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Abstract: Due to the content of lignocellulosic particles, wood plastic composites (WPC) composites
can be attacked by both domestic and mold fungi. Household fungi reduce the mechanical properties
of composites, while mold fungi reduce the aesthetics of products by changing their color and surface
decomposition of the wood substance. As part of this study, the impact of lignocellulosic fillers in the
form of sawdust and bark in poly (lactic acid) (PLA)-based biocomposites on their susceptibility to
mold growth was determined. The evaluation of the samples fouled with mold fungi was performed
by computer analysis of the image. For comparison, tests were carried out on analogous high-density
polyethylene (HDPE) composites. Three levels of composites’ filling were used with two degrees
of comminution of lignocellulosic fillers and the addition of bonding aids to selected variants. The
composites were produced in two stages employing extrusion and flat pressing. The research revealed
that PLA composites were characterized by a higher fouling rate by Aspergillus niger Tiegh fungi
compared to HDPE composites. In the case of HDPE composites. The type of filler (bark, sawdust)
affected this process much more in the case of HDPE composites than for PLA composites. In addition,
the use of filler with smaller particles enhanced the fouling process.

Keywords: PLA; HDPE; biocomposites; mold; bark

1. Introduction

The rapidly developing industry of wood-plastic composites (WPC) focuses on the
introduction of new material solutions for matrix and fillers. In both cases, the biodegrad-
ability of applied raw materials is crucial. Nowadays most WPC composites are produced
from polyethylene PE, polypropene PP, or polyvinyl chloride PVC [1]. However, as an
alternative can also be used biodegradable poly (lactic acid) PLA or polyhydroxyalkanoate
PHA. PHA when exposed to anaerobic conditions slowly decomposes under the influence
of bacteria present in the soil, sewage, or silt into water and carbon dioxide. For this reason,
it can be applied to manufacture packaging and components with short durability. In turn,
PLA does not biodegrade under ordinary conditions of use, so it can be applied in produc-
tion of components with a long mean life. Furthermore, PLA can be easily disposed of by
composting with no harm to the natural environment [2]. Given its features, PLA is used
in medicine and industry, replacing conventional petrochemical polymers [3]. However,
due to its downsides, such as sensitivity to moisture, susceptibility to aging, limited impact
strength, and high rigidity [4], PLA is modified in many ways.

One of the directions of PLA modification is introduction lignocellulosic fillers, such as:
wood fibers [5–7], wood flour [8–10], cork [8], bamboo fiber [11], abaca fibers [12], rubber
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wood sawdust [13], and bark [14]. The authors generally indicate an improvement in the
mechanical properties of PLA composites filled with wood fibers with a filler content of
up to 20% [5,7] or 30% [6]. Andrzejewski et al. [8] reported the beneficial effect of cork
filler (up to 30%) on the dimensional stability of PLA composites exposed to moisture. The
use of wood flour or bark as a filler, on the other hand, deteriorates the resistance of PLA
composites to moisture [10,14].

Due to the content of lignocellulosic particles and changing conditions of use WPC
composites can be biodegradable [15–23]. They are susceptible to domestic and mold fungi
attack. Domestic fungi cause changes in the structure and chemical composition of the
lignocellulosic particles in the composites. The degradation effect depends on the weight
fraction of lignocellulosic particles, their size and type of wood, as well as the possible
application of other additives [24]. The degradation of wood particles is reflected in the
decrease in the strength of WPC composites [20,23,25,26], and to a large extent this decrease
is also caused by changes caused by the moistening and drying of these particles [27]. Mold
fungi, in turn, reduce the aesthetics of the products by changing their color and the surface
distribution of the wood substance [28]. Fungi have a detrimental effect on the health
of humans and animals living in the vicinity of objects attacked by them [29,30]. Schirp
et al. [31], Kartal et al. [32], Feng et al. [33] reported that WPC with a higher content and
larger sizes of wood particles are more susceptible to mold fungi. The susceptibility also
depends on the type of wood used as the filler [34].

This study determines the impact of lignocellulosic fillers (sawdust and bark) in PLA
biocomposites on their susceptibility to mold growth. Schirp et al. [31] reported that the
influence of coloring and mold fungi on WPC was measured only by the visual method
of assessment of microorganisms fouling the material. As part of the research, the mold
growth on the samples was assessment using computer analysis of the image [14]. The
tests were carried out on analogous WPC composites made of high-density polyethylene
(HDPE). Three levels of filling were used with two degrees of granularity of lignocellulosic
fillers and the addition of joining additives to selected variants. The composites were
produced in two stages process consisting of extrusion and flat pressing.

2. Materials and Methods

In this study 36 variants of WPC composite panels were produced based on two types
of polymer matrices: polylactic acid—PLA (IngeoTM Biopolymer 2003D, NatureWorks LLC,
Minnetonka, MN, USA) and high-density polyethylene—HDPE (Hostalen GD 7255, Basell
Orlen Polyolefins Sp. Z.o.o., Płock, Poland) (Tables 1 and 2). Two types of lignocellulosic
material were used as a filler: coniferous sawdust and conifer bark. Additives used
in selected variants were: calcium oxide CaO (Avantor Performance Materials Poland
S. A., Gliwice, Poland) in the case of PLA composites, and polyethylene-graft-maleic
anhydride MAHPE (SCONA TSPE 2102 GAHD, BYK-Chemie GmbH, Wesel, Germany) in
HDPE composites.

The lignocellulosic material obtained from the sawmill was dried to a humidity of 5%
and then mechanically ground and sorted into two size variants:

(1) Particles passing through a 2 mm sieve (approx. 10 mesh) and remaining on a 0.49 mm
sieve (approx. 35 mesh);

(2) Particles passing 0.49 mm sieve (greater than 35 mesh).

The composites were produced in a two stage process:

(1) First, WPC granules with an appropriate formulation were produced (Tables 1 and 2)
using an extruder (Leistritz Extrusionstechnik GmbH, Nürnberg, Germany) (tempera-
tures in individual sections of the extruder were 170–180 ◦C), the obtained continuous
composite band was then ground in a hammer mill.

(2) Secondly, the obtained granulate was used to produce plates with nominal dimensions
300 × 300 × 2.5 mm3. The process consisted of flat pressing in a mold, using a one-
shelf press (AB AK Eriksson, Mariannelund, Sweden) at a temperature of 200 ◦C and
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a maximum unit pressing pressure pmax = 1.25 MPa (the pressure during pressing,
along with the plasticization of the material, was gradually increased from 0 to pmax).
The pressing time was 6 min. After hot pressing, the plates were cooled in the mold
for 6 min in the cold press.

The manufactured plates were conditioned for 7 days at 20 ± 2 ◦C and 65 ± 5%
humidity.

Table 1. Composition of individual variants PLA composites.

Variant Matrix
Share of the

Matix (%)
Additvies
(CaO) (%)

Share of the Filler [%]

Small Particles
>35 Mesh

Large Particles
10–35 Mesh

1P PLA 60 40 s
2P PLA 60 40 b
3P PLA 60 40 b
4P PLA 60 40 s
5P PLA 50 50 s
6P PLA 50 50 b
7P PLA 50 50 b
8P PLA 50 50 s
9P PLA 40 60 s

10P PLA 40 60 b
11P PLA 40 60 b
12P PLA 40 60 s
13P PLA 57 3 40 s
14P PLA 57 3 40 b
15P PLA 47 3 50 s
16P PLA 47 3 50 b
17P PLA 37 3 60 s
18P PLA 37 3 60 b

s—sawdust, b—bark.

Table 2. Composition of individual variants HDPE composites.

Variant Matrix
Share of the

Matix (%)
Additvies

(MAHPE) (%)

Share of the Filler [%]

Small Particles
>35 Mesh

Large Particles
10–35 Mesh

1H HDPE 60 40 s
2H HDPE 60 40 b
3H HDPE 60 40 b
4H HDPE 60 40 s
5H HDPE 50 50 s
6H HDPE 50 50 b
7H HDPE 50 50 b
8H HDPE 50 50 s
9H HDPE 40 60 s
10H HDPE 40 60 b
11H HDPE 40 60 b
12H HDPE 40 60 s
13H HDPE 57 3 40 s
14H HDPE 57 3 40 b
15H HDPE 47 3 50 s
16H HDPE 47 3 50 b
17H HDPE 37 3 60 s
18H HDPE 37 3 60 b

s—sawdust, b—bark.
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2.1. Resistance to Moulds

The resistance of materials to molds was performed using the test specimens of
dimensions 50 × 50 × 2.5 mm3. Test samples were superficially sterilized by spraying all
surfaces with 70% alcohol and then placed separately in sterile glass vessels for 24 h at
a temperature of 65 ◦C. After cooling the samples for the next 24 h, test specimens were
exposed to pure cultures of Aspergillus niger Tiegh (ATCC:16888) fungus, growing on a 2%
MEA nutrient medium (OXOID Ltd., Basingstoke, UK).

The specimens were placed directly into Petri dishes (diameter of 100 mm) on a nutri-
ent agar medium to ensure their good moisture saturation. Inoculation with the fungus was
carried out by placing four inoculums, each, approximately 10 mm from every edge of the
specimen. Growth of fungus was conducted in incubators chamber—model Thermolyne
Type 42000 (ThermoFisher Scientific, Waltham, MA, USA) for 22 days at temperature of
26 ◦C. Periodically the mold growth on samples was determined by taking high resolution
pictures in laboratory photo making cabinet station for documentation purposes. In ac-
cordance with the author’s own concept of assessing the degree of contamination (p) of
the tested materials by A. niger, two parameters of attack by the fungus were determined
for each sample. The first parameter of infestation (p1) was the percentage of mycelium
coverage of the sample surface, calculated in relation to the total area of the sample. The
second parameter of infestation (p2) determined the percentage of cover of the sample
surface by conidial sporangia of the fungus, calculated in relation to the total area of the
sample. The final result of the specimen contamination by the fungus (p), was assumed
as the value of the sum of the parameters p1 and p2, calculated according to the equation
p = 0.7p1 + 0.3p2. The numerical factors 0.7 and 0.3, respectively for the parameters p1
and p2, were adopted on the basis of our own observations and considered as suitable for
the parametric determination of the degree of contamination of materials by A. niger. The
results of the contamination of samples by the fungus was the arithmetic mean value of the
results obtained for four replications of each material variant.

The percentage overgrowth of samples was determined with an accuracy of up to 5%
with the support of image analysis software ImageJ2 (Fiji v1.52i) [35,36].

2.2. Porosity

The porosity and the pore volume in the samples was determined by using the X-ray
micro-CT measurements SkyScan 1272 system (Bruker microCT, Kontich, Belgium). To
capture high quality imaging pixel resolution of 25.0 µm, 40 keV source voltage, 193 µA
current was used. A stack of approximately 1500 flat projection images (1008 × 1008 pixels)
was obtained after a 180◦ rotation with 0.4◦ steps, which averaged 4 frames for each step.

3. Results

At the initial stage (first 3 days) mold growth on PLA composites was significantly
influenced by the size of the filler particles (PS) and the interaction between the share
of the filler and its particles size (FCxPS), the share of the filler and its type (FCXF), and
the proportion of the filler, the particles size of the filler and the type of filler (FCxPSxF).
In each of the cases, the influence of factors was significant (the influence percentage of
factors ranged from 16.27% to 27.55%). In turn, further growth of mold was to a lesser
extent determined by the size of the filler particles, although this effect was still significant
(Table 3). In the final stage of fouling the PLA samples, the greatest influence percentage
had the share of the filler (FC) and the type of filler (F) as well as the interaction between
these factors (FCxF).

In the case of HDPE composites (Table 4), the filler particles size (PS) had the greatest
effect on the mold growth over the first 7 days. On the other hand, the further growth
was also determined by the share of the filler (FC) and the type of filler (F) as well as the
interaction between these factors (FCxF).
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Table 3. The influence percentage of individual factors and their interactions affecting the mold
growth on PLA composites.

Day
Factors Interaction between Factors

Error
FC PS F FCxPS FCxF PSxF FCxPSxF

2 8.83 S 20.11 S 0.09 N 19.18 S 27.46 S 0.39 S 22.87 S 1.04
3 10.44 S 18.54 S 0.08 N 18.48 S 27.55 S 4.61 S 16.27 S 4.33
4 8.37 S 4.51 S 5.72 S 16.56 S 19.16 S 34.84 S 6.63 S 4.19
5 5.71 S 8.41 S 6.35 S 14.61 S 12.28 S 22.35 S 5.61 S 24.66
7 15.12 S 9.96 S 3.55 N 5.52 N 16.68 S 0.39 N 0.82 N 47.96
9 14.67 S 9.51 S 9.29 S 6.34 N 18.78 S 1.06 N 2.09 N 38.25

12 14.13 S 2.35 N 21.18 S 4.71 N 14.13 S 2.35 N 4.71 N 36.43
15 24.65 S 0.00 S 12.33 S 0.00 S 24.65 S 0.00 S 0.00 S 38.37

FC—filler content; PS—particle size; F—filler; N—no statistical significance (p > 0.05); S—statistically significant
(p < 0.05).

Table 4. The influence percentage of individual factors and their interactions affecting the mold
growth on HDPE composites.

Day
Factors Interaction between Factors

Error
FC PS F FCxPS FCxF PSxF FSxPSxF

2 2.78 S 24.00 S 10.07 S 13.19 S 11.73 S 0.05 N 31.92 S 6.26
3 24.91 S 35.85 S 0.02 N 9.37 S 9.53 S 1.08 S 13.33 S 5.91
4 16.37 S 51.02 S 1.01 S 10.34 S 14.89 S 0.10 N 1.13 S 5.13
5 9.38 S 43.31 S 8.90 S 4.39 S 24.15 S 0.62 N 0.71 N 8.54
7 11.65 S 29.56 S 15.37 S 4.56 S 23.52 S 1.78 S 4.67 S 8.88
9 13.41 S 18.52 S 24.54 S 2.72 S 17.78 S 6.14 S 5.06 S 11.74

12 21.75 S 16.20 S 26.19 S 1.93 S 12.38 S 9.57 S 3.59 S 8.40
15 23.22 S 15.48 S 25.99 S 1.46 S 12.95 S 8.66 N 3.00 S 9.24

FC—filler content; PS—particle size; F—filler; N—no statistical significance (p > 0.05); S—statistically significant
(p < 0.05).

The effect of addition the additive and its interaction with the filler was significant
in the first five days of exposure to fungi in case of PLA composites (Table 5). For HDPE
composites this effect was generally significant throughout the impact of mold fungi
(Table 6). Referring to these analyzes, it is worth noting that, except for HDPE composites
filled with large sawdust, in the remaining cases, after four days of fouling, the influence of
factors not included in this study started to play an important role (error > 20%).

Table 5. Percentage of the compatibilizer influence, filler fraction and their interactions influencing
the mold growth on PLA composites.

Day
Bark Large Particles Bark Small Particles

K FC KxFC Error K FC KxFC Error

2 31.80 S 9.47 S 56.19 S 2.54 0.03 N 33.62 S 62.90 S 3.45
3 26.35 S 58.06 S 11.96 S 3.64 41.85 S 3.39 S 50.32 S 4.45
4 29.96 S 49.03 S 18.69 S 2.31 50.31 S 0.53 N 40.44 S 8.71
5 11.96 S 44.63 S 22.90 S 20.52 20.91 S 2.34 N 45.62 S 31.13
7 0.26 N 46.93 S 10.98 N 41.83 0.00 N 14.96 N 14.86 N 70.19
9 9.28 N 32.64 S 4.73 N 53.34 14.04 S 28.08 S 28.08 S 29.80

12 4.54 N 26.77 S 8.99 N 59.70
15 4.54 N 26.77 S 8.99 N 59.70

K—additives; FC—filler content; N—no statistical significance (p > 0.05); S—statistically significant (p < 0.05).
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Table 6. Percentage of the compatibilizer influence, filler fraction and their interactions influencing
the mold growth on HDPE composites.

Day
Sawdust large Particles Bark Small Particles

K FC KxFC Error K FC KxFC Error

2 72.87 S 11.21 S 11.21 S 4.70 19.79 S 44.51 S 26.57 S 9.14
3 15.73 S 60.40 S 16.16 S 7.71 28.03 S 31.70 S 37.52 S 2.75
4 44.68 S 29.95 S 22.92 S 2.45 32.75 S 26.81 S 29.88 S 10.56
5 39.23 S 47.53 S 10.07 S 3.18 51.77 S 6.35 N 10.60 N 31.28
7 18.20 S 58.94 S 20.14 S 2.71 15.44 N 4.65 N 4.64 N 75.27
9 15.77 S 61.44 S 19.86 S 2.93 1.92 N 3.78 N 3.80 N 90.51

12 12.85 S 65.79 S 17.79 S 3.57 18.45 S 4.11 N 12.23 N 65.21
15 11.78 S 68.75 S 16.03 S 3.44 18.45 S 4.11 N 12.23 N 65.21

K—additives; FC—filler content; N—no statistical significance (p > 0.05); S—statistically significant (p < 0.05).

Regardless the type of filler, PLA composites were more susceptible to mold growth
than analogous HDPE composites. After 7 days, 90% of PLA composites surface was
covered by mold irrespectively of the composition of the specimens (Figure 1). In the case
of HDPE composites, 100% surface coverage of the samples was not achieved even after
15 days of exposure (Figure 2). Exemplary images of samples covered by mold fungi are
presented in Figures 3–6. Composites made on the basis of PLA were characterized by a
generally higher porosity of the internal structure compared to analogous materials made
on the basis of HDPE (Figure 7).

Application of the additives had a significant effect on the mold growth on both, PLA
and HDPE composites (Figures 1a,d, 2a,d, 8 and 9). Irrespectively to the type of filler, the
additives increased the rate of mold growth. It is worth adding here that the porosity of the
composites in most cases (except for the composite based on polyethylene filled with small
bark) generally decreased (Figure 10).
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4. Discussion

The higher susceptibility to mold of PLA composites compared to HDPE composites is
consistent with existing scientific literature. Zimmermann [37] reports that aliphatic polyesters,
including PLA, are more susceptible to microbial degradation than non-hydrolyzable syn-
thetic polymers, such as, inter alia, PE. Maeda et al. [38] showed that fungi of the genus
Aspergillus had a hydrolyzing effect on PLA. Porosity, in turn, increases the availability of
composite components for microbiological agents and thus increases their susceptibility to
degradation [28].
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In the case of WPC composites, the addition of additional substances (e.g., a com-
patibilizer) has a significant impact on their physical and mechanical properties [28]. Yeh
et al. [39] revealed that the addition of a compatibilizer has a positive effect on reducing the
degradation of WPC composites by fungi throughout improving the reduction of moisture
penetration. In the present study, CaO was introduced as an additive—a moisture absorb-
ing and biocidal agent to PLA composites [40], and the MAHPE was applied in HDPE
composites [28].

Factors such as type of filler, its contribution and size of particles affected the mold
growth regardless the type of matrix PLA or HDPE (Tables 3 and 4). The interaction between
these factors is being significant. It is worth noting that this impact varies depending on
the duration of the exposure to the mold. Schirp et al. [31], Kartal et al. [32], Feng et al. [33]
reported that WPC with a higher content of larger size wood particles are more susceptible
to the influence of mold fungi. Ref. [41] found that an increase in the thermoplastic content
in the outer layers from 40% to 50% in particle-polymer boards elongates mold growth
(Trichoderma virens) about 3.5 times.

Regardless of the matrix type (PLA or HDPE), bark-filled composites were more
susceptible to mold. In relation to the tested materials, it is particularly visible in composites
filled with large particles (10–35 mesh). This is probably due to the greater availability of
large particles for microorganisms, while smaller particles (less than 10 mesh) are better
surrounded by the polymer matrix and thus less accessible to fungi. The influence of the
type of filler on WPC susceptibility to mold was also demonstrated by Xu et al. [42], Feng
et al. [34] and Feng et al. [43], Valentín et al. [44] stated that pine bark can be an excellent
source of nutrients for fungi. So et al. [45], in the study of litter, revealed that bark particles
are more susceptible to mold growth than coniferous chips used under the same conditions.
It is worth noting that the bark contains more extractives, and Hosseinaei et al. [46] found
that reducing their content limits the susceptibility of WPC to mold growth.

Nevertheless of the growth rate results, it should be enhanced that mold fungi reduce
the aesthetics of WPC products by changing their color and the surface decomposition of
the wood substance [28]. Additionally, objects attacked by fungi have a detrimental effect
on the health of humans and animals living in their vicinity [29,30].

5. Conclusions

1. PLA composites are characterized by a higher growth rate by Aspergillus niger Tiegh
mold fungi compared to HDPE composites.

2. The type of filler (bark, sawdust) had a greater impact on fouling by mold fungi in the
case of HDPE composites.

3. Composites filled with bark were characterized by a higher growth rate of mold fungi
compared to composites filled with sawdust.

4. In the case of sawdust filler, composites filled with small particles revealed a higher
fouling rate.

5. In the case of bark filler, PLA composites displayed a higher fouling rate when filled
with large particles, while HDPE composites revealed higher fouling rate when filled
with small particles.

6. The introduction of additional substances (CaO in PLA composites and MAHPE in
HDPE composites) generally increased the rate of mold growth on the composites.
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9. Dalu, M.; Temiz, A.; Altuntaş, E.; Demirel, G.K.; Aslan, M. Characterization of tanalith E treated wood flour filled polylactic acid
composites. Polym. Test. 2019, 76, 376–384. [CrossRef]

10. Kamau-Devers, K.; Kortum, Z.; Miller, S.A. Hydrothermal aging of bio-based poly (lactic acid) (PLA) wood polymer composites:
Studies on sorption behavior, morphology, and heat conductance. Constr. Build. Mater. 2019, 214, 290–302. [CrossRef]

11. Ying-Chen, Z.; Hong-Yan, W.; Yi-Ping, Q. Morphology and properties of hybrid composites based on polypropylene/polylactic
acid blend and bamboo fiber. Bioresour. Technol. 2010, 101, 7944–7950. [CrossRef]

12. Bledzki, A.K.; Jaszkiewicz, A.; Scherzer, D. Mechanical properties of PLA composites with man-made cellulose and abaca fibres.
Compos. A Appl. Sci. Manuf. 2009, 40, 404–412. [CrossRef]

13. Petchwattana, N.; Covavisaruch, S. Mechanical and Morphological Properties of Wood Plastic Biocomposites Prepared from
Toughened Poly(lactic acid) and Rubber Wood Sawdust (Hevea brasiliensis). J. Bionic Eng. 2014, 11, 630–637. [CrossRef]

14. Borysiuk, P.; Boruszewski, P.; Auriga, R.; Danecki, L.; Auriga, A.; Rybak, K.; Nowacka, M. Influence of a bark-filler on the
properties of PLA biocomposites. J. Mater. Sci. 2021, 56, 9196–9208. [CrossRef]

15. Khavkine, M.; Kazayawoko, M.; Law, S.; Balatinecz, J.J. Durability of Wood Flour-Thermoplastic Composites under Extreme
Environmental Conditions and Fungal Exposure. Int. J. Polym. Mater. 2000, 46, 255–269. [CrossRef]

16. Laks, P.E.; Richter, D.L.; Larkin, G.M. Biological deterioration of wood-base composite panels. Wood Des. Focus 2000, 11, 7–11.
17. Mankowski, M.; Morrell, J.J. Patterns of fungal attack in wood-plastic composites following exposure in a soil block test. Wood

Fiber Sci. 2000, 32, 340–345.
18. Verhey, S.; Laks, P.; Richter, D. Laboratory decay resistance of woodfiber/thermoplastic composites. Prod. J. 2001, 51, 44–49.
19. Verhey, S.A.; Laks, P.E.; Richter, D.L.; Keranen, E.D.; Larkin, G.M. Use of field stakes to evaluate the decay resistance of

woodfiber-thermoplastic composites. Prod. J. 2003, 53, 67–74.
20. Clemons, C.M.; Ibach, R.E. Application of laboratory fungal resistance tests to solid wood and wood-plastic composite. Plast.

Build. Constr. 2002, 27, 7–14.
21. Pendleton, D.E.; Hoffard, T.A.; Adcock, T.; Woodward, B.; Wolcott, M.P. Durability of an extruded HDPE/wood composite. Prod.

J. 2002, 52, 21–27.

http://doi.org/10.1016/j.repl.2019.04.065
http://doi.org/10.1016/S1464-391X(08)70091-6
http://doi.org/10.1016/j.addr.2016.06.012
http://www.ncbi.nlm.nih.gov/pubmed/27356150
http://doi.org/10.1002/mabi.200400043
http://doi.org/10.1002/app.28860
http://doi.org/10.1016/j.compositesa.2014.02.002
http://doi.org/10.1016/j.compositesb.2015.05.046
http://doi.org/10.1016/j.compositesb.2018.12.109
http://doi.org/10.1016/j.polymertesting.2019.03.037
http://doi.org/10.1016/j.conbuildmat.2019.04.098
http://doi.org/10.1016/j.biortech.2010.05.007
http://doi.org/10.1016/j.compositesa.2009.01.002
http://doi.org/10.1016/S1672-6529(14)60074-3
http://doi.org/10.1007/s10853-021-05901-6
http://doi.org/10.1080/00914030008054859


Polymers 2022, 14, 157 12 of 12

22. Lopez, J.L.; Cooper, P.A.; Sain, M. Evaluation of Proposed Standard Test Method to Determine Decay Resistance of Natural Fiber
Plastic Composites. Prod. J. 2005, 55, 95–99.

23. Schirp, A.; Wolcott, M.P. Influence of fungal decay and moisture absorption on mechanical properties of extruded wood-plastic
composites. Wood Fiber Sci. 2005, 37, 643–652.

24. Verhey, S.A.; Laks, P.E. Wood particle size affects the decay resistance of woodfiber/thermoplastic composites. Prod. J. 2002, 52,
78–81.

25. Stark, N. Influence of moisture absorption on mechanical properties of wood flour-polypropylene composites. J. Compos. Mater.
2001, 14, 421–432. [CrossRef]

26. Clemons, C.M.; Ibach, R.E. Effects of processing method and moisture history on laboratory fungal resistance of wood-HDPE
composites. Prod. J. 2004, 54, 50–57.

27. Wang, W.; Morrell, J.J. Water sorption characteristics of two wood-plastic composites. For. Prod. J. 2004, 54, 209–212.
28. Klysov, A.A. Wood-Plastic Composites; Wiley-Interscience: Hoboken, NJ, USA, 2007.
29. Jaakkola, M.S.; Quansah, R.; Hugg, T.T.; Heikkinen, S.A.; Jaakkola, J.J. Association of indoor dampness and molds with rhinitis

risk: A systematic review and meta-analysis. J. Allergy Clin. Immunol. 2013, 132, 1099–1110.e18. [CrossRef] [PubMed]
30. Hernberg, S.; Sripaiboonkij, P.; Quansah, R.; Jaakkola, J.J.; Jaakkola, M.S. Indoor molds and lung function in healthy adults. Respir.

Med. 2014, 108, 677–684. [CrossRef]
31. Schirp, A.; Ibach, R.E.; Pendleton, D.E.; Wolcott, M.P. Biological degradation of Wood-Plastic Composites (WPC) and strategies

for improving the resistance of WPC against biological decay. In Development of Commercial Wood Preservatives; ACS Symposium
Series; American Chemical Society: Washington, DC, USA, 2008; Volume 982, pp. 480–507.

32. Kartal, S.N.; Aysal, S.; Terzi, E.; Yilgör, N.; Yoshimura, T.; Tsunoda, K. Wood and Bamboo-PP Composites: Fungal and Termite
Resistance, Water Absorption, and FT-IR Analyses. BioResources 2013, 8, 1222–1244. [CrossRef]

33. Feng, J.; Shi, Q.; Chen, Y.; Huang, X. Mold Resistance and Water Absorption of Wood/HDPE and Bamboo/HDPE Composites. J.
Appl. Sci. 2014, 14, 776–783. [CrossRef]

34. Feng, J.; Zhang, H.; He, H.; Huang, X.; Shi, Q. Effects of fungicides on mold resistance and mechanical properties of wood and
bamboo flour/high-density polyethylene composites. BioResources 2016, 11, 4069–4085. [CrossRef]

35. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

36. Tinevez, J.Y.; Perry, N.; Schindelin, J.; Hoopes, G.M.; Reynolds, G.D.; Laplantine, E.; Bednarek, S.Y.; Shorte, S.L.; Eliceiri, K.W.
TrackMate: An open and extensible platform for single-particle tracking. Methods 2017, 115, 80–90. [CrossRef] [PubMed]

37. Zimmermann, W. Degradation of Plastics by Fungi. In Encyclopedia of Mycology; Elsevier: Amsterdam, The Netherlands, 2021;
pp. 650–661.

38. Maeda, H.; Yamagata, Y.; Abe, K.; Hasegawa, F.; Machida, M.; Ishioka, R.; Gomi, K.; Nakajima, T. Purification and characterization
of a biodegradable plastic-degrading enzyme from Aspergillus oryzae. Appl. Microbiol. Biotechnol. 2005, 67, 778–788. [CrossRef]
[PubMed]

39. Yeh, S.-K.; Hu, C.-R.; Rizkiana, M.B.; Kuo, C.-H. Effect of fiber size, cyclic moisture absorption and fungal decay on the durability
of natural fiber composites. Constr. Build. Mater. 2021, 286, 122819. [CrossRef]

40. European Commission (EC). Commission Delegated Regulation (EU) No 1062/2014 of 4 August 2014 on the Work Programme
for the Systematic Examination of All Existing Active Substances Contained in Biocidal Products Referred to in Regulation (EU)
No 528/2012 of the European Parliament and of the Council Text. Off. J. Eur. Union 2014, 294, 20–30.

41. Borysiuk, P.; Wikowski, J.; Krajewski, K.; Auriga, R.; Skomorucha, A.; Auriga, A. Selected properties of flat-pressed wood-polymer
composites for high humidity conditions. BioResources 2020, 15, 5141–5155. [CrossRef]

42. Xu, K.; Feng, J.; Zhong, T.; Zheng, Z.; Chen, T. Effects of volatile chemical components of wood species on mould growth
susceptibility and termite attack resistance of wood plastic composites. Int. Biodeterior. Biodegrad. 2015, 100, 106–115. [CrossRef]

43. Feng, J.; Dong, P.; Li, R.; Li, C.; Xie, X.; Shi, Q. Effects of wood fiber properties on mold resistance of wood polypropylene
composites. Int. Biodeterior. Biodegrad. 2019, 140, 152–159. [CrossRef]

44. Valentín, L.; Kluczek-Turpeinen, B.; Willför, S.; Hemming, J.; Hatakka, A.; Steffen, K.; Tuomela, M. Scots pine (Pinus sylvestris)
bark composition and degradation by fungi: Potential substrate for bioremediation. Bioresour. Technol. 2010, 101, 2203–2209.
[CrossRef] [PubMed]

45. So, D.T.; Dick, J.W.; Holleman, K.A.; Labosky, P. Mold Spore Populations in Bark Residues Used as Broiler Litter. Poult. Sci. 1978,
57, 870–874. [CrossRef]

46. Hosseinaei, O.; Wang, S.; Taylor, A.M.; Kim, J.-W. Effect of hemicellulose extraction on water absorption and mold susceptibility
of wood–plastic composites. Int. Biodeterior. Biodegrad. 2012, 71, 29–35. [CrossRef]

http://doi.org/10.1106/UDKY-0403-626E-1H4P
http://doi.org/10.1016/j.jaci.2013.07.028
http://www.ncbi.nlm.nih.gov/pubmed/24028857
http://doi.org/10.1016/j.rmed.2014.03.004
http://doi.org/10.15376/biores.8.1.1222-1244
http://doi.org/10.3923/jas.2014.776.783
http://doi.org/10.15376/biores.11.2.4069-4085
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1016/j.ymeth.2016.09.016
http://www.ncbi.nlm.nih.gov/pubmed/27713081
http://doi.org/10.1007/s00253-004-1853-6
http://www.ncbi.nlm.nih.gov/pubmed/15968570
http://doi.org/10.1016/j.conbuildmat.2021.122819
http://doi.org/10.15376/biores.15.3.5141-5155
http://doi.org/10.1016/j.ibiod.2015.02.002
http://doi.org/10.1016/j.ibiod.2019.04.005
http://doi.org/10.1016/j.biortech.2009.11.052
http://www.ncbi.nlm.nih.gov/pubmed/20005699
http://doi.org/10.3382/ps.0570870
http://doi.org/10.1016/j.ibiod.2011.12.015

	Introduction 
	Materials and Methods 
	Resistance to Moulds 
	Porosity 

	Results 
	Discussion 
	Conclusions 
	References

