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Abstract

In this study, Wood Plastic Composites (WPCs) were produced from post-consumer bulky wastes of recycled plastic and
wood in order to minimize waste, decrease environmental effects of plastics, reserve natural resources, and support circu-
lar economy for sustainable production and consumption. Five different types of polypropylene (PP) or polyethylene (PE)
based recycled plastics and wood obtained from urban household bulky wastes were used in the production of recycled
WPC composites, r-WPCs. Virgin WPC (v-WPC) and r-WPC compounds were prepared with wood flour (WF) and maleic
anhydride grafted compatibilizer (MAPP or MAPE) to evaluate the effect of recycled polymer type and compatibilizer on the
mechanical properties. It was found that tensile strength properties of -WPCs produced from recycled PP (r-PP) were higher
than that of the -WPCs produced from mixed polyolefins and recycled PE. --WPCs containing anti-oxidants, UV stabiliz-
ers, and compatibilizer with different WF compositions were produced from only recycled garden fraction PP (PPFGF) to
determine the optimum composition and processing temperature for pilot scale manufacturing of r-WPCs. Based on tensile,
impact, flexural, and water sorption properties of -WPC compounds with different formulations, the optimum conditions
of -WPC compounds for industrial manufacturing process were determined. Surface morphology of fractured surfaces as
well as tensile, flexural and density results of -WPC compounds revealed the enhancement effect of MAPP on interfacial
adhesion in -WPCs. -WPC products (crates and table/chair legs) based on bulky wastes were produced using an injection
molding process at industrial scale by using 30 wt% WF-filled --WPC compound. This study demonstrated that r-WPC
compounds from recycled bulky plastic and wood wastes can be used as a potential raw material in plastic as well as WPC
industry, contributing to circular economy.
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Statement of Novelty

Bulky waste is a significant and increasing waste stream in
every country due to change in habits and economic status
resulting in finding affordable goods for the fast replace-
ment. Municipal bulky waste stream could be treated as
source if valorisation pathways have been studied. This
study indicates valorisation of municipal plastics and
wood waste as raw materials in WPC manufacture. The
utilization of recyclable resources is imperative for sus-
tainability, due to the increase in plastic waste in cities
and the depletion of resources. In this concept, the evalu-
ation of different types of plastics obtained from municipal
bulky waste in WPC production were carried out by com-
paring the performance of the -WPCs with virgin WPCs
(v-WPC). Industrial manufacturing of r-WPC products
from municipal bulky plastic and wood wastes was per-
formed on pilot scale. Results indicate the technical feasi-
bility of using bulky wastes as potential raw material for
WPCs by considering physical and mechanical properties.

Introduction

The substitution of plastic by recycled post-consumer
waste is very common around the globe due to the need for
minimization of waste to reduce the environmental impact.
Unfortunately, bulky waste is not utilized well for this pur-
pose due to their large physical dimensions preventing col-
lection along with domestic wastes, and requiring specific
collection schemes. For example, the US Environmental
Protection Agency (2006) [1] defined bulky waste as large
items of waste materials, such as appliances, furniture,
large auto parts, trees, stumps, wooden pallets, and waste
tires. European Union summarizes bulky waste as the
waste that needs special considerations for management
due to their bulky character [2]. H2020 URBANREC pro-
ject defines urban bulky waste as “mixed solid waste origi-
nating from the normal functioning of a private household
and similar waste from companies that may require special
collection and management because it cannot be accepted
by the regular household waste collection systems due
to its shape volume and/or weight”. It includes, among
others, furniture, mattresses, fixtures and fittings, uphol-
stery and mixed textile, and large rigid plastic objects.
Construction and demolition waste and any other bulky
items for which specific waste management legislation at
EU-level exists are excluded from the definition of urban
bulky waste, e.g., packaging waste, waste electrical and
electronic equipment (WEEE), end of life vehicles (ELV),
and so forth [3]. The objective of the project is to valorise
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bulky waste with new innovative approaches, one of which
is through wood-plastic composites.

It is estimated that approximately 19 million tonnes of
furniture, mattresses, upholstery, textiles, and plastic gar-
den products, among others in each year in the European
countries end up in the waste, 60% of which goes to land-
fills [4]. Therefore, the plastic from bulky waste is a loss of
an important resource that has a potential to be valorised,
and to contribute to the circular economy and sustainability
in accordance to the greening strategy in Europe [5]. Most
of the plastic wastes are intrinsically non-biodegradable;
therefore, their reutilization leads to the reduction of the
environmental effects, dependency on petroleum resources,
and promote ecosystems [6, 7]. There are studies on the
reusability of plastic wastes in various applications from
production of fuel to cement, and wood-plastic composites
(WPCs) [9-17]. Keskisaari and Karki [12] reported reduc-
tion in material costs with the use of waste materials, espe-
cially recycled plastic instead of virgin polymer in WPC.

WPC is defined as hybrid materials composed of wood
flour (WF) and thermoplastic polymers. Wood as a fibrous
filler material in WPC provides several advantages such as
low cost, wood-like appearance, eco-friendly renewable
filler, and reduction on the environmental effects of plastics
[10-13, 18-21]. WPC combines the availability and aes-
thetic properties of wood, and moulding capability and high
environmental resistance of plastics, such as against water
[10, 18-23]. Moulding capability of plastics enhances the
application areas of WPC at different shape profiles rang-
ing from exterior and interior construction materials such as
pallets, sidings, decks, and fences to automotive components
such as seat backs and front/rear door linens [11, 24-28].

The physical and mechanical properties of WPC are
dependent on the wood content, polymer type, additives
such as coupling agent or compatibilizer, and processing
conditions. The compatibility between nonpolar polymer
and polar wood in WPC is improved by surface modifica-
tion of wood with coupling agent before WPC process or
direct usage of compatibilizer such as maleic anhydride
grafted polymer (MAPP or MAPE) during WPC process.
The presence of polar and non-polar groups in the structure
of coupling agents or compatibilizers provides the bonding
between polymer and wood. This bond enhances the com-
patibility and the interfacial adhesion between polymer and
wood, and leads to the improvement of mechanical proper-
ties of WPC [27-34].

There are few studies related to the mechanical properties
of WPC from recycled polymer and wood. Biitiin et al. [27]
indicated the possibility of WPC production with recovered
wood particles obtained from fibreboard (MDF) disintegra-
tion technique. Chaharmali et al. [35] produced WPC panels
and particleboard with recycled HDPE bottles. Kamdel et al.
[36] studied the mechanical properties of wood particles
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with recycled HDPE and compared with the virgin one. It
was seen from these studies that mechanical properties of
WPC from recycled polymer and wood, were comparable
with the virgin ones. However, to our knowledge, there is
no study related to the WPC production from bulky plastic
and wood wastes.

The aim of this study is the use of plastics and wood
obtained from municipal bulky waste for industrial manu-
facturing of WPC products that may be used in many diverse
product applications. Consequently, waste minimization,
reduction in environmental effects, protection of natural
resources, and supporting circular economy for sustain-
able production and consumption could be realized. For the
above mentioned aim, effect of wood content, plastic type,
compatibilizer, and temperature on physical and mechani-
cal properties of WPC in laboratory scale as well as later in
industrial scale conditions were investigated. Furthermore,
industrial pilot scale demonstration was performed with
manufacturing two potential products.

Materials and Methods

Fractionated recycled polymers and wood waste obtained
from urban bulky waste stream were supplied from Van-
heede Environment Group (VEC) (Belgium), a partner of
the URBANREC project. The plastics fraction consisted of
polypropylene (PP) based garden furnitures and polyolefin
(PO) based injection moulding waste products, were further
treated in order to obtain plastic grades of higher quality.
The treatment included size reduction, washing and flota-
tion, removal of metal fractions, regrinding, and dedusting.
The recycled polymers supplied from VEC tabulated in
Table 1 were classified according to melt flow indexes (high,
medium or low MFI), polymer type (PP, PE or mixed PO)
and application area of recycled product (garden fraction
(PPFGF) or artificial grass (LLDPEgrass). PPFGF consists
of 10.7 wt% talc as a filler. Wood wastes from cases, pal-
lets, etc., are collected, sorted, chopped, and ground down to

50-100 mesh size. Maleic anhydride grafted PP (Licocene
PPMA 7452) and maleic anhydride grafted PE (Licocene
4351 PEMA) as compatibilizers were kindly supplied from
Clariant Company (Germany). Virgin polypropylene (PP)
and polyethylene (PE) based WPCs (v-WPC) were also pre-
pared as a reference comparison. Virgin PP (MH 418) and
virgin PE (I 668) were supplied from PETKIM petrochemi-
cal company (Turkey). MFI values of virgin PP and virgin
PE are 4.5 and 5.5 g/10 min, respectively. Sonox 168 and
Sonox 1010 supplied from Shandong Limyi Sunny Wealth
were used as antioxidants. UV 70 (Sabo) and Plastaid-T
(Fine Organics) were used as UV stabilizer and processing
aid, respectively.

Preparation of WPCs

The steps of the plastic recycling and WPC production are
given in Fig. 1. In the scope of this study, WPC production
from recycled plastic and wood waste was carried out in both
laboratory scale and industrial scale. Firstly, 50 wt% WF
filled WPCs composed of MAPP or MAPE were prepared
in the laboratory scale for the selection of recycled polymer
type. The recycled polymers and wood waste were dried at
90 °C before preparation of WPCs. WPC plates (15X 15x 1
cm) in the laboratory scale were conducted by using Torque
Rheometer (Thermo Haake Rheomixer) and then compres-
sion moulded in a hot press (Carver Press), successively. The
PE or PP based WPCs were prepared at mixing temperature
of 160 or 185 °C, rotor speed of 40 rpm and mixing time of
10 min in the torque rheometer. The specimens taken from
the rheomixer were compression molded in a Carver press to
form rectangular sheet with dimensions 150x 150 x 1 mm?®.
Composites were pressed at 100 bar pressure at 185 or 200
°C for 8 minutes and then cooled to 40 °C. Recycled PP and
PE based thermoplastics polymers obtained from munici-
pal waste were compounded with wood waste at various
filler compositions (20-50 wt%) and other additives (UV
stabilizers, lubricant, and antioxidants, approximately 1.2
wt%) for determination of optimum WPC formulations in

Table 1 The properties of

e . Sample Polymer type Melting temperature Melt flow index
virgin and fractionated recycled code (T, °C) (MFI) at 230 °C
polymers (g/ 10 min)

PP Virgin, MH418 163 4.5
PE Virgin, I 668 134 5.5 (190 °C)
PPMMFI PP homo polymer medium MFI 164 7.3
PPHMFI PP homo polymer 165 22.1
high MFI
PPFGF PP filled garden fraction high MFI 162 11
MixPO Mixed Polyolefin 163 and 132 14
high MFI
LLDPEgrass LLDPE artificial grass - 2.5-3 (190 °C)

@ Springer



5422

Waste and Biomass Valorization (2020) 11:5419-5430

Municipal Mixed
Bulky Plastic Waste Grinded Compatibilizer
Wood Waste
24 Virgin PP/PE v v
Sorting & Crushing Production of v-WPC Mechanical tests
: Eecycled : . :
Postconsumer plastics | : — & r-WPCin labscale v-PC & r-WPC
Plastics
Additives
\I.I \"'

Mechanical & Physical tests
of r-WPC

Preparation of r-WPC
compoundings in labscale and [

industrial scale

Selection of

recycled plastic
type

|

Determination of

Optimum r-WPC

Industrial
Manufacturing of

r-WPC products

Fig.1 WPC production steps

Fig.2 Process line of industrial manufacturing of WPC compounds

the laboratory (Thermo Scientific PRISM EUROLAB 16)
and industrial scale twin screw extrusion machines (Leistritz
ZSE 27 MAXX).

Industrial scale WPC production of this study comprises
the production of WPC compounds by twin screw extrusion
first, and later manufacturing of WPC products by injec-
tion molding at industrial scale. The WPC compounds with
optimized formulations were produced at different process-
ing temperatures (Fig. 2). Processing parameters such as
temperature profile through extrusion barrel to die, flow
rate, and screw speed were adjusted for better flow proper-
ties. The maximum process temperature through industrial
extrusion process was applied in the range of 185-215 °C.

@ Springer

At three different wood flour concentrations (20, 30, and 40
wt%), PPFGF compounds consisting all additives includ-
ing UV stabilizer, antioxidants, compatibilizer, and lubri-
cant were produced in a plastic compounding factory. WPC
compounds were used for manufacturing of table legs and
crates by using injection molding process (Haitian plastics
machinery and Forstar Strong MCHX-220T) available in
two different plastics companies.

Tensile, Impact, and Flexural Tests of WPC
Compounds

Tensile, impact, flexural, and water sorption properties of
WPC compounds with different formulations such as dif-
ferent wood flour content (20, 30, 40 wt%), compatibilizer
and other additives (UV, antioxidants) were investigated for
the determination of optimum WPC compounds. The ten-
sile tests of WPCs were carried out according to ASTM
D638 standard in Shimadzu AG-I mechanical test equipment
at a 10 mm/min tensile test speed and 5 kN load cell. The
specimens were conditioned at 50% relative humidity for
24 h prior to testing. Among the five different fractionated
recycled plastics, PPFGF was selected based on the tensile
properties at constant WF loading (50 wt%) for the industrial
manufacturing of WPC compounds as well as WPC indus-
trial product demonstrations.
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The notched Charpy Impact strength tests were conducted
according to EN ISO 179-1 standard at room temperature
by using a V-notch CEAST Resil Impactor. The test samples
were prepared by using industrial injection molding process
(Permak Injection Molding, TR) according to ISO 179-1
standard at 220 °C and 30 bar.

Three-point flexural bending tests of PP, PPFGF, and
compounded PPFGFs composed of 20, 30 and 40 wt% wood
flour and other additives (antioxidants, UV stabilizer) were
carried out for the determination of the flexural properties
of the compounds. Test samples were prepared in injec-
tion molding equipment according to ASTM D 790-15 test
method. Three-point flexural bending tests were performed
by using AGS-J Shimadzu mechanical testing machine
with 5 kN load cell and support span length of 62 mm. All
mechanical test data described as an average of five test
specimens with =+ standard error.

Surface Morphology of WPC Compounds

Morphological analyses of fractured surfaces of polymer
composites can give us information about the interfacial
interaction and the strength of adhesion between polymer
matrix and filler. Surface morphology of tensile fracture
section of WPCs were characterized by scanning electron
microscope (FEI Quanta 250 FEG) to analyse the effects
of the maleic anhydride grafted compatibilizer on the poly-
mer/filler interface. The fractured surfaces of the tensile test
specimens were sputter-coated with gold to avoid electron
charging.

Water Absorption and Density of WPC Compounds

Water absorption (wt%) and thickness swelling (%) were
determined by mass and thickness dimension measurement
of WPC specimens according to Eq. (1). The dry WPC spec-
imens with four replicates were immersed in water at room
temperature for 24 h. Then, the wet samples are removed
and measured.

Water sorption % = ((W,, — W) /W,) x 100 1)

where W, and W, are the dry and wet mass of samples,
respectively. Thickness swelling (%) was also calculated
using the same equation with thickness values instead of
mass.

True density of WF was measured by using Helium
pycnometer (Quantochrome Instruments, Ultrapycnometer
1000). Average theoretical density of WF with standard devi-
ation was calculated by Software program “Pycwin Version
1.10”. True density of WF was found as 1.5637 +0.0024 g/

cm3.

Densities of virgin PP, PPFGF and -WPCs were meas-
ured by using the density determination kit Sartorius YDK
01 based on Archimedes principle. Weight of the sample
in air (W,) and weight of the sample in ethanol (W,) were
recorded to calculate experimental densities of the samples
from the following equation.

Ps =WaXpe/(Wa_We) ()

where p, and p, are densities of the sample and ethanol,
respectively. Void fractions (¢) of -WPC compounds were
calculated by considering experimental and theoretical den-
sities (pyeo) Of -WPC compounds. Theoretical densities and
void fraction (¢) of r-WPCs were calculated using Egs. (3,
4).

Piheo = Zm;/ 2 (mi/p;) (€)]

Pexp = ptheo(l —€) 4

where m; and p; represent the mass and density of compo-
nent i in the composite, respectively.

Results and Discussion
Mechanical Properties

Mechanical properties of recycled polymers depend on
molecular weight, type and recycle rate of polymer, and
processing conditions. The recycled polymers also consist
of different type of fillers and additives. The type, shape, and
amount of fillers and additives have an impact on mechani-
cal properties of recycled polymers. Also, mixing of differ-
ent type of incompatible polymers during recycle process
adversely effects mechanical properties of the polymers.
Fragmentation and classification of source of plastic waste
play an important role for the quality and consistency of
products produced from recycled polymers. The mechanical
results of this study given below discusses the effects of the
mentioned parameters on the mechanical as well as water
sorption properties and density of the recycled WPCs, and
compares with the virgin ones.

Effects of Plastic Matrix and Compatibilizer on Tensile
Strength (TS) and Modulus (E)

Tensile properties of WPCs filled with 50 wt% wood flour
were investigated firstly to decide the type of the recycled
polymer for further industrial manufacturing of WPC com-
pounds/products. Figure 3a, b indicates the effects of com-
patibilizer and recycled polymer type on tensile strength and
Young modulus values of WPCs at constant WF loading

@ Springer
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Fig.3 Tensile properties of v-WPC and r-WPC

(50 wt%), respectively, as well as compares the values with
the virgin PP and PE polymers. As seen in the figure, ten-
sile strength and Young modulus values of WPCs (WPC-
C) increased significantly with the use of MAPP or MAPE
as compatibilizer. Tensile strengths of virgin PP and PE,
found to be 37 and 34 MPa, respectively were higher than
that of the recycled PPs and recycled PEs. However, tensile
strength of virgin PP and PE significantly decreased with
the addition of WF, and increased with the compatibilizer.
At constant WF loading 50 wt%, the tensile strength values
of virgin PP, virgin PE, PPHMFI, PPMMFI, PPGF, MixPO,
and LLDPE grass WPCs with MAPP or MAPE were found
as 30.8, 18.9, 26.6, 22.8, 21.6, 10.2, and 13.8 MPa, respec-
tively. The tensile strength values of WPCs produced from
recycled MixPO and LLDPE found as 5.8 MPa and 5.5 MPa
are the lowest tensile strength values compared to the other
PP based recycled plastics and composites, respectively.
Young modulus values calculated from the stress to strain
ratio, that give information about the elastic deformation
properties of the WPCs, ranged from 661 to 2530 MPa.
The lowest Young modulus value was obtained in recycled
LLDPE grass sample. The increase in Young modulus val-
ues indicates the increase of rigidity with the effect of WF
and compatibilizer. Also, the increase in Young modulus
values shows the increase in required stress for elastic defor-
mation due to the increase of rigidity. The change of the
strain at break values of virgin PP and PE also shows similar
trend like tensile strength. Strain-at-break values of virgin
PP, PE, and LLDPE grass significantly decreased with the
addition of WF and increased with the compatibilizer. The
highest strain-at-break value was found as 738% in recycled
LLDPE grass sample. Strain-at-break values of WPCs were
found to range between 1.3 and 3%. Based on the tensile
strength, Young modulus and strain-at-break data, it can be
concluded that the use of compatibilizer led to improvement
in the interfacial adhesion between WF and polymer. The
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improvement in mechanical properties of the composites
with the use of compatibilizer were also reported by previ-
ous studies [27-34]. MAPP and MAPE provide a chemi-
cal bonding between the hydrophilic WF and hydrophobic
polymer [23, 32, 34].

Among the five different fragmented bulky recycled plas-
tics, polypropylene garden fractions (PPFGF) were used in
the industrial manufacturing of WPC’s based on the avail-
ability of these samples in the municipal waste stream, ten-
sile mechanical properties, and melt flow behaviour. The
medium MFI property of PPFGF as well as tensile strength
were the critical factors in the selection of PPFGF for manu-
facturing process. MFI gives information about the resist-
ance to flow of plastics during processing, and depends on
the molecular weight and molecular weight distribution of
the polymers. The polymers having low MFI value have high
molecular weight, high melt viscosity, and long chains. The
increase in MFI value with recycling of polymers was con-
firmed in previous studies [37]. In addition, the decrease in
MFI value with the use of recycled plastics in many cycles
was also determined due to the effect of additives and impu-
rities present in recycled plastics. Haq and Srivastava [38]
investigated the MFI, molecular weight, and crystalline
behaviour of WPC produced by virgin and recycled PP.
They found higher MFI value for virgin PP compared to
recycled PP due to the effect of additives or impurities in
recycled PP. MFI value decreased from 9.28 to 5.66 with
an increase in WF content from 0 to 50% for recycled PP.
This decrease in MFI with the increase in wood loading
indicated the decrease in flowability of the composite mate-
rial. In our study, based on the decrease in flowability of
the plastics with wood content, PPFGF having medium
MFI was selected. The use of PPFGF having medium MFI
facilitated the processability with regard to melt flow behav-
iour through twin screw extrusion and injection molding



Waste and Biomass Valorization (2020) 11:5419-5430

5425

machines. PPFGF having medium MFI provides the vali-
dation of WPCs for different applications as a processing
point of view.

Effect of WF Content on the Mechanical and Physical
Properties of Industrial WPC Compounds

WPC compounds were produced by using recycled PPFGF,
WEF waste (in varying amount of 20, 30 and 40 wt%), MAPP
(3 wt%), and other additives such as antioxidants, UV sta-
bilizer, and lubricant (approximately 1-2 wt%) in industrial
scale at two different temperatures (185 and 215 °C) as
decided based on prelimary laboratory scale studies. Cac-
eres et. al [39] studied the chain scission PP degradation
during multiple extrusions. Epacher et al. [40] and Santoz
et al. [41] indicated the positive effects of Irganox 1010 and
Irganox 168 as antioxidants for stabilization of HDPE and
PP/PE polyolefins during multiple extrusions by consider-
ing degradation. Based on the previous studies, additives
were also used for heat stabilization of recycled PPFGF by
preventing its degradation during the production of -WPC
compounds. The effect of WF content and compatibilizer on
the tensile, impact, flexural, and water sorption properties
on WPC compounds were investigated for the selection of
r-WPC compounding with optimum formulation.

Tensile Properties

Tensile tests of the r-WPC compounds were carried out in
order to define the optimum WF content and process tem-
perature in industrial scale fabrication of WPC compounds.
Figure 4a, b depicts the tensile strength and elastic modulus
data as a function of WF loading. As seen in Fig. 4a, ten-
sile strength values of the WPC compounds decrease with
the increase of process temperature and wood flour loading
except 30 wt% WF. As expected, the higher process tem-
perature decreased the melt viscosity, however, the state

301
o,
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= 254 3 ® 215°C
£ t
o
c
)
2 ¥
B 154
c
o
[t

10 T T T 1

10 20 30 40 50
WF Content (wt %)
(a)

Elastic Modulus (MPa)

of polymer melts not only depend on temperature, but also
shear forces in the melt. Therefore, it can be said that the
higher shear forces exist in the melt at the lower process tem-
perature that resulted in higher tensile strength and modulus
values. The maximum tensile strength value was obtained
as 24.8 MPa in the 30 wt% WF-filled WPC compounds pro-
cessed at the lower process temperature (185 °C). The mini-
mum tensile strength value was determined in the 40 wt%
highest WF-filled WPC compounding processed at 215 °C.
The tensile strength of 30 wt% WF-filled industrial --WPC
compounds (24.8 MPa) was found to be higher than that of
50 wt%-WF filled lab scale r-WPC compounds (21.6 MPa).
The increase in elastic modulus values of r-WPC obtained
in industrial scale was observed with the increase of WF
content and decrease of processing temperature (Fig. 4b).
Therefore, the optimum process temperature for industrial
extrusion process was determined as 185 °C for further
industrial WPC product manufacturing.

Impact Properties

Impact testing of virgin PP, recycled garden fraction PP
(PPFGF), and r-WPC compounds were carried out for
determination of the effects of recycling and WF content
on the impact test strength results. Figure 5 illustrates the
impact strengths of notched virgin PP, recycled PPFGF,
and WPC compounds filled with 20, 30 and 40 wt% WF
(20 WF, 30 WF, and 40 WF) samples. The virgin PP has
a higher impact strength found to be 10.5 kJ/m? compared
to that of the r- PPFGF and r-WPC compounds. The result
from the Charpy impact test of notched specimens indicates
that impact strength significantly decreases with the use of
recycled polymer and WF. The decrease in impact strength
with recycling of PP indicates the PP embrittlement [42].
The decrease in impact strength with recycling and WF
loading also reveals the reduction of adsorbed energy by
breaking the specimens during impact test. The addition

® 185°C
(o]
20004 B 215°C
1800 4
1600 T T T |
10 20 30 40 50
WF Content (wt %)
(b)

Fig.4 Tensile properties of -WPC compounds extruded at 185 and 215 °C: a Tensile Strength b Elastic Modulus
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of WF increased stiffness and brittleness of WPCs due to
the decrease of flexibility of r-PP. However, no significant
change was observed through impact test results of WPC
compounds with an increase in WF loading approximately
found as 4 kJ/m?.

Flexural Properties

Three-point flexural bending tests of PP, PPFGF, and com-
pounded PPFGFs composed of 20, 30, and 40 wt % WF with
other additives (antioxidants, UV stabilizer) were carried out
for determination of the flexural properties.. The flexural
strength values are given in Fig. 6. The flexural strength val-
ues were significantly increased with the addition of WF and
MAPP in all PPFGF compounds (Fig. 6). It was found that
the lowest flexural strength was in virgin PP. The maximum
flexural strength, determined in Fig. 6 as 46.2 MPa, was
obtained for 30 wt% WF-filled PPFGF compounds as seen
in Fig. 6. The increase in flexural strength with MAPP could
be attributed to the improvement on interfacial adhesion
between WF and recycled PPFGF due to the possible bond-
ing between WF and r-PP matrix, and improved dispersion
of WF particles. The esterification reaction between anhy-
dride carbonyl groups of MAPP and hydroxyl groups of the
WF can lead to the formation of ester bonds. The increase
in flexural strength with MAPP was observed similar to the
tensile test results of WPC compounds. The positive effect
of MAPP on tensile and flexural properties was also reported
in previous studies about WPC composites [31, 38].

Water Absorption, Swelling and Density Properties

Water absorption and swelling properties of WPC com-
posites play an important role in the determination of
WPC applications. Figure 7a, b depicts the water absorp-
tion and swelling results of virgin PP, PPFGF, and r-WPC
compounds at different WF loadings calculated from Eq.

&
QQ ’b e W

(b)

Fig.7 a Water absorption and b Swelling results of virgin PP, PPFGF, and r-WPC compounds at different WF loadings
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(1). The water absorption was increased with the incorpo-
ration of WF. Considerable difference was not observed
up to 20 wt% WF, however the water sorption increased
significantly for 30 and 40 wt% WPCs. The water absorp-
tion of PPFGF was found to be higher than that of the
virgin PP. This can be explained by the presence of 10.7
wt% talc content in PPFGF as a filler. Water absorption
results of r-WPC compounds except 40 wt% WF-filled
WPC compound were found to be lower than 1 wt%. Also,
% thickness swelling results were lower than 2% except
40 wt% WEF-filled WPC compound. Dimensional stability
of WPC across water determines the suitability of WPC
for outdoor applications. The water absorption < 1 wt% is
recommended for many WPC market applications [43].
Based on the water absorption and swelling results, it can
be contemplated that -WPC compounds consisting 20 and
30 wt% WF are suitable for WPC applications.

Figure 8a illustrates the experimental and theoretical den-
sities of r-WPC containing 50 wt% WF without compatibi-
lizer and -WPC compounds with compatibilizer at differ-
ent WF loadings. Theoretical densities of WF filled WPCs
were found as higher than that of the experimental densities.
Theoretical densities were obtained in the range of 1.08 and
1.22 g/ cm’, Experimental densities of 20, 30, 40 and 50
wt% WEF filled r-WPCs were found as 1.06, 1.1, 1.13 and
1.11 g/cm?, respectively. The linear increase in experimen-
tal densities was observed with the increase of WF loading
except for -WPCs without MAPP, and good agreement with
the literature [43]. The difference between theoretical and
experimental densities of WPCs indicates the presence of
voids. The effects of WF loading on void fractions of -WPC
compounds are shown in Fig. 8b. Void fractions of -WPC
compounds increase with WF loading. The void fractions of
20, 30 and 40 wt% r-WPCs were obtained as 0.024, 0.019
and 0.035, respectively. The maximum void fraction value

1.20+
exp
o 115 H tieo
§ I
(=2}
> 1.10- = d
-
g
Q  1.05- I
=
1.001=
& & & &
QQ Vv i) 1 vO
4&
&

was obtained as 0.093 for 50 wt% WF filled WPC without
MAPP due to the insufficient adhesion between polymer
matrix and WF. Water sorption properties of WPCs directly
depend on the void fractions. The void fraction results verify
the increase in water sorption with WF loading.

Characterization of Fracture Surfaces

Micro-structural analysis of fractured surfaces of tensile
test specimens were carried out to examine the adhesion
between filler and polymer matrix, and dispersion of fillers.
Figure 9 shows the fractured surfaces of tensile test samples
of 30 wt% WF-filled r-WPC with and without MAPP. The
holes and debonded WF fibers are clearly observed in --WPC
without compatibilizer. The observation of holes and the
pulled out WF fibers confirms the weak interfacial adhesion
between WF and polymer matrix in r-WPC without MAPP.
The presence of weak interfacial adhesion between WF and
polymer leads to the debonding of WF fiber from the poly-
mer matrix easily during the tensile test. This result also
confirms the reduction in the tensile mechanical strength of
the r-WPCs without MAPP. The SEM micrograph in Fig. 9b
indicated that the WF is dispersed well, and impregnated
with the polymer matrix in -WPC with MAPP. The decrease
in number of cavities and gaps was observed in 30 wt% WEF-
filled WPC with MAPP. As seen in Fig. 9c at higher mag-
nification, SEM micrographs demonstrate the strong bond-
ing between WF and matrix due to the absence of holes
and the impregnation of WF fibers with the polymer matrix
(Fig. 9b, ¢). SEM analyses supported the improvement effect
of MAPP on interfacial adhesion between hydrophilic WF
and PPFGF matrix. This result also confirms the improve-
ment effects of MAPP on the tensile mechanical properties
of WPCs due to the increase in stress transfer.
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5 0.08-
©
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Fig.8 a Experimental and theoretical densities, b Void fractions of r-WPC compounds at different WF loadings
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Fig.9 SEM Micrographs of tensile fracture section of 30 wt% WF-filled a -WPC without MAPP X500 b r-WPC with MAPPx 500, and ¢

r-WPC with MAPP x 5000

Industrial Manufacturing of WPC Products

The WPC compounds with optimum formulations were
used in industrial manufacturing process line by consider-
ing water absorption and mechanical properties. Table/chair
legs and crates as potential products were manufactured by
using injection molding equipment available in industrial
plastic companies as shown in Fig. 10. The usage of recy-
cled plastics and wood in the industrial manufacturing also
leads to reduction on the melting temperature resulting in
lower process temperature, lower energy consumption, and
cost savings for producers [44]. Industrial manufacturing of
WPCs from bulky waste leads to decrease in manufactur-
ing cost due to the decrease in material costs as well as the
reduction of the environmental effects of plastic waste.
Manufacturing of crates and table legs indicates the
applicability of WPCs from recycled plastics in transport

of packed food products or vegetables/fruits and furniture
sector, respectively. Also, many alternative WPC products
depending on the consumer needs could be produced from
bulky recycle plastics and woods.

Conclusions

In this study, the utilization of municipal bulky plastic and
wood wastes was investigated for the industrial manufactur-
ing of potential wood plastic composite (WPC) products.
Successful substitutions of recycled bulky plastic and wood
wastes with the virgin ones have been demonstrated. The
optimum r-WPC formulations and processing temperature
were determined by comparing the tensile, impact, and
flexural mechanical tests results. The increase in process-
ing temperature from 185 to 215 °C adversely affected the

Fig. 10 Industrial manufacturing of crates and table legs from WPC compounds by using injection molding process
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tensile properties of the WPC compounds. The increase
in tensile and flexural, and the decrease in water sorption
properties and void fractions of the WPC composites with
MAPP indicate the enhancement of the interfacial adhesion
between wood flour (WF) and recycled PPFGF in WPC.
The maximum improvement on mechanical and physical
properties was obtained for WF-filled WPCs produced at
185 °C. In addition, 30 wt% WF containing WPCs as the
optimum WPC composition was used for industrial WPC
manufacturing trials by considering the required mechani-
cal and physical properties. Industrial manufacturing of two
potential WPC products (table/chair legs and crates) for two
different applications was demonstrated with the optimum
material formulation with injection molding process. Manu-
facturing of crates and table legs showed successful sub-
stitutions of recycled bulky plastics and wood wastes with
the virgin ones, and therefore, in order to contribute to the
circular economy, valorisation of these wastes by upscaling
laboratory results for development of marketable new prod-
ucts need to be explored.
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