G.M.; Spinacé, M.A.S.; De Paoli, M.-A. Fiber-reinforced biomicrofibilar composites of high-density
polyethylene: Mechanical, interfacial and morphological properties. Compos. Sci. Technol. 2010, 70, 1637-1644. [CrossRef]
Verkholantsev, V.V. Biocides. Eur. Coat. ]. 2000, 4, 56—60.

Acemoglu, M. Chemistry of polimer biodegradation and implications on parenteral drug delivery. Int. ]. Pharm. 2004, 277,
133-139. [CrossRef] [PubMed]

Szlezyngier, W. Plastics; Wydawnictwo Oswiatowe FOSZE: Rzeszéw, Poland, 2000; Volume 3, pp. 215-216.

Mucha, M. Polymers and Ecology; Wydawnictwo Politechniki L6dzkiej: £.6dz, Poland, 2002; pp. 193-205.


https://sklep.pkn.pl/pn-en-iso-527-1-2012e.html
https://sklep.pkn.pl/pn-en-iso-846-2002p.html
https://sklep.pkn.pl/pn-en-iso-846-2002p.html
http://doi.org/10.1080/15685543.2015.984521
http://doi.org/10.1016/j.compscitech.2010.06.005
http://doi.org/10.24425/amm.2021.134789
http://doi.org/10.1016/j.compscitech.2010.06.006
http://doi.org/10.1016/j.ijpharm.2003.06.002
http://www.ncbi.nlm.nih.gov/pubmed/15158976

	Introduction 
	Materials and Methods 
	Structure Study 
	Influence of Microorganisms on the Surfaces of Polymer Composite Materials 
	Surface Observation 
	Wettability 

	Results and Discussion 
	Conclusions 
	References

