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1 Introduction

Global environmental, social and legal initiatives for sustainable development,
circular economy, and climate neutrality are leading to development of renewable
products for more sustainable materials. The introduction of more and more restric-
tive environmental regulations by the European Union and highly developed coun-
tries is leading to the growth of interest about wood polymer composites (WPCs)
[1, 2]. Many branches of modern industries are interested in exchange of usage of
inorganic fillers for natural, biodegradable, and renewable materials. This is due
to the high consumption of high-density, expensive, and non-degradable fillers such
as carbon and glass fibers.Moreover, the use of thesematerials is connectedwith high
abrasive wear of machinery (expensive machines and their maintenance), harmful
influence on the environment, and health of the workers. The most serious dangers
from exposure to fibers for human are skin and eyes irradiation and respiratory system
diseases. Recent research suggests the possible lung carcinogenicity of inhaled glass
fibers. Nevertheless, 90% of produced polymer composites consist of glass fiber
or/and carbon fiber [3].

In the last decades to overcome these problems, industry and scientists are trying
to apply less expensive and less hazardous wood-based fillers. This interest can be
observed in the increasing number of articles, books, and patents associated with
incorporation of these materials. Looking at wood as an alternative option for other
fillers, it is estimated that potential of wood origin fillers is huge. Global Forest
Resources Assessment 2020 made by FAO reports that 31% of the total land area is
covered by forests, what is equivalent to 0.52 ha per person. More than 54% of the
world’s forests are in five countries—Brazil, Canada, Russian Federation, China, and
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the United States [4]. Proper management of such a large amount of raw materials
can lead to the development of a sustainable industry. It is necessary to process
not only full-valuable products but also by-products. One of the most popular side
product during wood processing is wood flour. About 50% of this waste is generated
from processing of solid wood pieces in sawmills during production of wood panels,
plywood, particle boards, and furniture [5]. Minimalization of the negative impact on
the environment and human living can be caused by the implementation of effective
utilization of this type of waste. In last years, a lot of researchers proposed effective
methods of application of wooden wastes in a wide range of materials—especially
in wood polymer composites [6].

2 Wood and Wooden Fillers

Wood is a material that a has huge impact on the social and economic life of human
population all over the world. These materials played a huge role in the evolution of
man and history of mankind. Wood is an orthotropic, natural composite (in micro
and macroscopic levels) mainly composed of hemicellulose (15–25%), cellulose
fibers (40–50%) forming cellular structures, which are connected by lignin (15–
30%) formingmiddle lamella. As can be seen in Fig. 1, wood cell wall shows specific
structure, which gives wood unique properties such as lightweight, good stability,
elasticity, hardness, toughness, and high load-bearing capacity [7].

Due to the excellent mechanical properties, biodegradability and free availability
of wood and products produced during the processing are widely used in building
and constructions and manufacturing of household products (furniture, sports kit,
paper, auto parts). The wood structure, chemical compositions, and acoustic, phys-
ical,mechanical, and thermal properties are different in variouswood species even the

Fig. 1 Molecular structure
of a wood cell wall [3]
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Table 1 Chemical composition and properties of selected wood species from literature sources [5,
9, 10]

Wood
species

Cellulose [%] Hemicellulose
[%]

Lignin
[%]

Others
[%]

Density
[g/cm3]

σmax [MPa] E [GPa]

Softwood

Pine 44–46 25–28 27–29 4–5 0.35 12–27 0.1–0.5

Spruce 44–46 25–27 27–29 – 1.5 85 18–40

Cedar 37 19 34 3
0.35

12–27 0.1–0.5

Fir 41–46 27–35 28–30 2–3 0.33 78 14

Larch 38.5 27.2 21 – 0.56 100 11

Hardwood

Teak 49 30 30 –

Maple 47 30 21 2
0.54

108 9.58

Beech 44–46 30–35 21–23 – 0.56 86 9.5

Poplar 44–46 33–36 18–21 –
0.33

154 5.9

Oak 42–47 20–27 25–27 3–4
0.63

78 10.4

Sal 40–50 15–25 15–30 – 0.72 40 1.5

Mango 40 11.5 36 – 0.52 24 1.17

Apple
wood
shell

40 26 30 0.9
–

– –

Bamboo 26–43 30 21–31 – 0.6–1.1 140–230 11–17

Birch 40 26 33 – 0.62 137 4.8

same species growing in different conditions [8]. Depending on the wood composi-
tion and anatomy, it can be divided into two groups—hardwood and softwood. Table
1 shows division into these two groups, chemical composition and properties of most
popular wooden species [5, 9, 10].

2.1 Production of Wood Flour

Wood flour is mostly generated from various scraps fromwood processors. To obtain
the high-quality wood flour, it has to be free from dirt, bark, and other impurities and
should be composed of a specific species (or a mixture of species group) of wood.
Availability of different kinds of wood flour depends on the continent, country, or
even region of clean raw materials from the wooden industry. For example, in the
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United States, the most commonly used wood flour is derived from pine, oak, and
maple.

Nowadays, there is no standard method of producing wood flour, some general
points can be discussed. The most important issues in this process are size reduction
and size classification. Initial grinding of the larger raw materials may be conducted
using equipment such as a hog, chipper, or hammer mill. Pre-grounded material can
be pulverized by crushing in roller mill, beatingwith hammers, impactors or grinding
in attritionmills. This process results in receiving particles containing fibers and their
fragments [11].

Depending on the intended application, wood can be treated to obtain different
shape and size of grain [12]. Grindingwood into small particles to formwood powder
called wood flour is necessary for many applications. Depending on the energy,
mechanism of grinding, and wood properties, it is possible to obtain wood flour with
fine particle size, high specific surface area, various particle shapes, or even with
low crystallinity. It has been proposed that wooden biomass is finely grinded when
product size is less than 100ηm. On the other hand, in few studies, particles with size
up to 1 mm is acceptable in further production of wood flour-reinforced composites.
During wood grinding, a number of different stress types in wood structures occur.
Most likely stress types are presented in Fig. 2 [10]. The process of size reduction
of wood is a highly energy-consuming process. This is due to viscoelastic nature of
wood. The amount of energy may be lowered by appropriate pretreatment of wood,
selecting the appropriate grinding technique, and grinding medium.

The obtained wood flour is characterized by different aspect ratios, especially
length to diameter. Low aspect ratios allow wood flour to be more easily metered
and fed than individual wood fibers, which tend to bridge. However, the low aspect
ratio limits the reinforcing ability.After pulverization, thewoodflour can be classified
by size using vibrating, rotating, or oscillating screens.Moreover, separation of wood
particles by air flow is also used, especially with finely groundwood flour. Separation
by size can be described by the actual size of the powder or by mesh of the wire cloth
sieves used to classify. The most popular manufactured wood flours used as fillers
in thermoplastics are in the size range of 180–425 mm (80–40 US standard mesh).
Typical wood flour supplied for the further processing content between 4 and 8% of
moisture andmust be dried before use [11]. Figure 3 represents the scanning electron
micrographs of different types of WFs—initial (00), dry pulverized at mill-plate gap
200 μm (200), dry pulverized at mill-plate gap 350 μm (350), wet pulverized at

Fig. 2 Illustration of different stress types during grinding: a single impact, b double impact, c slow
compression, d shearing impact [10]
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Fig. 3 Scanning electron microscopic images of short cypress flour (CWFS) and long cypress flour
(CWFL), a CWFS00, b CWFS200w, c CWFL00, d CWFL200w [13]

mill-plate gap 200μm (200w), and wet pulverized at mill-plate gap 350μm (350w),
respectively.

2.2 Impact of Wood Flour on Material Properties

Depending on the origin and type of processing, the types of wood flour may differ
from each other with particle size, size distribution, chemical composition, and
content of additives. Each parameter mentioned above could have a huge impact
on the properties of the product. Very fine wood flours can cost more (increase of
material price) and may increase melt viscosity more than coarser wood flour. On the
other hand, composites made with smaller powders typically have a more uniform
appearance and a smoother finish. If the filler is grounded too fine, the fiber bundles
become wood dust. These fragments no longer resemble fiber or fiber bundles and
may not cause such a significant enhancement.

Wood flour originating from the softwood has higher in comparison to the hard-
wood cellulose content, what leads to higher adhesion between two phases—wood
particles and polymer matrix. On the other hand, materials with softwood filler have
lower mechanical properties. Hardwood fillers with a lower cellulose content have
poorer interfacial adhesion but better mechanical properties [14, 15].
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3 Methods of Wood Flour Management

Before concern for the environment began, wood powder was a mainly waste stream
from wood processing plants such as sawmills and furniture factories. In the last
few decades, many common applications of wood flour have been found. Due to
its unique properties and chemical composition, wood powder has a wide range of
applications not only in material production.

One of the most popular applications of wood flour is combustion and co-firing.
This process is conducted in specially designed boilers and furnaces, often with the
addition of coal. Nowadays, 64% of wood and wood waste are subjected to this form
of processing. Before combustionwood should be pulverized,which is a very energy-
consuming process. In this process, the key parameters are particle size, shape, and
density. Currently, the state-of-the-art for this method is obtaining wood pellets in
the process of torrefaction. This process combined with pelletization changes wood
properties to provide a better fuel quality for combustion and gasification applica-
tions. Torrefaction produces a relatively dry product, which reduces or eliminates its
potential for organic decomposition. The possibility of replaceing or supplementing
coal with biomass in coal-based power plants with existing equipment is consid-
ered [16, 17]. Nevertheless, according to the normative acts about hierarchy in waste
management, priority is given to preparing wastes for re-use and recycling than
for energy recovery (Directive 2008/98/EC). Importantly, the opinion that energy
recovery and reprocessing into materials to be used as fuels is a form of material
disposal, not form of recycling, becomes more and more popular. For this reason,
new methods of wood waste managing are being developed [18, 19].

Another management method of wood flour is the conversion to chemicals and
biofuels. Liquefaction, saccharification, and gasification are the three most popular
approaches to utilizing lignocellulosic biomass. These methods are based on thermal
processing of wooden biomass under high pressure, generally with addition of auxil-
iary substances such as solvents, catalysts, mixture of gases, enzymes, or even
bacteria [10]. This type of processing allows obtaining valuable intermediates in the
production of synthetic chemicals. These products include conversion of biomass
into simple sugars via acidic or enzymatic hydrolysis and further fermentation to
methanol, ethanol, or butanol [20], preparation of bio-polyols [21] to production
of bio-polyurethanes and their composites [22] or generation of syngas (mixture of
hydrogen and carbon monoxide) during gasification [23]. The other uses of wood
flour include lignophenol production [24], which is a valuable intermediate used
for further production, obtaining absorbers and ion exchangers to remove organic
pollutants and heavy metals from aqueous systems.
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4 Wood Plastic Composites

Polymer composites reinforcedwithwood fiber or flour are generally known aswood
plastic composite—WPC. These composites are made of wood fibers/flour (or other
cellulose-based fillers, such as bamboo, peanut hulls) and preferably waste plastics.
As the material of matrix, the most frequently used plastics are polyvinyl chloride
(PVC), polyethylene (PE), polypropylene (PP), polystyrene (PS). The search for
more environmentally friendly solutions led to the gain in importance of biodegrad-
able plastics produced from renewable resources. Examples of suchmaterials include
polylactic acid (PLA), starch acetate, non-biodegradable bioplastics such as bio-
derived PE and polyamide [25]. The plastics mentioned above are chosen due to
their low temperature of processing, which is between 150 and 220 °C, what prevents
wood from decomposition during processing. While temperature arises over 200 °C,
wooden materials are starting to release volatile products [26]. Degradation of the
least stable ingredients of wood (hemicellulose and extractives) starts at 210 °C [27].
Cellulose and lignin have more stable structure and starts to degrade over 270 °C.
Processing of the composites filled with these substances over 220 °C leads to the
generation of volatile degradation products. This effect causes foaming of product
and decrease of material properties [28]. Moreover, both materials before processing
should be dried and kept sealed, because more than 1% of moisture in material
could lead to foaming of the product. The presence of water may cause generation
of micro voids and lead to porous structure with irregular shapes, what will result in
deterioration of mechanical properties of the product [29].

Nowadays, the most popular method of production ofWPC is two-step extrusion.
First, the prepared blend is subjected to pelletizing, and then obtained pellets are
used to extrude into a final product. Pelletized material is more homogeneous and
it is easier to control moisture content. In order to facilitate the production, instal-
lations enabling the processing of untreated wood in a single-stage process were
developed. The main ingredients in the composition of WPC are wood flour and
plastic matrix. In commercial WPC products, the addition of wood flour reaches up
to 70%.This amount varies due tomaterial ofmatrix, application and required appear-
ance. Moreover, to enhance properties, extend product life, improve processing, or
facilitate material maintenance, a number of different types of additives are used
during processing. Themost popular additives during processing are coupling agents,
which can improve the dispersion of the wood inside matrices, bonding on the
matrix/reinforcement border and reduces the rate of water uptake. Due to possible
incompatibility between matrix and reinforcement, coupling agents should work as a
connection of their surfaces. The most popular coupling agents are: silanes, titanites,
and functionalized polymers (e.g. polyolefins). Other additions include lubricants,
foaming agents, pigments, fire retardants, antioxidants, biocides, and UV stabilizers.
It should be remembered that the addition of these substances may be associated
with an increase in the price of the received material [29].
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4.1 Properties of WPC

Due to subjection ofWPCs to the thermal andmechanical loadings, this kind ofmate-
rial should be characterized by appropriate flexural, impact and compressive strength,
hardness, resistance to aging, and thermal stability. Listed properties greatly depend
on the type of matrix and type of reinforcement. The most important properties of
woof flour that affect are content of wood flour, aspect ratio, geometry of filler, type
of wood (softwood/hardwood), and interfacial properties between phases.

The major advantage of wood polymer composite over wood is the possibility of
forming composite to every projected shape. Designed properties of WPCs hardly
depend on their predicted application. Unlike wood, this material needs no applica-
tion of additional preservatives on surface, what makes it environmentally friendly
and material requires less maintenance. The addition of filler also provides WPCs
excellent resistance to splitting and cracking. Moreover, it looks and behaves like
wood but it does not have the same rigidity as wood.

The use of waste from the wood industry in these materials may reduce the rate of
deforestation due to obtaining full value products with possibility of modification of
material properties bymodification of composition. The right mix and proportions of
wood, matrix, and additives can lead to receiving materials with the better or equiv-
alent properties to wood. Unfortunately, due to the addition of non-biodegradable
plastic binder of wood (phenol-formaldehyde, urea-formaldehyde and melamine-
formaldehyde resins, polyurethane), thesematerials are only partially biodegradable.
To obtain fully biodegradable materials, it is suggested to use plastics such as PLA
or thermoplastic starch.

5 Reinforced Phenolic Foams

Phenolic foams are gettingmore andmore popular material all over theworld. Nowa-
days, scientists are looking for materials that will meet more restrictive requirements.
Due to unique combination of properties, phenolic foams (PF) have a number of engi-
neering applications. These materials are used in energy adsorption, insulation, fire
protection, and lightening of structures. The most important advantages of this mate-
rial include high thermal stability, low thermal conductivity, and tremendous fire
resistance. Moreover, generation of toxic gases during combustion process is very
low and material shows no dripping behavior. Unfortunately, phenolic foams have
a number of disadvantages such as brittleness and tendency to pulverization, what
limits wider application. In order to solve this problem, scientists in their research
present methods to improve the properties of these materials [30].

Two methods of improving the properties of these materials have been distin-
guished. The first one relies on the appropriate choice of method of production. For
example, free rise/closed mold method will influence on homogeneity and density
of obtained foam. The second one is based on the modification of formulation of
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foam to improve properties of the product. Such methods include modification of the
foam composition, which affects its chemical and physical structure and includes the
addition of other components to the material to improve their properties. The most
common modifications include addition of fillers (fibers, particles, etc.) to the mate-
rials to improve flexural and compressive strength of material, addition of nucleating
agents to increase density of the material, or addition of flame retardants [30].

Moreover, fillers are not only added to increase mechanical properties but also
for reduction of material price. In the case of phenolic foams, the main purpose
of addition of fillers is to increase compressive strength and decrease excessive
friability. The most popular additives are glass fiber, aramid fiber, multiwall carbon
nanotubes, and other organic and inorganic fillers intentionally added to the material.
Recently, scientists are interested in preparation of phenolic foams using common
and natural fillers such as wood flour, cellulose fiber, or even lignin. Addition of these
substances is associated with a slight decrease in thermal stability and fire resistance,
improvement of mechanical properties, and increase of viscosity.

6 Wood Flour Reinforced Phenolic Foams

Currently, there are only a few studies describing the influence of wood flour on the
properties of phenolic foams. However, due to the unique properties of PF filled with
wood flour, there is a possibility that this material will become more popular in the
near future.

In some research [31], wood flour derived from Pinus Radiata was incorporated
in phenolic foam matrix. Wood flour was obtained by milling wooden chips in a
mill and then sieved to a size lower than 0.15 mm. To obtain phenolic foams,
the authors used a petrochemical system with addition of hardener (ACE 1035),
catalyst (phenol-4-sulfonic acid), and blowing agents (Tween® and n-pentane). The
ratio of phenolic:surfactant:catalyst:blowing and agent:hardenerwas 100:2:4:1.1 and
3.9:20 (by weight). Selected substances were mixed with mechanical stirrer and then
obtained mixture was poured into a mold. Material was cured for 1 h at 80 °C and
then further post-cured for 24 h at 105 °C. To study the influence of variables on
the reinforced PF properties, the author changed the weight fraction of wood flour
(1.5–8.5 wt.%) and blowing agent amount (1.5–3.5 wt.%) in the composition.

Author has shown a decrease of density of WRPF with an increase in amount of
wood flour and blowing agent. This can be due to the performance of wood flour as
a nucleating agent, which promotes generation of bubbles in the foam. Moreover, a
greater addition of blowing agent caused an increase in the quantity of gas. This effect
caused a decrease in the density of foams. This effect was also observed when lignin
nanoparticles were added to the matrix [32]. On the other hand, the addition of glass
or aramid fibers in phenolic foams did not show this effect but some works showed
that it is necessary to add more blowing agents to maintain previous density [33].
It is also shown that with an increase in amount of blowing agent and wood flour,
compressive strength and modulus decrease. Contour maps of change of properties
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Fig. 4 Contour maps for WRPF a apparent density (kg/m3), b compressive modulus (MPa), and
c compressive strength (MPa) [31]

with different amount of filler and blowing agent are shown in Fig. 4. Author noticed
that changes in mechanical properties of obtained composites are differed depending
on the material density. This can be caused by change of cell wall thickness, which
can be responsible for reinforcing effect of fiber.

Themicrostructure of thesematerials has been determined using scanning electron
microscopy. It was noticed that wood flour can be found inside cell walls and among
cells. Due to the hydrophilic nature of wood and phenolic foam, the compatibility
between these two phases is very good. This is confirmed by the absence of voids in
the obtained material. Moreover, observation of the cellular structure of the obtained
composites with different addition of reinforcement and blowing agent showed that
mean cell size decreases with lower addition of wood flour (0.05–5 wt.%). Higher
addition (5–9.95 wt.%.) of wood flour barely changes the cell size distribution. On
the other hand, the addition of more blowing agent is associated with a continual
increase in cell size. SEM images forWRPFs formulatedwith the addition of blowing
agent and wood flour are shown in Fig. 5.

The other work [34] compared the effects of wood flour and lignin particles on
the friability, thermal stability, and effect of hygrothermal aging on structure and
properties of material.

High friability is one of the biggest disadvantages of phenolic foams. Literature
indicates that average friability varies between 15 and 40% depending on chemical
structure and used additives. In thiswork, it is shown that the addition of small amount
of wood flour does not significantly influence on friability but higher addition is
associated with strong increase of this parameter. This effect is caused by generation
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Fig. 5 SEM images for WRPFs formulated with 2.5 wt.% of blowing agent and a 0.05, b 5, and
c 9.95 wt.% of wood flour and d cell size distributions, SEM images for 5 wt.%WRPFs formulated
with a 1.09, b 2.5, and c 3.91 wt.% of blowing agent and d cell size distributions [31]
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Fig. 6 a Mass loss during friability test for unreinforced and reinforced phenolic foams, b Friability
test specimens of unreinforced phenolic foam, 8.5 wt.% lignin particle and 8.5 wt.% wood flour-
reinforced phenolic foams [34]

of defects (cracks etc.) and modification of crack propagation, which favors higher
wear of material during friability tests. On the other hand, the addition of lignin
particles caused a decrease in friability. The observed change of parameters may be
caused by the modification of the cell edge thickness and cell size of the foam cells
caused by the addition of fillers. The values of weight loss for these materials are
shown in Fig. 6.

Thermal stability of the material was studied by thermogravimetry (TGA).
Obtained thermograms were characterized by a three-stage course. The first step
(below 150 °C) is related to the moisture and volatile products (formaldehyde,
phenols, etc.) losses. The second step (between 150 and 500 °C) is associated with
degradation of the polymer, while polymer bonds brake and formaldehyde and water
particles are generated. During the last step of degradation at temperatures over
500 °C, generation and release of carbonaceous substances occur. It was also shown
that addition of lignin particles negligibly changed T5% and ash content (ASH900°C),
however, T25% decreased. Authors observed that wood flour reinforced foams had
higher T5% and ash content but T25% has been significantly lowered. Although both
substances modified thermal stability of materials, significant reinforcement effect
is visible only in the temperature range of 250–500 °C in which wood flour particles
and lignin decompose faster than phenolic foam.

Regarding hygrothermal aging, authors noted that strain–stress curves of themate-
rials after aging were more similar to the plastic foams but unaged materials showed
the nature of brittle foams. It can be concluded that water shows a plasticizing effect
on polymeric material. This effect is confirmed by decrease in mechanical proper-
ties of the materials after aging in comparison to the unaged materials. Compres-
sive modulus and strength before and after hygrothermal aging for PF, 8.5 wt.%
LRPF and 1.5 wt.% WRPF are shown in Fig. 7. For reinforced materials, a greater
decrease in properties is observed, but still, these samples have better properties than
an aged material without any filler. SEM micrograms of samples subjected to the
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Fig. 7 Compressive mechanical properties for unreinforced and reinforced phenolic foams before
and after hygrothermal aging: a Modulus, b Strength [34]

hygrothermal aging showed that all foams maintained similar cell size to the unaged
materials.

The other paper [35] investigated the thermal stability, changes in chemical struc-
ture during thermal degradation, and the kinetics of thermal degradation of a wood
flour reinforced phenolic foam.

Changes in chemical structure during thermal degradation were studied by FTIR
analysis. The tests of phenolic foams, reinforced foams, and reinforcement have been
conducted in room temperature, 225 °C, 375 °C, 500 °C, and 800 °C. For the phenolic
foam, the spectrum obtained at room temperature was similar to the spectrum at
225 °C, indicating that the foam did not undergo changes in its chemical structure
below 225 °C. Significant differences were noticed at 375 °C, when intensity of band
at 1200 cm−1 was reduced. This can be due to pyrolysis of phenolic structures present
in obtained materials. Furthermore, band at 800 cm−1 fully disappeared, which indi-
cates consumption of low molecular weight structures and phenolic monomers. At
500 °C, it was noticed that band at 1200 cm−1 fully disappeared, which is associated
with fully degradation of phenolic structures, and the intensity of band at 1581 cm−1

was significantly reduced. It was noticed that the FTIR spectrum of the wood rein-
forced material was similar to the spectrum of the PF foam. This indicates that the
amount of wood flour was not high enough to cause significant structural changes
during the pyrolysis process.

The thermal stability and degradation process of reinforced foams and wood flour
were analyzed using the thermogravimetric analysis (TGA). For the wood flour,
the study proved degradation of each component at different temperature ranges.
Obtained thermograms showed that hemicellulose degrades first (between 250 and
300 °C), then degradation cellulose (between300 and400 °C). The thirdmain compo-
nent of wood flour—lignin degrades between 250 and 450 °C and shows a maximum
degradation rate at approximately 350 °C.

The study showed that the phenolic and reinforced phenolic foams degrade differ-
ently. Again, it was confirmed that three peaks found in the DTG curve for tempera-
tures less than 900 °C indicate three different degradation stages of the samples. Due
to moisture release during measurement, results below 150 °C have been removed



314 A. Olszewski et al.

from all the thermograms. The results of previous studies about degradation of unre-
inforced and reinforced phenolic foams have been confirmed. Again, the first degra-
dation stage occurred between 150 and 250 °C, and it is attributed to the volatilization
of molecules of low molecular weight; however, it was added that responsible for
this phenomenon is emission of monomeric phenol and formaldehyde, present in the
structure of the foam during the curing/manufacturing process.

In the second stage of degradation, it was added that the mass loss that occurred
during this stage ismainly due to the release of formaldehyde andwater. It is causedby
bond breaking (mostly methylene ether) and conversion into more stable structures.
In this stage, the authors conclude that the mass loss could be associated with the
decomposition of the material and transformation into carbonaceous structures and
products low molecular products, such as water, carbon monoxide, carbon dioxide,
methane, and phenol. The generation of CO2 can be attributed to the breaking of the
bridges connecting phenolic rings and of the bond joining the hydroxyl radical to the
aromatic ring. It is considered that these reactions can take place at high temperatures
(>500 °C) under an inert atmosphere. The radicals generated during these reactions
can react with each other, leading to the formation of compounds whose functional
groups are oxidized and giving rise to aldehyde groups, which can also easily oxidize
carboxyl groups [36, 37].

Obtained by MFK methods, the values of activation energies are in a range of
110–170 kJ/mol. For almost all conversion ranges, the activation energies obtained
for the reinforcement are constant and are about 162 kJ/mol. The results obtained
using Flynn-Wall-Ozawa MFK and Kissinger–Akahira–Sunose methods showed
high correlation coefficientswhen compared to the data. Research has also shown that
the 2-Gaussian DAEM model is suitable for thermal degradation of manufactured
phenolic foams and activation energy values vary between 108.6 and 175.6 kJ/mol.

7 Conclusions

Phenolic foams can be very useful materials; however, their common use is limited
by disadvantages such as their high friability and low mechanical properties. A way
to reduce or eliminate the drawbacks of this material may be the addition of particle
reinforcement, especially wood flour. The use of this type of reinforcement not only
has a pro-ecological character but also, as proved in the studies described above,
has the potential to obtain materials with the desired characteristics. With this type
of treatment, it is possible to obtain a material with increased compressive strength
and Young modulus, reduced amount of foaming agent, and modified abrasion. It
should also be remembered that the addition of wood flour increases the density of
the material, which may limit its use. There is also a high possibility of an increase
in the flammability of the obtained materials. Change of this parameter has not been
extensively examined and requires attention in future research. Moreover, there is a
lack of studies describing the biodegradability, decomposition of this material, and
the effect of aging (UV, thermal, etc.) on the properties of this type of material.



17 Wood Flour-Reinforced Phenolic Foams (WFPF) 315

References

1. John MJ, Anandjiwala RD (2008) Recent developments in chemical modification and
characterization of natural fiber-reinforced composites. Polym Compos 29:187–207

2. Ou R, Xie Y, Wolcott MP et al (2014) Effect of wood cell wall composition on the rheological
properties of wood particle/high density polyethylene composites. Compos Sci Technol 93:68–
75

3. Olakanmi EO, Strydom MJ (2016) Critical materials and processing challenges affecting the
interface and functional performance of wood polymer composites (WPCs). Mater Chem Phys
171:290–302

4. FAO. Food andAgriculture Organization of theUnitedNations (2020) Global Forest Resources
Assessment 2020: key findings, p 16

5. Khan MZR, Srivastava SK, Gupta MK (2020) A state-of-the-art review on particulate wood
polymer composites: Processing, properties and applications. Polym Test 89:106721

6. Hetzer M, De Kee D (2008) Wood/polymer/nanoclay composites, environmentally friendly
sustainable technology: a review. Chem Eng Res Des 86:1083–1093

7. FahimM, Chand N (2008) Wood reinforced polymer composites. Woodhead publishing series
in composites science and engineering. Cambridge, p 180–196

8. Wong AHH., Kim YS, Singh AP, Ling WC (2005) Natural durability of tropical species with
emphasis on Malaysian hardwoods – variations and prospects. Int Res Gr Wood Prot 32

9. Jiang W, Kumar A, Adamopoulos S (2018) Liquefaction of lignocellulosic materials and its
applications in wood adhesives—a review. Ind Crops Prod 124:325–342

10. Karinkanta P, Ämmälä A, Illikainen M, Niinimäki J (2018) Fine grinding of wood – overview
from wood breakage to applications. Biomass Bioenerg 113:31–44

11. SchwartzE.B,Russell J (2010)Functional fillers for plastics, 2nd ed.WILEY-VCH,pp269–288
12. Pelaez-Samaniego MR, Yadama V, Lowell E, Espinoza-Herrera R (2013) A review of wood

thermal pretreatments to improvewood composite properties.WoodSci Technol 47:1285–1319
13. Haque M, Goda K, Ito H et al (2019) Fatigue performance of wet and dry pulverized wood

flour reinforced PP composites. J Compos Sci 3:20
14. Geng Y, Li K, Simonsen J (2006) Further investigation of polyaminoamide-

epichlorohydrin/stearic anhydride compatibilizer system for wood-polyethylene composites.
J Appl Polym Sci 99:712–718

15. Gardner DJ, Han Y, Wang L (2015) Wood–plastic composite technology. Curr For Reports
1:139–150

16. van der Stelt MJC, Gerhauser H, Kiel JHA, Ptasinski KJ (2011) Biomass upgrading by
torrefaction for the production of biofuels: a review. Biomass Bioenerg 35:3748–3762

17. Tumuluru JS, Sokhansanji S, Hess R et al (2011) A review on biomass torrefaction processand
product properties for energyapplications. Ind Biotechnol 7:384–401

18. Cesprini E, Resente G, Causin V, et al (2020) Energy recovery of glued wood waste – a review.
Fuel 262:116520

19. Ramage MH, Burridge H, Busse-Wicher M et al (2017) The wood from the trees: the use of
timber in construction. Renew Sustain Energy Rev 68:333–359

20. Fan LT, Lee Y-H, Beardmore DR (1981) The influence of major structural features of cellulose
on rate of enzymatic hydrolysis. Biotechnol Bioeng 23:419–424

21. Gosz K, Kowalkowska-Zedler D, Haponiuk J, Piszczyk Ł (2020) Liquefaction of alder wood as
the source of renewable and sustainable polyols for preparation of polyurethane resins. Wood
Sci Technol 54:103–121
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