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ABSTRACT

The development of alternative wood composites based on the use of waste or recycled materials can be beneficial
due to over exploitation of natural resources. Under this frame, an option for the successful utilization of waste
polystyrene which avoids environmental problems that formaldehyde adhesives cause and also reduces waste dis-
posal, is its potential application as a binder for the production of value-added environmentally friendly and low
cost wood composites. Two types of panel were successfully made, consisting of wood dust and two recycled poly-
styrene contents, namely, 15% and 30%. Both physical properties, water absorption and thickness swelling, and
mechanical properties, modulus of rupture, shear strength parallel in the plane of the board and glue line shear
strength, were significantly improved as the recycled polystyrene content increased from 15% to 30%. Water
absorption and thickness swelling after 24 h immersion in water were improved by 165% and 750% as the
recycled polystyrene content increased from 15% to 30%. The magnitude of the improvement in mechanical
properties however, was less pronounced than of the physical properties since modulus of rupture, shear strength
parallel in the plane of the board and glue line shear strength were increased by 43.6%, 50% and 61.5%, respec-
tively. The low viscosity of the recycled polystyrene caused more mobility inside the panel matrix and therefore,
an improved penetration took place into adequate depth of the compressed dust particles. It is concluded that
boards can be successfully produced using these waste raw materials, wood dust and recycled polystyrene in
organic solvent as a binder, and therefore it can reduce waste disposal and provide cleaner production for the
development of wood-based boards.
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1 Introduction

The optimization of the efficiency of natural resources and the transition to circular economy has
generated new actions to a more sustainable use of raw materials. Therefore, it is an imperative need the
utilization and the concomitant conversion of waste materials into new high-value products. In particular,
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the use of wood residues, or recycled materials can be considered as eco-friendly, green potentials in order to
face the challenge of an increasing demand for wood composites, worldwide [1,2]. The definition of recycled
wood, as stated in the Waste Framework Directive (2008/98/EC), includes a variety of residual and old wood,
such as wastes from construction, furniture, etc., and packaging [3–5]. Both wood-based panel industries and
pulp and paper facilities produce, annually, a substantial amount of by products, namely solid waste and non-
hazardous sludge which require utilization as by-products or as waste materials [6,7].

At the moment, the main actions for the disposal of the sludge, involves burning for energy reasons or
landfilling. In addition, during the primary mechanical wastewater treatment, the majority of the suspended
solids are removed and the resulted liquid sludge incorporates great quantities of residual wood fibers [8]; this
will be considered as an important feedstock for the manufacture of wood composites, although are
significant different in composition [9]. Various methods have been developed worldwide for
reconstituting the waste from wood based panels, such as particleboard and medium density fiberboard,
in order to solve the problem of recycling the wood composites [10]. These can be categorized as
follows: chemically thermomechanical [11], hydrothermal [12,13], chemical [14] or mechanical [15,16].
However, these methods are considered to be quite difficult to be applied in practice, an exemption seems
to be the mechanical processing when manufacturing particleboards [17]. A common problem is the
hydrolytic way of obtaining wood particles from residual particleboards [10,17].

Various studies have been published concerning the effect of various types of recycled wood and other
lignocellulosic wastes on the properties of wood composites. Czarnecki et al. [17], manufactured three
layered particleboards bonded with urea formaldehyde resin (UF) and they replaced, 10% to 60% in the
core layer, conventional wood chips with chips obtained from particleboards made from formaldehyde
resins, namely urea and phenol formaldehyde (PF). They found that bending properties were lightly
declined when 10% to 50% particles obtained from recycled PBs bonded with UF resin were used,
whereas internal bond strength was significantly reduced when the portion of recycled particles in the
PBs was only 10%. It was further stated that boards made from particles obtained from recycled PBs
bonded with PF resin showed by far the worst properties. This was attributed to the negative interaction
of the new UF resin used with the original PF. The properties of particleboards manufactured from
plywood waste (bonded with UF or PF resin) were investigated by Laskowska et al. [18]. They
concluded that the substitution of 20%–100% of virgin particles with the recovered material was possible
without negatively affecting the performance of the produced particleboard. Particleboards were also
manufactured using four different types of wood recyclates, originated from demolished buildings,
namely plywood, timber, particleboards and medium density fiberboards [19]. Particleboards made from
recycled timber were shown the best performance, however the use of wood recyclated was
recommended only for the core layer of the boards, since the bending properties were very low. Hameed
et al. [20], made three layer particleboards from two types of recycled raw material, untreated wood and
wood treated with various coatings. They reported that the produced boards met the requirements of no
load-bearing panel for interior use in dry conditions. Iždinský et al. [21], made three layer particleboard
bonded with UF resin, from fresh spruce wood, recycled wood chips and recycled faulty UF bonded
particleboards, at various proportions. They reported that both mechanical and physical properties were
negatively affected by the incorporation of the recycled material, whereas the boards made from 100%
recycled material showed the worst performance.

Polystyrene is a synthetic, aromatic, thermoplastic polymer made from the monomer styrene. Styrene
was first introduced to the market on industrial scale in early thirties by the German company IG Farben
industries and by the Dow Chemical Company in USA; these employed the catalytic dehydrogenation of
athylbenzene, a process that is still used nowadays [22]. Polystyrene is widely used for packaging
applications and its Society for Plastic Industry code is 6, indicating the difficulty associated with its
recycling. The common forms of polystyrene are general purpose polystyrene (GPPS), extruded
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polystyrene (XPS), expanded polystyrene (EPS), high impact polystyrene (HIPS) and syndiotatic
polystyrene (SPS). Waste polystyrene has very serious environmental risks, particularly in developing
countries, where disposal facilities are in shortage and its proper management is a big problem because it
is not easy to recycle. It is known that despite the efforts being made by the industry to incorporate a
small percentage in the manufacturing process, their management entails considerable costs of
transportation, storage and disposal. Due to obvious lack of effective and appropriate strategies of its
recycling, huge quantities of waste polystyrene are discarded in landfills, recycling plants or incinerated.
Waste polystyrene is not decomposed in these facilities, getting dissolved by leaching of decomposition
of another organic matter. Similarly, the gases resulting from the incineration of polystyrene are harmful
[23]. Various researchers investigated the potential of using polystyrene as a binder in order to produce
value-added wood composites. Masri et al. [24] successfully manufactured particleboards from expanded
polystyrene (EPS) wastes and date palm and reported that the bending strength and stress reached
acceptable values coupled with good fibre-matrix interface adhesion. Akinyemi et al. [25] made
experimental particleboards from wastes of wood and expanded polystyrene foam. They concluded that
wood and expanded polystyrene foam wastes can be considered as sustainable materials for producing
panels that can be durable in moist environment. Hermawan et al. [26] manufactured oriented strand
board bonded with disposal expanded polystyrene as binder. The results revealed that the mechanical
properties met the Japansese standards, however thickness swelling remained a problem. Chanhoun et al.
[27] examined the possibility of upgrading plastic waste, expanded polystyrene and wood, that pollute the
environment of cities in Africa in general and those of Benin in particular. The study showed that, for the
same polymer, the physicomechanical characteristics are different depending on the granular composition
of the wood particles. It is further reported that the expanded polystyrene polymer provided high
mechanical performance composites compared with those made with the plastic-based polymer.
Polystyrene has been used for the manufacture of lightweight gypsum-based composites. Merino et al.
[23] reported on the physicomechanical properties of lightweight gypsum-based composites made from
various mixtures of polystyrene wastes, both expanded (EPS) and extruded (XPS). It was concluded that
these type of composites complied with the current standards and had lower density than currently used
lightweight gypsums and mechanical strengths. Expanded polystyrene has also been used for the
manufacture of light weight concrete sandwich wall panels [28,29].

The above survey clearly showed that the development of alternative wood composites based on the use
of waste or recycled materials can be beneficial due to over exploitation of natural resources. Under this
frame, an option for the successful utilization of waste polystyrene, which at the same time, avoids
environmental problems that formaldehyde adhesives cause and also reduces waste disposal, is its
potential application as a binder, for the production of value-added, environmental friendly and low cost
wood composites. In another connection, the approach of retraining polystyrene gotten from packing
removed from service and wood or wastes of wood, permits the production of economic and environment
respectful composites. Consequently, the aim of this paper was to examine the technical feasibility of
manufacturing one layer particleboards made from wood dust and recycled polystyrene, as a binder.

2 Materials and Methods

2.1 Raw Material
Industrially produced wood wastes comprising of predominantly mixed softwoods were supplied by a

local plant in Karditsa, Greece (39°22′21.7″ N, 21°54′29.6″ E). The wood chips were first screened through a
mesh with 3 mm apertures to remove oversized particles, and they were then put through a mesh with 1.5 mm
apertures to collect dust particles (Fig. 1). At least 89% of the dust particles were below 1 mm and 11% above
1 mm, their bulk density was determined to be 0.30 kg/m3. After screening, the dust particles were dried at
105oC to reach 6.5%–7% moisture content. The boards were manufactured from particles dried to this
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moisture content. Recycled polystyrene was collected from local landfills in Karditsa, Greece (39°22′21.7″
N, 21°54′29.6″ E) and chipped in a D.I.Y. shredder, as depicted in Fig. 2a. Following that, the polystyrene
particles were mixed together in order a completely homogenous mass to be formed (Fig. 2b). Based on
extensive preliminary results, it was found that a nitro-based solution of polystyrene, (type Nitro T-400,
density 0.84 ± 0.02 Kg/L, purchased from Vitex, SA, Greece), 38% in concentration, resulted to the
production of a fully homogeneous fine mass of polystyrene which was found to be suitable for spray
application. This means that 100 g of polystyrene are dissolved in 266 ml of the nitro-based solvent.

The determination of the viscosity of the recycled polystyrene was performed, at a temperature
of 25.5°C, using NDJ-1B rotational viscometer at a speed of 30 rpm.

2.2 Board Manufacturing Process
The dissolved polystyrene was sprayed on the wood dust in a rotary drum, while they were mixed

together, before manually set in to 0.35 m × 0.30 m matrix. The matrix was covered with metal plates,
3 mm in thickness, and tightens with hand clamps with a mechanical pressure of about 100 Kg in order
to be pre-pressed. The mats stayed under these conditions for 48 h at an average room temperature of
23°C before cold pressed for 6 h, at 23°C. The pressure of the cold press was 150 kg/m2. The target
board thickness was 12 mm and the target density was 0.65 kg/m3. For each treatment, two replicates
were produced. Two types of panel were made, consisting of two recycled polystyrene contents, namely,
15% (type A) and 30% (type B) (based on the dry weight of wood dust) and wood dust. At this point, it
has to be mentioned that preliminary tests revealed that it was not feasible to manufacture boards with
lower polystyrene content, since this attempt leaded to non-consistent boards.

2.3 Physicomechanical Properties of the Boards
Once manufactured, the panels were conditioned at 23°C and 65% relative humidity. The values for

mechanical properties, namely, hardness (Janka), modulus of rupture in bending strength (MOR), shear
strength parallel in the plane of the board and glue line shear strength were determined according to the
American standard for particleboards (ANSI A208.1-1998) [30]. Physical properties, namely, water
absorption (WA) and thickness swelling (TS), were determined according to the European Union
standards (EN 317-1993) [31]. For each oven-dried sample (four for each board), its weight and its
dimensions were recorder and subsequently were immersed in water at 20°C, for 24 h. Both properties
were calculated based of initial oven-dried recordings. The density profile of the samples was calculated
at an interval of 0.1 mm, using an ATR density profilometer (Industrie Elektronik), by means of gamma

(a) (b)

Figure 1: Wood wastes as collected (a) and as used (after screening) (b)
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radiation, which is transmitted through the sample across its thickness. The flow diagram of the experimental
procedure is depicted in Fig. 3.

2.4 Statistical Analysis
Statistical analysis was conducted using SPSS software program, version 24.0 (IBM, USA, 2018). One-

way ANOVAwas performed to identify significant difference at the 95% level of confidence, with Duncan’s
multiple range test grouping. Fitted-line, contour, and surface plots were designed using Minitab statistical
software to discern relationship between properties and the trends thereof (version 16.2.2; 2010).

(a) (b)

Figure 2: Completely homogeneous mass of recycled polystyrene (b) as produced by the shredder (a)

Figure 3: The flow diagram of the experimental procedure
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3 Results and Discussion

3.1 Properties of EPS
The viscosity of the recycled polystyrene was 54.6 mPa s at a temperature of 25.5°C and its pH value

was 11.8. This denotes that EPS binder has a pretty low viscosity value compared to common formaldehyde
based resins (200–400 mPa s) [32–33]. It is known that low viscosities-dispersion is advantageous since they
are easier to distribute on the raw material and therefore can result in boards with improved properties [34].
This is particularly important for this study, since at least 89% of the dust particles, used in for the
manufacture of boards, were below 1 mm.

3.2 Physical Properties
The two types of panel made in this study, consisting of wood dust and two recycled polystyrene

contents, namely, 15% (type A) and 30% (type B), as shown in Fig. 4.

The physical properties of the particleboards made from wood dust and two recycled polystyrene
contents are shown in Tab. 1. An increase in WA and TS was observed as the duration of immersion time
increased. Closer inspection of the data depicted in Tab. 1, reveals that both water absorption and
thickness swelling decreased as the recycled polystyrene content increased from 15% to 30%; it is
noticeable that this improvement in physical properties is significantly different. It is also of interest to
notice the differences in the integrity of the two types of boards after 24 h immersion in water, as
depicted in Fig. 5. Two factors may be responsible for this behavior. It is mentioned earlier that recycled
polystyrene binder has a pretty low viscosity value compared to common formaldehyde based resins and
this caused high mobility on contact with wood surface. As the content of the recycled polystyrene was
increased from 15% to 30%, more mobility took place inside the panel matrix and therefore an improved
penetration lead to adequate depth of the compressed dust particles. This may cause a concomitant
prevention or even repair of the potential damages of dust particles caused by cracks and fissures, since
raw materials of fine sizes, like the ones used in this study, are relatively weak and vulnerable to ‘critical
defects’ inside the board structure. This improvement in water absorption and thickness swelling as the
content of the recycled polystyrene is increased, have also been reported by other researchers in boards
made from commercially produced wood chips [35–37], however the magnitude of the improvement is
more pronounced in the present study where dust particles were used as raw material, namely 165% and
750% in WA and TS after 24 h immersion in water, respectively. An additional factor that contributed to

(a) (b)

Figure 4: Appearance of the final boards made from wood dust and recycled polystyrene (a: 15% and b:
30%)
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this significant improvement of the two physical properties studied here as the recycled polystyrene content
increased, may be the better interfacial contact between dust–matrix bonding in recycled polystyrene. This
resulted in the formation of covalent bonds between the recycled polystyrene and the hydroxyl groups of the
dust particles, as schematically depicted in Fig. 6; the bonds contributed to the connection between
the polymer in the recycled polystyrene and to dust particles and this in turn bridged the gap between the
dust particles [38]. It is generally known that the strength of the bond is determined by the resin content
[39,40]. While a hydrogen bond (through mechanical means) is formed when conventional formaldehyde
resins are used, a covalent bond is formed when recycled polystyrene is applied as a binder. A value of
energy range of 5–10 kcal/mol is linked with hydrogen bond, while a value of 70–100 kcal/mol with the
covalent bond [39]. As a consequence, an increase in recycled polystyrene from 15% to 30% resulted in
an increased strength of the covalent bond with corresponding increase in the energy range and this in
turn resulted in significant improvement in both physical properties studied here.

3.3 Mechanical Properties
The mechanical properties of the particleboards made from wood dust and two recycled polystyrene

contents are shown in Tab. 2. From this, it can be seen that an increase of the recycled polystyrene
content from 15% to 30% resulted in significant improvement in the modulus of rupture, shear strength
parallel in the plane of the board and glue line shear strength of the boards. The magnitude of the
improvement however, was less pronounced than of the physical properties; i.e., modulus of rupture,
shear strength parallel in the plane of the board and glue line shear strength were increased by 43.6%,
50% and 61.5%, respectively. This improvement is caused by the strong binding force and compaction
strength at the interface between the dust particles and the recycled polystyrene. The ability of the

Table 1: Physical properties of the two types of board made in this study

Board type Density1

(Kg/m3)
Water absorption (WA)1

(%)
Thickness swelling (TS)1

(%)

2 h 24 h 2 h 24 h

Type A
(15% recycled polystyrene)

0.67 A3

(±0.02)2
38.83 A
(±3.74)

125.44 A
(±6.46)

4.01 A
(±1.68)

34.84 A
(±6.57)

Type B
(30% recycled polystyrene)

0.63 A
(±0.01)

7.92 B
(±2.91)

47.33 B
(±5.09)

0.68 B
(±0.37)

4.09 B
(±1.21)

Notes: 1Each value is the mean of ten replicates.
2Standard deviation.
3Values followed by the same letter do not differ significantly from each other by a Duncan’s multiple range test (α’ = 0.05).

(a) (b)

Figure 5: Appearance of samples after 24 h immersion in water (a) Type A board and (b) Type B board
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recycled polystyrene to penetrate into the crevices and voids of the produced boards resulted to
improved mechanical interlocking and improved efficacy of transferring of the resulted stress along the
interfaces [32,41,42].

It is of interest to notice the behavior of the two types of boards produced in this study, as far as their
hardness is concerned. Boards consisting of 30% recycled polystyrene showed by far lower value in hardness
compared with those consisting of 15%, the opposite of what it was expected since it is generally known that
an increase in resin content increases the mechanical properties of boards [43–44]. It is further known that the
amount of fillers or nanofillers which facilitate the curing of the resin cause an increase in mechanical
performance of boards [45–47]. Considering the fact that the amount of recycled polystyrene used in type
B panels was very high (30%), the significant decrease in hardness was attributed to the increased

Figure 6: Schematic representation of the formation of covalent bond between the recycled polystyrene and
the hydroxyl groups of the dust particles

Table 2: Mechanical properties of the two types of board made in this study

Board type Density1

(Kg/m3)
Modulus
of rupture
(MOR)1

(N/mm2)

Hardness1

(N/mm2)
Shear strength1

(parallel in the
plane of the board)
(N/mm2)

Glue line
shear
strength1

(N/mm2)

Type A
(15% recycled
polystyrene)

0.67 A3

(±0.02)2
1.65 A
(±0.41)

23.70 A
(±1.21)

0.36 A
(±0.06)

0.65 A
(±0.19)

Type B
(30% recycled polystyrene)

0.63 A
(±0.01)

2.37 B
(±0.65)

14.50 B
(±1.11)

0.54 B
(±0.07)

1.05 B
(±0.21)

Notes: 1Each value is the mean of ten replicates.
2Standard deviation.
3Values followed by the same letter do not differ significantly from each other by a Duncan’s multiple range test (α’ = 0.05).
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compactness of the boards. This compactness, as a decisive factor, did not allow the completion of the test
and therefore a preliminary low value in hardness was obtained.

During the pressing of the boards, the interaction between pressure and moisture gives rise to a non
uniform deformation of the elements which in turn results in an uneven distribution of the density along
the thickness direction of the final board. Typically, as stated by Kelly [48], the density profile resembles
a ‘U-shape’ with the peak density near the board surfaces, and the lower in the core region. Fig. 7 shows
typical profiles for the two types of board produced in this study. It is interesting to notice that boards
made with 15% polystyrene, showed a steeper profile; that is higher surface densities and lower core
densities than the boards made with 30% polystyrene. This suggests that boards made with 30%
polystyrene were less compressible than the boards made with 15% polystyrene.

Fitted-line plots between different physical and mechanical properties demonstrated rather high
R-squared values in most cases, though in some cases they were not statistically significant (Figs. 8A and
8B). Moreover, contour and surface plots illustrated clear relationship between most physical and
mechanical properties, though some slight discrepancies were observed (Figs. 9A and 9B). The existence
of relationship between different properties indicated that the properties studied here would be closely
dependant on the content of the materials used and therefore, fluctuations could be made in them to
manage quality of the boards produced at industrial scales. However, it is recommended that
complementary studies with wider content range of recycled polystyrene be carried out, in case the
industry decides to start up a production line.

A major issue addressed in this paper was to produce one layer particleboards made from wood dust and
recycled polystyrene, as a binder. Two types of panel were successfully made, consisting of two recycled
polystyrene contents, namely, 15% (Type A) and 30% (Type B) (based on the dry weight of wood dust).
Their potential application can contribute in the reduction of cooling and heating costs and at the same
time to eliminate CO2 emissions. The approach of retraining polystyrene gotten from packing removed
from service and wood or wastes of wood, permits the production of economic and environment

Figure 7: Density profiles of tested boards made fromwood dust and recycled polystyrene (a: 15% and b: 30%)
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respectful composites. The limited energy demand for the construction of these board types is expected to
improve the carbon footprint of the boards and also to address a financially viable solution for producers
who currently direct the residues in landfills with an additional cost. It was mentioned in Section 2.1 that
based on extensive preliminary results, it was found that a nitro-based solution of polystyrene, 38% in
concentration, resulted to the production of a fully homogeneous fine mass of polystyrene which was
found to be suitable for spray application. This may affect the emission of volatile organic compounds
from the final board. This issue is of vital importance for the performance of the panel and will be
reported in due course in a study that is currently under way and examines the potential of manufacturing
composites made from wood particles and recycled polystyrene as a binder.
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(MOR) and shear strength parallel in the plane of the board (B) in particleboards made from different
contents of wood dust and recycled polystyrene
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4 Conclusions

The aim of this paper was to examine the technical feasibility of manufacturing one layer particleboards
made from wood dust and recycled polystyrene, as a binder. At least 89% of the dust particles used was
below 1 mm. Two types of panel were successfully made, consisting of two expanded polystyrene
contents, namely, 15% and 30%. Both physical properties, water absorption and thickness swelling, and
mechanical properties, modulus of rupture, shear strength parallel in the plane of the board and glue line
shear strength, were significantly improved as the recycled polystyrene content increased from 15% to
30%. The low viscosity recycled polystyrene caused more mobility inside the panel matrix and therefore
an improved penetration took place into adequate depth of the compressed dust particles. Statistical
analyses demonstrated relationship between most of the properties, upon which production planning can
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Figure 9: Contour (A) and surface (B) plots between physical and mechanical properties of particleboards
made from different contents of wood dust and recycled polystyrene
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be established for the industry. It is concluded that boards can be successfully produced using these waste raw
materials, namely wood dust and recycled polystyrene and therefore can reduce waste disposal and provide
cleaner production for the development of eco-friendly wood-based boards.
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