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The aim of this thesis is to analyze the effect of replacing virgin polymers in wood-polymer
composites with mixed waste plastics recycled from municipal solid waste streams and considering
new composite’s mechanical properties in terms of tensile and impact strength, durability regarding
moisture resistance, dimensional stability, microstructure analysis and extra considerations
acquired through the literature review. The results of this study are actual results carried out from
mechanical tests to find an ideal material composed of mixed-waste plastics from municipal solid
waste (MSW) streams in wood plastic composites (WPCs), with the purpose of reducing the
consumption of non-renewable oil-based virgin polymers. The entire examinations been done at
LUT (Lappeenranta University of Technology) fiber composite laboratory following engineering
standard conditions, and obtained outcomes are precisely used and compared. The final aspect of
such recycled materials is for translating them to actual products, and for the purpose of further
investigation.
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1. INTRODUCTION

The use of polymer composites has been witnessed with a continuous growth over the past years.
Combining polymer with solid fillers results in achieving several benefits. Also, in practice, the
properties of the polymer and the filler create a proper combination of properties for the prepared
material. Some examples of fillers are glass fibers, calcium carbonate, silica, graphite, kaolin, talc,
mica, wollastonite, high performance fibers (carbon and aramid) and synthetic fillers (e.g. PET or
PVA-based fibers), (La Mantia et al. 2011).
However, it causes a drawback for such composites, which is difficulty in reuse and recycling, and
in order to manage the problem it is commonly chosen to transport the disposal directly into a dump
or burning them. This approach is not satisfactory particularly in the disposal method, owing to the
inefficiency, methodological problems and environmental impacts. In addition, production of
plastics needs a substantial use of oil-based resources considering as non-renewable resources
(Netravali et al. 2003).
Such difficulties have started to be obvious over the past 10 years, hence it became as an issue that
lead to scientific researches in order to discover new alternatives which enables us to find suitable
replacements for virgin polymers and substitute traditional polymer composites containing
replacements with lower environmental effects, and accordingly mentioned as ‘‘Green
Composites’’ or ‘‘Eco Composites’’. The fact that makes the task easier is that in typical
applicative fields of mentioned composites like packaging, secondary and tertiary structures,
panels, cases and gardening items, outstanding mechanical properties in not essential (Carroll et al.
2001).
1.1 Importance of the study
An excessive quantity of global municipal solid waste (MSW) belongs to waste and recycled
thermoplastics, and they contribute a capable source of raw material to be used in WPCs,
particularly due to their huge amount and efficiency (Najafi 2013).
Reusing polymeric materials in order to produce post-consumer recycled goods evidently decreases
the consumption of virgin plastics and environmental impact as well. The processes of recycling
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individual oil-based polymeric plastics are relatively simple through a well-organized classification
of collection, separation and recycling. Therefore, scrap plastics can only be recycled to new
products by adding extra energy. (Jayaraman et al. 2004).
1.2 Waste management
Different stages of waste management containing the entire procedures from waste generation to
landfilling that describes the path of MSW flow are as following and can be seen in Figure 1.
•

Waste generation: the whole actions producing waste through production and distribution
of produces for market and industry, or the use of products for households’ applications.

•

Waste collection: involves the process in which sources separate into different material
streams.

•

Processing: containing diverse phases like storing, disassembling of product, and producing
Refused Drive Fuel. Such steps work either for preparing waste to reuse or to adjust waste
properties appropriately with a sight to final disposal.

•

Recycling: producing secondary materials from waste, like wastepaper and steel from
ferrous metal scraps.

•

Waste treatment: consists of different techniques such as mechanical, chemical and thermal
treatments of harmful wastes.

•

Waste utilization: covers the complete application alternatives of waste after treating, such
as the consumption of treated bottom ash for road construction and compost for agricultural
applications.

•

Landfilling: is an engineered approach for land disposal of hazardous solid wastes (Sabbas
et al. 2003).
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Figure 1. Integrated waste management system (Sabbas et al. 2003).
1.3 Legislation
Legislation aimed at improved waste management, which is issued in EU, has been founded on the
waste management hierarchy presented in Figure 2. The hierarchy is been presented in waste
directive 2008/98/EC and classified into five stages. The first stage is the most desired one, and the
stages go downward with their importance value. Waste prevention is the first stage of this
hierarchy, which is not do with the scope of this study and has not been under investigation.
Reusing material is the second stage, in which the materials are used without major changes.
Recycling, energy recovery and disposal in landfill without recovering energy are orderly the third,
fourth and fifth stages of waste hierarchy (European Commission 2008).
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Figure 2. The waste management hierarchy (European Commission 2008).
The fundamentals of waste management and the definitions concerning waste, recycling and
recovery have been defined in Directive 2008/98 / EC and are described when waste is considered
as a secondary raw material which is called end-of-waste criteria and expresses the distinction
between waste and by-products. Such Directive arranges a number of elementary principles of
waste management. The waste must be treated in a protective manner to avoid any damage to the
environment, poses no risk to plants, water, animals, air and soil. Besides, it should not affect the
places of particular interest or countryside by noise and odors. The policy and waste legislation of
EU Member States mean to apply the waste management hierarchy according to its priority order.
A number of directives exist along with 2008/98/EC leading waste management to more
sustainability. Legislation requires additional improvements to reuse waste. A more sustainable
society would emerge by the use of different considerations (European Commission 2008).
1.4 Municipal solid waste (MSW)
The yearly produced municipal solid wastes (MSWs) includes a great volume of hypothetically
recyclable and valuable resources of composites. Due to economic and environmental benefits
contributed from MSWs, there is a high demand for utilizing them in composites. The interest for
developing composites using recycled materials is very high, specifically owing to the fact that
daily-generated waste contains plastic and wood. Paper and waste wood are so appropriate and
possible to replace inorganic fillers in thermoplastic composites and could meet all the
requirements concerning this matter. Products made up of bio composite compared to the ones
made up of plastics alone own further benefits such as enhanced impact, acoustic, heat reform
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ability properties and lighter weight together with lower costs. Besides, such composites are able
to be reused and recycled in order to make second-generation composites (Ashori et al. 2009).
1.4.1 Current Policy for Municipal Waste
Municipal waste is the produced waste from households such as other sorts of waste which are like
households’ waste due to their composition or nature. The treatment of such substances is an issue
since the nature of these materials are mixed and dispersed. As the result of waste hierarchy, the
alternatives are limited to landfilling and incineration. It is stated in the Landfill Directive that the
most important part of European legislation dedicates to municipal waste. This legislation wants
Member States organizing their national strategies for minimizing the volume of recyclable
municipal waste which goes to landfill. Such action helps to manage the excessive amounts of
methane gas that releases to the air from landfills. Quite a few numbers of the EU-28 MS
proclaimed landfill tax as funds to draw away waste from landfill, in order to meet the necessities
of Landfill Directive, together with a few Member States which execute a landfill prohibition.
There is a noticeable fluctuation in landfill tax value among Member States (Milios et al. 2018).

1.5 Why mixed waste plastics are not currently used
The term recycling is not only defined by separating consumers’ wastes in terms of the material
such as metal, plastic, glass, etc. and put them into their specific bins, but also it refers to the market
of used products. Several researchers opted to consider the cause of this fact that in Nordic countries
greatest amount of recycled plastics end their way to the trash. The simple answer is because using
recycled products are not moneymaking enough (Milios et al. 2018).
Plastic recycling is not profitable for markets. Investigators are aiming to consider various sides of
the value chain for plastic to find out the reason why plastic is not wanted after being recycled. The
main issue that researchers found was the lack of profitability of recycled plastics from used
products, and its marked will not do. It is hard for sellers and buyers of recycled plastics to find
each other. Therefore, the market for recycled plastics does not work (Milios et al. 2018).
Furthermore, plastic is very low-priced, hence it would be suitable for recycling until its quality
does not decrease. As far as new plastics are so efficient to produce, it does not make sense to use
recycled plastics for making products. Furthermore, there are different types of plastics that create
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a wide range of alternatives for plastic products. While collecting plastics from households, every
kinds of wastes are mixed in the bin and it makes the separation more difficult and time taking, and
it is probable that other trash finds its way into the mix as well. In order to gain profits and
environmental benefits from recycled plastics, there should be a market for recycled materials
(Milios et al. 2018).
Another factor which explains why mixed waste plastics are not used is that burning plastics is
more profitable. Through an interview that has been done in Sweden and Denmark, people have
been asked about this issue and many of them believed that the recycled plastic market must do
better with taking actions for recycling. Some of them stated the importance of reducing the number
of diverse sorts of plastics that leads to reduction in number of additives in plastics. Others believed
that burning plastics might be more efficient compared to consuming electricity and energy for
separating and recovery of plastics since the electricity in Sweden and Denmark is high cost
compared to other Nordic countries such as Norway. Owing to this fact, burning plastics is more
efficient in Sweden and Denmark (Milios et al. 2018).
Besides, plastic packaging used by Norwegian users should ship to Germany, and a part of waste
plastics produced in Norway, cannot be recycled and used for fabricating new products. As an
alternative, it is burned in order generate energy. Approximately 80% of all collected plastics in
Norway is categorized into 5-7 dissimilar grades before being recycled in Germany. Such sort of
plastic is widely utilized in plastic industry. Transferring plastics using trucks, from Norway to
Germany, to be recycled to is relatively low energy consuming compared to other alternatives
(Milios et al. 2018).
Moreover, one of the most important factors for not using mixed plastics is immiscibility of plastic
blends. With regard to the different melting points of the polymers, the main issue regarding mixing
plastics is the immiscibility of most of polymers to each other. Low attraction of the physical phase
boundary of immiscible mixtures results in stress phase separation, leading to poor mechanical
properties. Lack of compatibility among polymers in their blends reduces the quality of plastic
blends such as WPCs considerably. The use of compatibilizers is an ideal technique to enhance the
compatibility between plastics. The compatibilizers improve the interfacial adhesion concerning
polymers and the dispersion of one component into another. Compatibility agents are available in
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market to combine an extensive range of virgin plastics. This technology can also be used for
recycling mixtures (Najafi 2013).

1.6 Current state of MSW material flow in south Asia
The issues allied with MSWM in Asia are insufficient organized facilities to cope with this
difficulty. Main growing issues are lack of financial resources, lack of expertise, authorized and
executive enforcement of environmental guidelines, etc. Unawareness of public and lack of
environmental ethics have also led to uncontrolled solid waste disposal. The majority of
underdeveloped nations are aware of these major problems related to household waste
management. The economic issue of this problem is the biggest limit that leads to the existing
disregard of the segment in urban infrastructure. A part of this financial problem relates to the
inadequate structure of funds and financing from central budgets. Absence of public’s
consciousness about waste producers increases the number of littering problems. Consequently,
there is a major risk for public health because of environmental pollution. A research work
concerning MSWM problems in some countries such as India, Sri Lanka, Thailand and China
emphasized on major technical issues allied with generating, composting, collecting and
transporting of solid waste. Additionally, it has considered the ultimate disposal structures with
improvements made for recycling, recovery and reuse (Visvanathan et al. 2013).
1.6.1 Technical issues
The rules and guidelines applied for methods of recycling MSW management are founded on
technically developed countries’ rules that that might not be agreeable and open to developing
countries’ conditions and regulations. The risks of environmental and public health are key factors
while designing and arranging methods for recycling. These arrangements can differ depending on
technical, climatic and socioeconomic system applying in developing countries. Hence, the
produced MSW can differ according to such methods. But, the main problems among solid waste
issues are recovery and recycling of materials implemented principally by informal segments and
minimizing wastes at source and wide reuse. However, small attention is given to the final disposal
(Visvanathan et al. 2013).
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1.6.2 Solid waste generation
In studied countries, generation of solid waste depends on the density of population, urban
habitation size, financial growth and the quantity of commercial goods’ consumption. Figure 3
presents per capita statistics for solid waste generation in studied countries, fluctuating between
0.2 and 1.7 kg per day. This huge amount is primarily because of the economic inequality of
population, particularly in China, which varies considerably according to its economic situation
and population density. Urban population overreached 38% and waste generation increased over
the years (NRI-China, 2003). In the same way, urban residents of India are 28%, while the amount
of wastes produced is based on volume estimations. Increase in waste production in Sri Lanka is
due to an increase in consumer behavior and the migration of people from countryside to urban
areas. More than 23% of the population in Thailand lives in cities and economic growth increases
the rate of waste per individuals and per day. As mentioned above, generated waste is mainly
biodegradable and is normally deposited on poor soils or in undeveloped landfills. (Visvanathan et
al. 2013).

Figure 3. Waste generation per capita per day
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1.6.3 Resource recovery and recycling
An appropriate mechanism for incinerating household waste would require recycling, recovery,
reuse and reduction of solid waste. Recycling of decomposable materials normally should be done
in urban districts, where the scrap and waste trade is transformed into recycling plants in several
stages. Despite the health risks, the recovery of resources by garbage collectors, garbage collectors
and migrant smugglers is already starting with some items at the household level. Waste recycling
in the Asia-Pacific region increased from 10% to 22% between 1990 and 1998 (UN, 2000). The
trigger was the participation of local authorities, non-governmental and other environmental
organizations beginning recycling projects. Two examples about Sri Lanka and Thailand have been
debated below (Visvanathan et al. 2013).
In Sri Lanka, the Ministry of Forests and the Environment (MoFE) has asked 2,300 families to
detach plastic, glass, metal, paper and cardboard at the source in order to effectively diminish the
amount of collected waste for disposal. Afterwards, recovered materials are sending to the industry
that applies such materials. MoFE, local authorities and NGOs have used the given example in this
community as a basis to promote similar actions everywhere else. (NRI-Sri Lanka, 2003).
In Thailand, a private company for the purpose of recycling based on a family scrap shop founded
a few years ago. This company has an expected throughput of more than 100,000 tons, with
operations everywhere in Thailand and other authorizations selling its system. They buy various
materials for processing in their own recycling facilities. It vends recycled resources locally and
even transfers them. (NRI-Thailand, 2003) (Visvanathan et al. 2013). Similarly, China has a great
recycling potential for plastic, glass, rubber and scrap metal with around $ 3.6 billion price of
wasted recyclable materials yearly (NRI-China, 2003).
In India, recycling and reuse are adapted in order to reduce per capita waste production effectively.
Dirty cardboard boxes, plastics, glass and scrap metal are easy to market, and nomadic collectors
are beginning to collect them door-to-door. open platforms or landfills despite the risks of recycling
in certain areas; In particular, countries’ capitals recorded a strong contribution of the local
population because of the price of those materials. It is surprising how recyclable waste is
physically separated in businesses or recycling companies. The amount of waste reaching landfills
should be reduced to 30-45%. (Visvanathan et al. 2013).
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Figure 4. Disposal methods of MSW in China, India, Sri Lanka and Thailand (Visvanathan et al.
2013).
Proper disposal of municipal solid waste results in health effects and degradation of land resources.
These waste materials in underdeveloped countries regularly disposed through transferring and
discharging in landfills that is not a sustainable way and causes harm to the environment. Regular
methods using for disposal of waste materials are composting, landfilling and incineration. This
way of disposal led to great amounts of landfilling in considered countries which is 50% in China,
90% in India, 85% in Sri Lanka and 65% in Thailand (see Figure 4) (Visvanathan et al. 2013).

1.7 Wood Polymer Composite (WPC)
Wood-plastic composites (WPCs) belong to a product classification, which is enhanced over past
decades, and resulted in enhancement of its applications and progressed market share. Precisely,
WPCs are composite materials made from wood particles and thermoplastics including PP, PE,
PVC, PLA etc. that defined as a polymer matrix. Such materials can be applied in a number of
structural and non-structural uses from prototyping goods to outdoor decking. Although,
automotive and construction could be named as their most common applications worldwide, they
are capable of being used both outdoors and indoors. Some major applications include packaging
and consumer products, household goods, building materials, gardening products and gardening
products, as well as automotive and engine related applications. (La Mantia et al. 2011).
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1.7.1 Market of WPC
Utilization of bio fibers or cellulosic fillers in polymer composites is increasing nowadays (see
Figure 5.). This high consumption of bio fibers in WPCs is due to their low cost, environmental
and thermal behavior, flexibility while being processed, stiffness, low weight and recyclability
compared to conventional fillers such as glass fibers. Main applications of WPCs are automobile
and decking applications that can be classified as both consumer and industrial uses. WPCs are
highly demanded in decking market since they have improved dimensional stability and weather
resistance compared to tropical hardwoods. Additionally, these composites require lower
maintenance costs and can perform well in a longer period of time in comparison with wood
materials. Decking market of WPCs in Europe has reached to a developed phase which cause
inferior progress for product companies, and consequently manufacturers must look for new
applications. In general, the mechanical performance of such composites is weaker than wood
materials that makes composites a limited alternative to be used in structural parts. These
composites need more improvements in order to be used in different applications. Particularly, for
construction applications, some properties such high-quality serviceability, durability, performance
and reliability standards require more improvements. Investigations regarding poor durability of
WPCs in ling-term uses are under considerations. Also, due to high moisture absorption of WPCs,
other issues are existing concerning fungal decay and low mechanical strength. But it is possible
to improve the durability of these composites. For instance, through chemical modifications of
wood particles of WPC. (Hämäläinen et al. 2014).

Figure 5. Market development of WPC, in tones (Hämäläinen et al. 2014).
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Several factors affecting the future pf WPCs like legislation, trends of society, economy and
technological developments of such materials and their opponents. As the use of composite
materials grow, the range of final product made up of such materials expand. The growth of using
these composites develop the structural applications. The market of WPCs grows while their
properties such as dimensional stability, durability and resistance against moisture and fire
improves. The main limitation of overall WPC performance is caused by weak bonds between
matrix and natural fibers. A number of possibilities can be offered by nanotechnology in order to
minimize this issue concerning the performance of composite materials. Improvements can be
made in order to decrease biodegradation, increase properties of water absorption and flame
resistance properties (Hämäläinen et al. 2014).

1.7.2 Components of WPC
WPCs belong to a composite materials and products’ category including two principal phases,
which are completely different from each other. One phase is the matrix, which assists bonds and
extends the load transfer among different components. The matrix in WPCs is polymer which can
be either a thermoset or more regularly a thermoplastic. Another major phase in WPCs is wood
component that could be in all forms and sizes and plays the role of filler or reinforcement in
composite. Comparatively small amount of the total compound dedicates to additives, which adds
for the purpose of assistance in processing as well as affecting different properties of the final
product (Schwarzkopf et al. 2016).
1.7.3 Physical Characteristics of WPC
The optimal selection of composite materials could be done in terms of durability, stiffness,
strength and flexibility of the material. By comparing such materials with individual materials,
composites present better performance, inferior fabrication costs and creates a path for using
renewable resources. WPCs are constructed to fulfill the needs of the consumer through
discovering the optimal balance of the properties. Durability and mechanical properties of
composite materials are known as the most important aspects of WPCs (Schwarzkopf et al. 2016).
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1.7.4 Manufacturing methods of WPC
Manufacturing of WPCs has been started through the plastics industry that had previous capability
in production of plastic products (Clemons et al., 2002). This industry was consuming filler
materials previously, and as wood turned to a feasible option, it was joined the present production
lines. Although other wood-based composites were commonly produced in a shape of panel or
beam, WPCs production begins at a liquid phase which could be shaped into exceedingly detailed
and complicated shapes, and they also could be shaped into linear profiles through extrusion
procedures and injection molding. In any sort of thermoplastic composites, first the components
should be mixed together and next they molded into the required product (Schwarzkopf et al. 2016).
Compounding
Compounding or mixing is defined as combining polymer components together with wood
components. Over this process, dispersing wood particles little by little through the flowing
polymer is a critical issue. The dispersion phase is particularly significant with exceedingly filled
WPCs, and another important factor in the same phase is to compress or wet wood particles using
the polymer. An appropriate wetting and leads to uniform and better load transmission through the
composite. If the compounding is not been completed accurately, then the mechanical properties
of composite will decrease compared to a properly compounded mixture, and results in higher risk
of strength issues. Once the compounding phase is finished, the material is able to go straight to
the formation stage of the ultimate product or for cutting into pellets for future procedure
(Schwarzkopf et al. 2016).
Extrusion
WPCs are usually extruded in long linear shapes for applications such as decking, siding and
fencing. Extruders have two main objectives: to mix wood and filler together and formerly to shape
the part of the profile that will be extruded. The components of the composite, to be precise the
wood and the polymer, are determined and led into the extruder to be blended by one or two screw
alignment. The role of the screws is to mix and transfer the material frontward. The mixture is
heated throughout the extruder body due to abrasion between the screw, the cylinder and the woodpolymer mixture, as well as heating the zones along its length. There is a mold at the end of the
extruder which in the material is fed and brought to the desired shape. The purpose of twin-screw
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extruders is to use as compounding elements in order to produce pre blended pellets. Such premixed
pallets, which can easily be led into the device with no need of additional mixing step, are
commonly bought from producers using a single screw extruder or injection molding process.
(Schwarzkopf et al. 2016).
Injection Moulding
Injection moulding method is not commonly used for WPC manufacturing, however such method
is able to produce compound geometries for a great range of products. Compared to extrusion,
injection moulding has the same stages in the beginning, but in injection moulding process, the
blend injects into a mould as the replacement for of being forced through the die in extrusion. The
wood plastic blends which occupies the mould, is cooled first, and afterwards driven out in order
to prepare for the next part to be moulded (Schwarzkopf et al. 2016).
1.8 Virgin polymers in WPCs
The original thermoplastic polymers commonly used in making WPCs are PP, PE, PS and PVC.
The action of using waste and recycled plastics have been already used in order to manufacture
WPCs in 1990s, and it has been witnessed a considerable growth in developed countries in the past
few years. Most research on recycled thermoplastic in WPCs has emphasized on the usage of a
class of plastic waste or a blend of virgin plastic and recycled plastic for the manufacture of WPC.
Yet, the effect of recycled or used thermoplastics in WPC is not fully understood, there are research
prospects to improve the properties of the product (Najafi 2013).
1.8.1 Usability of plastics in various products
As mentioned previously, the consumption of plastics is high owing to their usability in several
products and capability of displacing other materials like metal, glass and wood. For example,
among their many uses, they can be classified in various applications, such as polyvinylidene
chloride for food packaging, polycarbonates for glasses and CDs and polyesters for fabrics and
textiles. To produce plastic products, there are four steps: collecting the raw material, synthesizing
a base polymer, mixing the polymer into a usable fraction, and finally molding or molding the
plastic. Such actions require 62-108 megajoules of energy per kilogram, which is found on US
efficiency modes. In 2017, global plastic production has been increased to 348 million tons, of

23

which 64 million tons are destined for European countries. China, with producing more than 25%
of this amount, is one of the largest produces around the world. As the plastic industry is growing
in China, the amount of plastic importing from china to U.S. is increasing relatively. Such
development will continue in China containing companies producing high quality plastics. Figure
6. shows the comparison between plastics production in Europe and worldwide. (Plastics Europe
(PEMRG) 2019)

Figure 6. Plastics production in Europe and worldwide from 1950 to 2017 (Plastics Europe
(PEMRG) 2019)
The principal reasons for high consumption of thermoplastic polymers in numerous applications
are as follows:
- Such polymers are capable of being used in different processes for fabricating diverse products.
- Polymers’ specific products can be manufactured in different compounding, additives, fillers,
reinforcements and operating conditions.
- Currently, there are different manufacturing systems using for producing plastic goods with lower
costs.
The common aspects of recovering procedures for thermoplastic polymers are incineration and
recycling. The disadvantages of combustion are certain harms such as producing of toxic gases and
residual ash, especially of cadmium and lead, and the main advantage of recycling is the reducing
the environmental impacts and increasing energy saving. (Grigore et al. 2017).
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1.8.2 Properties of WPCs made from recycled polymers
First and foremost, understanding recycled plastics as raw materials in WPCs requires in-depth
understanding of the basic structure and elements of these materials. By taking a closer look at the
properties of recycled plastics, the process of producing WPC could be appropriately controlled
and a better understanding of the relation between the properties of recycled plastics and their
mechanical properties could be attained. (Najafi 2013).
Contrary to tensile, flexural and hygroscopic properties, approximately entire researches revealed
inferior properties in terms of impact strength for WPCs made up of recycled waste plastics
compared to those comprising virgin plastics. By employing similar filler, utilizing recycled PP
instead of virgin PP results in lesser unnotched impact energy (Youngquist et al. 1994). The
composite made up of virgin HDPE shows considerably greater unnotched impact strength.
(Kamdem et al. 2004)
There is no remarkable difference between the impact strength of PP composites and new recycled
PP composites. However, the impact strength of HDPE composites decreased by 20%, while the
proportion of recycled HDPE raised to 50%. In one study, the impact strength of composites
manufactured from recycled mixed plastics was considerably lower than that of composite plastics
(Kazemi Najafi et al. 2006a).
Replacing 50% virgin PP with thermo-mechanically degraded PP reduces the impact strength of
PP wood flour composites (Kazemi-Najafi et al. 2010a). In addition, the double extruded PP WPCs
have a significantly lower impact strength than the new PP WPCs (Kazemi-Najafi et al. 2009).

1.8.3 Applications of Recycled Polymers
Noticeable quantity of waste materials is manufactured from municipal solid wastes or
manufacturing procedures every year. The consumption of waste materials has become an
attractive alternative for the purpose of disposal since the solid waste management represented a
problematic issue to the world. As claimed by European Association for Recycling and Recycling
Plastics (EPRO), 5.4 million tons of plastic waste was recycled which is equal to 34.7% of all
plastic packaging waste in 2012. Mostly used waste plastic products are presented in the Table 1
(Grigore et al. 2017).
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Table 1. Applications of recycled plastics (Grigore et al. 2017).
Plastic

Applications

PP

Compost bins, kerbside recycling crates

PS

Disposable cutlery

PVC

Food packaging, medical materials, drink bottles, textile

PET

Drink bottles, detergent bottles, carpet fibers, clear film
for packaging

HDPE

Pallets, toys, mobile components, detergent bottles,
compost bins, agricultural pipes

LDPE

Plastic tubes, food packaging, bottle

Others

Containers

1.9 Waste materials in WPCs
Owing to the advantages of WPCs, the demand for using such materials is growing rapidly. Their
mechanical properties like stiffness and strength are satisfactory along with low cost and low
density together with non-toxic and environmentally friendly aspects. Surface modification can be
done on these materials and they are available in a wide range. Furthermore, processing of WPCs
is economical, ecological and flexible. Also, renewable natural resources and natural organic fibers
from these sources are sustainable, biodegradable and capable of being used as reinforcing material
alternatives to be used for carbon, glass and other inorganic fillers. They offer 15% of weight
saving in comparison with glass fiber materials, and their specific properties are under further
considerations in order to make further improvements (Ashori et al. 2008).

1.10 Municipal solid waste as fiber and plastics’ source
Consumption of wood-flour and sawdust as fillers goes back to years ago, and due to their
capability in cost reduction, improved properties and high stiffness of final products, they have
become very demanding in plastic industry. Such fillers act as inorganic fillers in terms of their
performance and properties. Compared to inorganic fillers, wood fibers come from renewable
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resources and besides, cost reduction and lightweight can be achieved by the use of such fillers,
and wear on processing equipment is minimized. Mostly WPCs are colored, painted, opaque or
coated for different uses, hence the recovery process of such resins or fibers does not need specific
and extreme refinement and cleaning while they are as raw materials to be used in pure plastic
resins or printing papers. Due to this fact, the cost of WPCs as raw materials can be reduced
noticeably and results in making composite panels a promising alternative for recycling of different
categories of municipal solid wastes which are waste plastics, wastepaper and waste wood. Among
all classes of MSW, waste plastic bottles and wastepaper bottles are the main components that have
great potentials in place of recycled constituents of WPCs (Ashori et al. 2008).
1.11 Overall view on the use of MSW in WPC
There is an urgent need for reducing the amount of municipal solid wastes landfilling currently.
Main parts of such MSWs are wastepaper, waste plastics and waste wood which have high
potentials of being recycled and used in WPCs. The opportunity of using such waste materials in
wood plastic composites is becoming more attractive these days mainly because the quantity of
waste plastics producing every day is so high. In order to reduce environmental impacts and cost
issues, replacing inorganic fillers with waste materials is very demanding. Benefits allied with such
composites are their lightweight and improved mechanical properties as well as reform-ability with
lower costs compared to plastic made products. Besides, these composite products are capable of
being recycled and used for fabricating second generation composites (Ashori et al. 2008).
1.12 Objectives of the study
Ultimate objective of the study is to understand the methods elaborated in experimenting postconsumer WPCs, analyzing the effect of replacing virgin polymers in WPCs with mixed waste
plastics recycled from municipal solid waste streams, presence of additives and considering its
mechanical properties in terms of tensile and impact strength, durability regarding moisture
resistance, dimensional stability and microstructure analysis. A brief summary of properties and
extra considerations of recycled polymers are reviewed in introduction chapter. The result of the
study is to attain further knowledge concerning reusability of mixed-waste plastics from MSW
streams in WPC, specifically unsorted and unidentifiable plastics that can be provided as an
enhancement in order to reduce the consumption of non-renewable oil-based virgin polymers.
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Precisely, in the study, we are considering that in which way using mixed waste plastics in WPCs
affect their properties, and whether the properties can be improved in order to meet the
requirements of industrial use properly. Additionally, the limitations in MWP portion must be
deliberated as well as the composition of plastics. Studied composites are capable of being used in
applications which do not require high strength properties or high elasticity modulus.
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2. MATERIALS AND METHODS

2.1 Materials selection
In this research, five diverse composite materials were manufactured for the entire tests that all of
them contain the equal quantity of HDPE (40%), coupling agent and lubricant (each 3%). The
amount of wood fibers is different in composites depending on the amount of used waste materials.
The reference material (R-451) was manufactured with no waste filler. The four other composites
were manufactured with part of wood fibers replaced with mixed waste plastics which comprise
the other 54% of the constituents. Five classes of composite materials were studied, and the
specifications of studied materials are presented in Table 2.
Table 2. Specifications of materials
Materials
R-451
R-452
R-453
R-454
R-455

Base contents (46%)
HDPE, Fusabond E226,
Struktol TPW 113
HDPE, Fusabond E226,
Struktol TPW 113
HDPE, Fusabond E226,
Struktol TPW 113
HDPE, Fusabond E226,
Struktol TPW 113
HDPE, Fusabond E226,
Struktol TPW 113

waste and virgin plastics contents (54%)
0% mixed waste plastic, 100% virgin plastics
33% mixed waste plastic, 67% virgin plastics
50% mixed waste plastic, 50% virgin plastics
66% mixed waste plastic, 34% virgin plastics
100% mixed waste plastic, 0% virgin plastics

These materials were tested and experimented for investigating their behavior under diverse
mechanical conditions. The initial process was started from extrusion of sheets ended with FourierTransform Infrared Spectroscopy (FTIR). The raw materials used in composites production are
shown in the Figure 7.
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HDPE

Struktol TPW 113 Fusabond E226

Wood Fibers

MWP

Figure 7. Contents of the composite materials
The virgin HDPE (Hostalen GC 7260) originates from LyondellBasell, compatibilizer Fusabond
from DuPont and the lubricant TPW from Struktol. Wood fibers were prepared in the Fiber
composite laboratory like with the waste plastics originating from Riikinvoima eco-power. The
composition of mixed waste plastics included a wide variety of plastics such as PE, PP, PET, PVC,
PA, PS, etc. The constituents of MWP and their share is presented in the Table 3.
Table 3. Constituents of MWP and their share
Composition of mixed waste plastics

Share (%)

Polyethylene (PE)

31.26

Polyvinyl Chloride (PVC)

30.59

Polypropylene (PP)

12.61

Polyethylene Terephthalate (PET)

6.48

Polystyrene (PS)

0.85

Polyamides (PA)

0.54

Acrylonitrile Butadiene Styrene (ABS)

0.19

polycarbonate (PC)

0.18

Polyoxymethylene (POM)

0.03

Polyethylene Terephthalate Glycol (PETG)

0.01

Polybutylene (PB)

0.01

UNIDENTIFIED (N/I)

44.78

2.1.1 Extrusion of selected material
Before starting the process of extrusion, selected raw materials were headed into agglomerator
machine in order to make granules ready for being utilized in extruder machine. This procedure
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that can be seen in Figure 8. was done for five different recipes and later, granules been feed into
the extruder. Subsequently, sheets of diverse composites were ready to be cut into different kinds
of specimens for the purpose of experimenting. Composite sheets were produced with 3mm. Later
such materials were cut, and small specimens obtained from them were utilized for the tests.

Constituents

Agglomeration

Granules

Extrusion

Figure 8. Agglomeration and extrusion of materials
2.2 Experimental Methods
In this research, prior to apply any experiment, all the samples were conditioned in the temperature
of 23℃ and 50% moisture. Afterwards, various experiments such swelling and water absorption,
impact strength, tensile strength, moisture content and density experiments were done for several
specimens. Scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy
(FTIR) were applied on broken surfaces of specimens from impact strength test. The shape and
size of two different types of specimens are presented in Figures 9 and 10.

Figure 9. Water absorption and impact strength tests’ specimen

Figure 10. Tensile strength test’s specimen
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2.2.1 Water absorption
The purpose of this test is to explore water absorption and associated swelling and their rates in
WPCs immersed in water. Rectangular composite specimens with dimension of 3mm (T) x 10mm
(W) x 80mm (L) were used for water absorption experiment. The entire of specimens were later
immersed in distilled water and studied for 28 days at room temperature (22±1oC).

𝑊𝐴(%) =
𝑉(%) =

(𝑚𝑡 −𝑚0 )
𝑚0

(𝑣𝑡 −𝑣0 )
𝑣0

∗ 100

∗ 100

(1)
(2)

The changes in the volume and the weight of the specimens is calculated by the formulas (1) and
(2), where m0 and v0 are the oven-dried mass and volume of the specimens prior to being immersed
in distilled water, and mt and vt are the final mass and volume of the specimens after their
immersion in water, in order. Totally seventy-two samples made up of five different composites
(twelve of each) were analyzed and reported after one, two, four, seven, fourteen, twenty-one and
twenty-eight days.
2.2.2 Charpy impact test
The Charpy device is a dynamic three-point bending test of an un-notched beam. The trial system
includes the sample, the anvils to where the sample is locating freely, and a pendulum of a defined
mass fixed to a rotating arm which is attached to the body of the device. As soon as the pendulum
falls, it follows a rounded path and hits the middle length of the sample and carrying the kinetic
energy to the sample. Zwick / Roell-Charpy test device was used for the trial. A pendulum hammer
with a mass of 2 kg and a rocker arm with a length of 390 mm allowed this inspection which caused
the impact velocity of about 3.85 m/s and a stored energy of 15 J. Energy losses caused by the
bearing friction and air resistance were disregarded due to their minor effect on energy balance.
The Charpy impact test is performed to evaluate the resistance of composites to flexural impact
fracture. It gives the amount of energy required to break standard samples under certain condition
of sample such as speed, mounting, notch and pendulum conditions at impact. The sample sizes
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were the same as for the water absorption test samples. This experiment was performed on a total
of one hundred samples with twenty samples per composite.
2.2.3 Tensile testing
The mechanism of tensile test is to locate a sample specimen between two fixtures called grips in
which the specimens is supported with. The dimensions such as length and cross-sectional area of
the material were defined. Next the load was started to apply on the sample gripped at one end
whereas the other end is fixed. The load keeps increasing while measuring the strain of the sample.
Tensile test was applied for measuring the required force for breaking the specimens and the
elongation to the break point. The tensile test creates a stress-strain diagram that determines the
tensile modulus. The samples were in the handles of the machine at a distance from the handle and
were removed until failure. The systematic test speed for standard specimens is 2 mm/min (0.05
in/min). An extensometer was employed for determining elongation and tensile modulus. This
experiment was done for twenty specimens of each composite material. The shape of the specimens
were rectangular cross section and dimension of 25 mm (1 in) wide and 250 mm (10 mm) long.
2.2.4 Scanning Electron Microscopy (SEM)
SEM analysis of tested Charpy specimens performed on ‘’Hitachi SU 3500’’ with an accelerating
voltage of 10kV to identify the microanalysis and failure analysis of the samples. Specimens of
each material were analyzed at 50 micrometers and ended at 500 micrometers due to the visibility
of unspecified and unknown changes in each sample. Since the material extrusion was through
mixed waste plastics, there are chances of presence of additives such as color, blends or other
material specific impurities. In this experiment electrons having high-energy were concentrated on
the specimens’ surface in order to detect the exterior morphology, chemical composition, different
orientations of materials and visualize them in 2D images. Test specimen’s setup are illustrated in
the figure 11.
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Figure 11. SEM analysis test specimen’s setup
2.2.5 Archimedes’ Test for Density
The principle of Archimedes is that the buoyancy force exerted on an object totally or partially
immersed in a liquid corresponds to the weight of the liquid displaced. Using water to determine
the density of irregularly shaped objects is a practical solution because of the water density of one
gram per cubic centimeter. Since the surface of the composite samples is rough, the Archimedes
principle is used in this study.

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑢𝑖𝑑

=

𝑊𝑒𝑖𝑔ℎ𝑡
𝑊𝑒𝑖𝑔ℎ𝑡−𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑖𝑚𝑚𝑒𝑟𝑠𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡

(3)

The density of each specimen is calculated by the formula (3).
2.2.6 Moisture Content
Moisture content was deliberated through measuring the specimens’ weight before and after being
dried into the oven and reveals the value of the composites’ porosity at saturation. MC can be
directly calculated by the use of measured weight of the material and a drying oven.

𝑀𝐶 =

𝑀(𝑤𝑒𝑡)−𝑀(𝑑𝑟𝑦)
𝑀(𝑑𝑟𝑦)

∗ 100

The moisture content was calculated by the formula (4).

(4)
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2.2.7 Fourier-Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy, also known as FTIR analysis or FTIR spectroscopy, is an
investigative method for the detection of organic, polymeric and rarely inorganic materials. This
technique scans test samples and observes their chemical properties using infrared light. The FTIR
mechanism involves sending infrared radiation of 10,000 to 100 cm-1 through the test sample,
absorbing some of the radiation and allowing others to pass through it. The absorbed is converted
by the sample molecules into a revolving or vibrating energy. The subsequent signal at the detector
introduces as a spectrum from 4000 cm-1 to 400 cm-1 which represents a molecular fingerprint of
the test sample. There is a specific spectral fingerprint for each molecule or chemical structure that
makes FTIR Spectroscopy a unique tool for chemical identification.
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3. RESULTS

Wood-plastic composites have been studied in recent years because of their different advantages
and the increase of their applications in several researches. It is obvious that WPC structures may
break or crack due to unforeseen environmental influences such as overload, sudden impact,
manufacturing defects, design defects, poor maintenance, etc. The aim of completed tests on these
composites was to investigate the properties and durability of WPCs containing mixed waste
plastics from municipal solid wastes, and the results of these trials on studied composites presented
in this chapter.
3.1 Water Absorption Results
Long-term water absorption and swelling of the composite samples were observed by complete
immersion in water over a 28-day period. and it can be found that the changes in volume of the
specimens varies from 4.5% to 17% and the changes of their weight fluctuates from 23.5% to 40%
that can be observed in Figures 12 and 13.
Among these five different materials, the lowest change in volume dedicates to the material R-453
which is presented by the gray line. However, for the same material the changes in weight is 39%
which is relatively a huge amount.
By comparing these two values it can be concluded that, this material with least swelling absorbs
a notable amount of water owing to its porosity. The microscopic structure of materials is presented
in SEM results clearly defines the cause of swelling and water absorption. Swelling rises with
immersion time, and eventually reaches a certain value where almost no more swelling occurs.
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Figure 12. Swelling results in 28 days

Water Absorption
Increasing in weight

50,00%
40,00%
30,00%
20,00%
10,00%
0,00%
0

1

2

4

7

14

21

28

Immersion time in days
451

452

453

454

455

Figure 13. Water absorption results in 28 days

3.2 Impact Strength Results
This test was done for two different group of specimens which one group was conditioned
specimens prepared for Charpy test and the other was the specimens from water absorption test
which were conditioned after swelling. These results are presented in figures 14 and 15. The first
figure reveals that the impact toughness for materials R-452, R-453, R-454 are roughly the same
while R-455 is the weakest one, and R-451 (reference material) showed the best performance in
this test. According to the water absorption test and comparing different mechanical properties of
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materials, R-453 could be presented as the optimum among all kinds of experimented composite
materials. The impact properties of composite materials are corresponded to their overall durability.

Impact Strength (1)
3,5
3

k/m^2

2,5
2
1,5
1
0,5
0
451

452

453

454

455

Composites

Figure 14. Impact strength test results for group 1
Impact properties of composite samples slightly improved after water absorption test and it can
be concluded that the cause of such improvement is the changes that occurred in the properties of
the wood since it has become softer after 28 days immersing in water.

Impact Strength (2)
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Figure 15. Impact strength test results group 2
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3.3 Tensile Strength Results
Generally, high proportion of fiber content is essential to attain high performance of the
composites. Accordingly, the effect of fiber content on composites’ properties is particularly vital.
Since the amount of fiber content in all the composites is the same, from the results it can be
observed that replacing virgin polymers with mixed waste plastics led to a noticeable reduction in
tensile properties of the materials. The behavior of R-452, R-453 and R-454 are almost the same
with 33%, 50% and 66% of waste plastics in plastic content of the composites.
Properties attained from tensile test includes modulus of elasticity (GPa), elongation at break (N)
and maximum force (N), force at plastic strain (N) and cross section of specimen (So) in mm2.
This tensile test reflects the material durability under stresses. The Table 4 demonstrates the
attained values of composites’ properties after the test.
Table 4. Tensile Properties of tested composites
Material

Tensile

Emod

Strength

(GPa)

(MPa)

F at 0.2% Fmax
plastic
(N)

dL

strain (N)

(mm)

at Fbreak

Fmax

(N)

dL

at

Fbreak
(mm)

R-451

9.156173

1.436211

225.8027

245.6984

0.490319

241.4955

0.500189

R-452

4.082617

1.024655

128.1201

113.7135

0.244155

98.10028

0.259994

R-453

4.201455

0.961694

121.78

123.7545

0.28272

114.9519

0.291939

R-454

3.729186

0.956998

125.3821

115.5238

0.250814

103.0055

0.269218

R-455

2.202224

0.695077

54.11949

65.98753

0.171974

52.13784

0.208124

As it can be seen in Figures 16 and 17, composite materials with different amounts of MWP
performed almost the same except R-455 which contains 100% of MWP in the plastic content. But,
compared to the reference material with no waste plastic, novel composites are weak in terms of
tensile strength and they have low modulus of elasticity. It can be determined that by increasing
the proportion of MWP in studied composites, the modulus of elasticity decreases.
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Figure 16. Tensile strength
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Figure 17. Modulus of Elasticity

The stress-strain curves provide the information regarding tensile test which is the behavior of the
composite while the load is applying to the specimen. The figures 18 to 22 present the strains plot
along the horizontal axis for the composites R-451 to R-455.
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Figure 18. Stress strain curve R-451

Figure 19. Stress strain curve R-452
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Figure 20. Stress strain curve R-453

Figure 21. Stress strain curve R-454
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Figure 22. Stress strain curve R-455
As it can be seen from the stress-strain curves carried out from tensile test, R-455 with no content
of virgin polymers has the weakest performance and almost every specimen during the tensile test
has a different behavior which explains that this material does not have stability and in some cases
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it could be unexpectedly weak. Compared to R-451 which is the reference material and performed
as the most stable one in this test, other composites (R-452, R-453, R-454) displayed the same
properties with a small difference, and among these three composites with altering modulus of
elasticity from 3.7 to 4.20 GPa, R-453 has the highest elasticity modulus which contains similar
amounts of waste plastics and virgin polymers.

3.4 SEM Results
Scanning electron micrographs of the cut edges of the specimens is presented below. The images
explain how porous the materials are. The analysis of scanning microscopic structure of specimens
was done on the fractured surface of the samples from impact strength test. This analysis was
employed in order to attain a closer view on composites.
In Figures 23 to 27 (R-451 – R-455) microscopic images of reference material and new composites
with various amounts of MWP are presented. SEM studies revealed that studied composites
included a lot of particles and pores in diverse shapes and sizes. In the reference material, wood
fibers were gathered together, and in other composite materials, these pores were more or less filled
with MWP.
The porosity of studied materials can explain their water absorption properties. Amount of wood
fibers played the major role in swelling and water absorption. However, in R-455 with zero amount
of wood fiber, swelling was the highest compared to other materials that proves its moisture content
(MC) is high. From SEM images it can be observed that the structure of composites with more
waste plastics are not cohesive due to loss of bonds between matrix and wood particles.
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Figure 23. R-451

Figure 24. R-452

Figure 25. R-453

Figure 26. R-454

Figure 27. R-455

3.5 Density Results
Density results shows roughly the same properties for all the composites apart from R-455 which
does not contain wood fibers. With a closer look to the presented results in Figure 28, it can be
realized that R-453 has the lowest density among different composites and it is even lower than the
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reference material which is R-451. R-455 is the densest material, and according to its SEM image
it can be seen that the pores are less compared to other composites.
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Figure 28. Density results

3.6 Moisture Content Results
The results of moisture content measurements are divided into two group which are the specimens
of water absorption experiment and the impact strength test. First group data are named as MC (W)
and the other group is MC (I). The values are presented in the Table 5. These results provide that
more consumption of MWP instead of wood fibers in composites results in higher moisture content
which is directly related to the water absorption results.
Table 5. Moisture content results
Composite

MC (W)

MC (I)

Materials

(%)

(%)

R-451

4.30

2.59

R-452

4.57

2.91

R-453

4.43

2.80

R-454

4.98

3.17

R-455

5.46

3.99
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3.7 FTIR Results
FTIR was employed to characterize the composites’ surface. The horizontal axis called
Wavenumbers provides the information of infrared spectrum that conspiracies the intensity of
infrared spectra. Peaks are named absorbance bands correlating with changing vibrations of
sample’s atoms while exposing to the infrared area of electromagnetic spectrum. In general,
wavenumber on the spectrum of the mid-range infrared is conspired between 4,000 to 400 cm−1.
The presented plot in Figure 29. displays the analysis of five studied composites in addition to the
analysis of Mixed Waste Plastic. The vertical axis called absorbance displays the absorbed or
transmitted amount of infrared light by the analyzed material.

Figure 29. FTIR analysis results
FTIR was employed for characterizing the morphology of the composites’ surface. The extensive
peak occurred at 3400 to 3200 cm−1 is related to -OH- stretching in hydroxyl clusters originating
from cellulose. The peak at 2900 cm−1 is assigned to C-H stretching in -CH2 - groups. Another
peak at 2912 cm−1 seemed like a very strong peak occurred associated with HDPE which is the
same peak for PE and PP.
FTIR spectroscopy identified the functional groups present on the surface of WPCs. The following
peaks, corresponding to the plastic components, revealed differences in the surface properties of
the composite as a function of their plastic content. (Stark et al. 2007).
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4. DISCUSSION

Different amounts of MWP instead of virgin polymers in WPCs affect the properties and durability
of composites. In this chapter, the results of the study are compared to other related. Experiments
belonging to this research work were carried out on a total of 344 samples, 100 of tensile test, 100
of impact test, 72 of water absorption test and 72 of density test. Physical and mechanical properties
of the composites manufactured from wood-flour combined with different amounts of virgin and
recycled plastics were studied. Generally, the mechanical properties of studied materials were
comparable. In some cases, the composites containing proper amount of waste plastics showed
improved properties than those made from virgin plastics.
Water absorption of studied composites particularly R-455 tended to be much slower. Overall MC
of the composites increased from 2.59 to 3.99 percent corresponding to the quantity of waste plastic
constituents. The absorption of moisture in studied composites proves that such absorption is
regularly because of the cellulosic structure of the material containing into the matrix. The gaps
which are shown clearly in SEM images, are the cause of absorption of water to the composite.
The most absorbent material which got the highest swelling was R-455 since it has the worst
interaction between the fiber and the matrix according to (Turku et al. 2017).
The mechanical properties of the composites are shown in Table 4. The tensile strength and impact
strength were tested. Compared to the reference material R-451, the flexural properties of other
composites were lower. The impact strength decreased as well. This can be described by the greater
amount of virgin polymer content existing in reference material. Even though R-453 contains
higher amount of mixed waste plastics than R-452, the tensile strength of R-453 is the second
highest value after the reference material.
According to (Keskisaari et al. 2017) investigation concerning the influence of recycled raw
materials on WPCs’ properties, it has been indicated that the most water absorbent composite
among studied composites in that research was the composite manufactured form mixed municipal
waste plastics. In (Keskisaari et al. 2017) study the water absorption properties were quite similar
to swelling, however in water absorption experiment the results were not close to each other as
they were in thickness swelling results. In current study, the results of water absorption were close
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to each other in R-452, R-453 and R-454, and still the most changes of swelling were towards the
composite made from waste plastics.
The composites made from mixed waste plastics in this study, such as R-452, R453 and R-454
were noticeably improved in terms of swelling properties compared to the reference material, and
the results of water absorption and swelling experiment display enhanced properties when the
virgin polymers were replaced with mixed waste plastics in those three composites.
However, in R-455 with no virgin polymers, the swelling properties are inadequate due to the rapid
changes at the beginning, and this specific composite showed unexpected weak properties during
water absorption test. Even though R-455 is the densest material and the porosity is not so big, the
high moisture content of this composite can be the cause of excessive swelling.
Another research in the same field has been done by (Turku et al. 2017) on composite materials
made up of construction plastic waste and municipal mixed plastic waste. As they found in their
studies, samples manufactured from polymer blends performed better with higher strength and
stiffness in comparison with ones from the commercial LDPE.
In recycled plastic specimens, presence of wood fibers gives the overall rigidity and stiffness to the
composites which resulted in higher elasticity modulus. There is an issue of using wood fibers in
such composites which is decreasing the strength due to the poor compatibility between wood
fibers and the matrix. Tensile strength and Young’s modulus of studied materials in this research
work is been compared to the properties of (Turku et al. 2017) study in the Figure 30.
Wood fibers had a remarkable impact on tensile modulus of composites which is between 2 to 4
GPa in composites made up of waste plastics and wood fibers in previous studies. However, in
current research this value is varying between 0.6 and 1.6 GPa which is noticeably reduced. It can
be said that the composite properties depend on the contents of the matrix. Poor interaction between
the fillers and the matrix results in low strength of the composite. This failure of the strength
properties can be described by immiscibility between the matrix and the wood particles.
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Figure 30. Comparing tensile properties of current research work (blue bars) with virgin LDPE
or plastic blends (white bars) and composites containing 54% wood fibers (gray bars) from
(Turku et al. 2017).

(Turku et al. 2017) indicated that the tensile strength of PE and PP composites remarkably
improved by increasing their PP content. Composite materials containing the lowest amount of PP
and PE displayed the minimum strength in both research works, and the strength of studied
composites in this research that include MWP was noticeably inferior. In both research works, it
has been demonstrated that the adding HDPE enhances the impact strength of the composites.
Comparing composites R-451 and R-455 with the maximum and minimum quantities of HDPE, it
can be concluded that the stiffness of the material is a matter of the polymer matrix.
Additionally, in the research results of (Turku et al. 2017), composites made up of mixed waste
plastics had the maximum wettability which was showed in the results of this study as well. Among
R-451 to R-455 the wettability corresponds to the amount of mixed waste plastics used in the
composites.
In another investigation concerning mechanical properties of virgin HDPE, (Manas et al. 2018)
demonstrated that elasticity modulus of virgin HDPE at ambient temperature is 0.917 GPa which
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is lower than the elasticity modulus of studied composites in this research. However, R-455
excluding virgin HDPE has the lowest strength and elasticity modulus. It seems that the durability
properties of such composites enhanced by adding mixed waste plastics in R-452, R-453, R-454,
and proper use of waste plastics instead of virgin HDPE leads to better performance in swelling.
According to (Najafi 2013), recycled thermoplastics have shown great potential to be used in
WPCs. Since recycled plastics are probable to come from several sources and are subject to
different storage and processing conditions, they may have different performance depending on the
degradation stage. The degradation of plastics during frequent treatment cycles and environmental
effects make recycling more difficult. Therefore, targeted surveys are needed.
(Sharifi et al., 2012) conducted another study on the development of impact strength of recycled
composites of PP and wood flour using nano-clay. Employing nano-clay has improved flexural
strength, tensile strength, modulus, impact resistance and impact strength as well as swelling and
water absorption of recycled PP composites containing wood-flour.
Efforts have been made to increase the impact resistance of recycled plastic composites by (Ghahri
et al. 2012b). He considered the effect of ethylene-propylene-diene monomer (EPDM) and
ethylene-vinyl acetate (EVA) on the impact strength of PP composite materials from recycled
sawdust. Both of these modifiers improved the composite’s impact strength, but the greatest
progress was acquired by adding EVA. Increasing the amount of EVA by up to 9% greatly
increases the impact resistance of recycled PP composites, without exceeding the impact resistance
of virgin PP composites. EVA reduces bending strength and modulus of PP composites recycled
to wood-flour (Ghahri et al. 2012a).
Based on (Najafi. 2013) study, degradation of recycled plastics effects on the mechanical properties
and durability of WPCs. Hence, this issue must be considered while applying these composites into
final products in order to meet the standards of their overall performance. Moreover, since the
separation of MWPs is a costly process, such plastic blends should be consumed together.
Consequently, further investigations on WPCs made from MWPs are needed.
Another research work of (Najafi et al. 2006) exhibited that composites made up of HDPE
displayed lower tensile strength in comparison with PP composites. Similar to elasticity modulus,
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the elongation of composites made from recycled plastics reduced as well. While recycled
composition of HDPE composites increased to 50%, their impact strength decreased to 20%.
Similarly, composites manufactured from mixed recycled plastics exhibited 22% lower impact
strength compared to those from virgin polymers.
All in all, considering studied composites’ properties and durability, provided valuable information
about an optimum and ideal proportion of mixed waste plastics in WPCs which improved their
dimensional stability, moisture resistance, tensile and impact strength of those composites. By
adding same amount of MWP and virgin polymers (HDPE in this study), we achieved improved
properties for a specific kind of composite in this study which is the composite material R-453.
The share of constituents of this composite was previously presented in Table 2. This achievement
and progress in proper use of waste materials in composites results in reducing the consumption of
oil-based virgin polymers which is by far ecofriendly.
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5. CONCLUSION

In this study, WPC specimens were made up of mixed waste plastics from municipal solid waste
streams, wood fibers and slight amount of lubricant and coupling agent. The main constituents of
MWPs was dedicated to polyvinyl chloride (PVC), polypropylene (PP) and polyethylene (PE).
Less than half of the constituents of MWPs was unidentified plastics. Samples prepared from
materials of different MWP compositions and virgin polymers were investigated to determine their
mechanical properties and water absorption behavior.
Based on implemented outcomes discussed in previous chapter, it can be observed that such
composites witnessed a lot of changes in tensile test based on their waste plastics constituents.
Since virgin HDPE gives the overall strength to the wood fibers in composites, as the composition
of MWP increased in composites, the tensile and impact strength decreased.
Surface analysis techniques such as FTIR and SEM were employed to attain a better understanding
of variations occurring at the surface of composites. SEM analysis displayed that higher amount of
MWPs in composites results in loss of bonds between matrix and wood particles resulting in lower
impact resistance compared the composites containing less waste plastics. The incompatible
surface is due to the hydrophobic nature of the plastics and the hydrophilic nature of the wood, and
as a result, the overall strength of these composites is poor.
As the aim of the study was to replace virgin polymers with MWP in WPCs, results demonstrated
that R-453 with equal amounts of virgin polymer and mixed waste plastics is the optimum material
which performed better in different experiments compared to other studied composites. This
composite had the minimum changes in dimensions and highest tensile properties and is considered
as a possibility to increase the consumption of waste plastics in WPC manufacturing.
In general, the mechanical properties of specimens comprising MWP were statistically weaker than
composites made up of virgin polymers. However, the durability of the specimens improved by
adding optimized proportion of MWP. Such prospect needs supplementary considerations in future
studies to increase the consumption of waste plastics in place of oil-based virgin polymers to
manufacture WPCs.
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To achieve an ideal proportion of waste plastics in composites, further investigations can be done
for improving mechanical properties of studied composite materials specifically those containing
33%-66% of waste plastics in their plastic content. Properties such as serviceability, durability and
performance need more improvements, and these composites are capable of being used in
application which do not require high impact and tensile strength. Adding higher amount of
coupling agents as an alternative has a potential for improving the contact and bonds between
matrix and wood particles in order to attain dimensional stability and enhanced mechanical
properties of similar composites.
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