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Electronic waste and plastics pollution are of concern and detriment to our environment if 

not properly dispose or recycled. The global approach in ensuring recyclability of these 

products/materials has been significant. To combat and reduce the amount electronic waste 

that ends up in landfill, an eco-friendly manufacturing process alternative are needed to 

ensure sustainability. This why is efficient sorting and recycling systems needs to be 

developed. Accurate sorting enhances the recycling system stream. NIR (Near infrared 

spectroscopy) is often utilized to identified and sort materials with high accuracy.  

 

In this thesis work, two types of electronic waste were sorted and separated (bromine free e-

waste and brominated e-waste) by utilizing NIR technique. NIR was able to accurately 

identify 17 different types of material in both e-waste, which amount to 60 % of the material 

in the e-waste. The reminder were the unidentified plastics. A nondestructive analytical 

method SEM-EDS were used to perform the experiment to determine the presence of 

elements in the electronic waste samples.  

 

The result obtained from the experiment validates the literature review showing the estimate 

and proportion ratio for the most common plastics used in WEEE, namely, ABS, PC/ABS, 

PS, PP and PC. All of which has 22 %, 11 %, 10 %, 9 % and 4 % shared proportion 

respectively. The sample analyzed by scanning electron microscope - Energy dispersive 

spectroscopy (SEM-EDS) showed consistent element concentration of carbon (C), 

aluminum (Al), silicon (Si) and titanium (Ti) in both e-waste. Whilst the brominated e-waste 

shows constant present bromine (Br) and heavy metal element antimony (Sb) as second 

highest element.  
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1 INTRODUCTION 

 

In recent years, waste electrical and electronic equipment (WEEE) has grown substantially, 

such that achieving high recyclability without contamination of harmful additives 

throughout the recycling stream becomes a burden. This is because WEEE comprises of 

components, plastics and other valuable materials that needs to be used as a secondary raw 

material. WEEE plastics can contain various toxics substances such as tetrabromobisphenol-

A (TBBPA), polybrominated dibenzo-p-dioxins (PBDDs) and dibenzofurans (PBDFs) 

amongst other flame retardants (Yang et al., 2013), and some of these components are yet to 

be fully recycled due to their hazardous nature, couple with economic hurdles and 

technicalities. 

 

In order to achieve an efficient up stream recycling, it is important to develop methods or 

systems or technologies for waste to recovery to become optimal such that circular economy 

will continue to thrive. Some research and recovery solution has been performed to separate 

harmful substance or toxic plastics from WEEE recycling stream but still, optimal waste-to-

end-product are yet to be accomplished. Therefore, the process still requires different aspect 

in order to achieve more productivity. The following chapters will discuss background and 

objectives of this research.  

 

1.1 Background 

One of the main goals in industrial circular economy is to achieve complete lifecycle of a 

product end-to-end. As such, plastics is an example of material included in products that 

should be reused at the end-of-life cycle. WEEE plastics also falls into these categories 

where the waste-to-recovery is essential part of the recycling stream. According to the 

studies by (Sodhi and Reimer 2001; Yang et al. 2013), plastics constitute approximately 30-

35% of WEEE stream which cannot be recycled easily, due to the heterogenous collection 

method and how electrical and electronic equipment (EEE) are manufactured.  

Consequently, an efficient separation and recycling methods are essential to be developed. 
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1.2 Objectives 

The aim of the thesis work is to investigate the type of plastics material found in the 

electronic waste and their percentage proportion and to evaluate the element content in the 

waste electrical and electronics equipment. It also includes finding the most cost-efficient 

methods to separate WEEE plastics and enhance the recyclability of the plastics. The effect 

of element presents in the WEEE plastics that could affect the recyclability of the material 

will be studied and evaluated such that electronic waste plastics can be recycled and reused 

hazardous free.  

 

To fulfill this objectives, relevant literature study and legislation would be reviewed. Several 

possible separation and pretreatment methods would be examined, alongside different 

WEEE plastics.  Subsequently, an experiment will be performed by utilizing Near Infrared 

Spectroscopy (NIR) and Scanning Electron Microscopy-Energy Dispersive Spectroscopy 

(SEM-EDS) to analyze the composition of each type of electronic waste plastics.  
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2 LITERATURE REVIEW 

 

This chapter of the thesis would examine what is WEEE and highlight statistics of waste 

generated by EEE, and various literature study on possible pretreatment methods determine. 

At the same time considering directives and legislative guidelines on how separation and 

recycling of WEEE plastics should be performed.  

 

2.1 Waste Electrical and Electronics Equipment  

The characteristics of WEEE are complex due to various types of materials found in them 

and the hazardous nature of the substances involved in the component. Therefore, extensive 

collection of data on the amount electrical and electronic equipment present in waste stream 

are essential to establish. WEEE consist of several materials that requires recycling or 

extraction to avoid contamination. The composition of these materials varies between 

valuable material (iron, aluminum, copper) and other precious metals such as silver, gold, 

and palladium (Ibanescu et al.,2018.)           

 

It has been reported that 44.7 million metric tons (Mt) of electronic waste were generated 

worldwide in 2016 at about 6.4 kg per capita with a potential value of 55 billion Euros (Baldé 

et al., 2017), and an annual growth of 5% is estimated globally (Ibanescu et al.,2018). 

Consequently, 53.6 million metric tons (Mt) of global e-waste were generated in 2019 at 

about 7.3 kg per capita which also has the possibility of recovering higher potential value in 

them (Forti et al., 2020). The amount of e-waste generated globally per inhabitant ranges 

between 6.4 – 9.0 kg with an average annual increment of 0.2 kg over the projection period 

of 2014 – 2030, as shown in the data presented in Figure 1. The illustrated data were reported 

as the continuous trend in global e-waste production with linear growth projections. 
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Figure 1. Global trend in E-waste production. Adapted from (Forti et al., 2020, p. 24) 

 

2.2 Electronic waste management  

Generally, directives from EU are some set of requirement, legislation, and recommendation 

to be followed by a member state. WEEE directives are inclusive is this type of guiding 

principle. The directives (Directive 2002/96/EC) as amended (Directive 2012/19/EU) has 

three main objectives in for WEEE management: to prevent and minimize waste and reduce 

landfill accumulation of WEEE appliances; to establish measures for re-use, recycling, and 

recovery; and to minimize risks associated with production and treatment disposal of end-

of-life of electrical and electronic equipment (Harrison, 2014).  In doing so, a framework 

directives and waste hierarchy principles was established in the form of articles. The articles 

contain different schemes, annexes, and major provisions. The major provisions of the 

WEEE Directive are listed below and 10 most important categories of WEEE appliances and 

products are highlighted in Table 1 (Hester and Harrison, 2009; Goodship and Stevels, 

2012). 

 

• To make manufacturers (or anyone else putting a product on the market in the EU) 

liable to pay for take-back, treatment and recycling of end-of-life equipment 

• To improve re-use/recycling of WEEE 

• To ensure the separate collection of WEEE 
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• To inform the public about their role in dealing with WEEE (Hester and Harrison, 

2009). 

 

Further to European legislation and directives on WEEE, Finland has implemented her own 

efficient collection schemes to ensure adequate disposal in end-of-life of WEEE products 

and appliances while following the revised EU directives (Directive 2012/19/EU) to improve 

recovery in the EU. The national legislation is in accordance with EU directives which states 

that EEE producers are to organize the re-use, recovery plan of the products they had 

distributed in the market and to ensure reasonable end-of-life delivery of the products. (Ylä-

Mella et al., 2014). The implementation and scheduling are usually organized and managed 

by a designated controlling authority for permanent collection. In the recovery scheme, 

convenient drop receptions are set up across municipalities, in shops or specific locations for 

further transportations.  

 

Table 1. WEEE product categories and Examples (Directive 2002/96/EC.; Hester and 

Harrison, 2009; Goodship and Stevels, 2012). 

Category  Type  Examples  

1 Large household appliances Ovens, dishwashers, refrigerators 

2 Small household appliances Toasters, coffee machines  

3 IT and telecommunications 

equipment 

Computers, fax machine, wireless routers 

4 Consumer equipment Mobile phones, digital camera, remote 

controls 

5 Lighting equipment Fluorescent lamps, halogen lamps 

6 Electrical and electronic tools Electrical drills, soldering tools 

7 Toys, leisure, and sports 

equipment 

Video games, electronics toys 

8 Medical devices Patient monitor, Cardiac defibrillators 

9 Monitoring and control 

instruments 

Thermostats, smoke detector, heating 

controllers 

10 Automatic dispensers ATMs, Food/ drink vending machines 
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2.3 Plastics in WEEE 

Plastics are one of the most common materials and dominant component used in electrical 

and electronic equipment. The plastics used in EEE are combination of polymers with 

complex structure that contain additives, brominated substances, and other minerals. 

Acrylonitrile–butadiene–styrene (ABS), PC/ABS blends, High impact polystyrene (HIPS), 

Polycarbonate (PC), Polystyrene (PS), Polypropylene (PP), Polyamides (PA), 

Polymethylmethacrylate (PMMA), Polyphenylene Oxide blends (PO) etc., represent 

majority of the plastics used and found in electronic waste. Their composition in percentages 

is presented in Figure 2, followed by their descriptions in chapter 2.3.1 until chapter 2.3.7.  

 

 

Figure 2. Composition of various plastics found in WEEE (Freegard et al., 2006) 

 

2.3.1 Acrylonitrile–butadiene–styrene (ABS) 

Generally, ABS is a copolymer that contain styrene and polybutadiene (PB) with special 

properties like high rigidity, high tensile strength, good impact resistance, excellent surface 

quality, among others. ABS exhibit good insulation properties and has been used 
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tremendously in electrical and electronics equipment (EEE). The presence of PB in the ABS 

mixture styrene-co-acrylonitrile (SAN) matrix enhance the ability for adhesion, hence 

making it heat resistance and rigid (Xu et al., 2005). Mechanical and physical properties play 

an important role in using ABS plastics in EEE. ABS have a degree of insensitivity due to 

its rubber toughened thermoplastic nature and variation of other blended properties for 

impact strength to be utilized in EEE. (Krache and Debbah, 2011). The matrix of 

acrylonitrile and butadiene present in ABS provides the morphology and rubbery structure 

which does have an influence on the properties and the behavioral toughness observed in 

electronics equipment. However, limitation such as chemical resistance and low thermal 

stability are also present in ABS. The amount of ABS thermoplastics present in WEEE is 

approximately 30%, making it the major plastics found in electronic waste stream. (Freegard 

et al., 2006).   

 

2.3.2 High impact polystyrene (HIPS)  

HIPS is a mixture of polystyrene (PS) and PB polymer, which improves the impact strength 

properties of PS. The combination of the polymer enhances thermal properties for it to be 

utilized in electrical and electronic equipment. It is a highly modified thermoplastics 

polystyrene that exhibit good adhesion, excellent dimensional stability, and excellent 

thermal stability with flame retardant. HIPS accounts for about 25% of thermoplastics in 

found the waste electronics stream (Freegard et al., 2006). The chemical composition and 

matrix structure of the polystyrene and cis-butadiene rubber (BR) present in HIPS enhances 

their potential in using it for electronic equipment. By providing good impact protections for 

products like TVs or monitors for Cathode ray tubes (CRT) protections (Kang and 

Schoenung, 2005). Another essential characteristic of HIPS application in electronic and 

electrical equipment is the excellent optical properties and heat stabilizer properties. (Cunha 

et al., 2013) 

 

2.3.3 Polycarbonate (PC)  

The use of polycarbonate in electronic and electrical equipment has essential benefit due to 

their ability to conduct electricity.  The electrical resistance nature of polycarbonate’s makes 

it an ideal insulation material in electronic and electrical appliances (Piedmont Plastics, 

2020). PC exhibit very effective flame retardant properties with the mixture of ABS and 
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other halogen and/or non-halogen flame retardant. This serves as one of the reasons for it 

eminent use in electronic and electrical equipment (Biswal et al., 2013). This thermoplastic 

material has good mechanical performance properties such as high heat resistant, high 

toughness and transparency. Although, some of its notch sensitivity, high melt viscosity and 

residual stress limitations are usually overcome by blending with other thermoplastics in 

order to achieve complementary properties needed; of these blends, ABS are commonly 

used. When these combinations are performed chemically, the outcome of the blends exhibit 

comparative mechanical properties similar to ABS, which are then utilized in electrical 

appliances (Li et al., 2015). 

 

2.3.4 Polystyrene (PS) 

Polystyrene is one of the largely available thermoplastics used in various application. The 

versatile plastics has a unique hard, solid, cushioning properties that facilitate its use in 

consumer products. The combination of this properties with other additives or 

copolymerization expands the possibilities of its used in electronic appliances. For instance, 

polystyrene is inert and resistance to water damage, which serves as a protection for 

electronic appliances in case of accidental contact with water (Anon, 2020a).  Polystyrene 

exhibits high energy absorption characteristics used for shock absorption and thermal 

insulation due to their cellular structure (Lynwood, 2014). This feature makes polystyrene 

used in electronic and electrical appliances shock free.  

 

The rheological aspect and miscibility of polystyrene with other material play significant 

role in achieving complementary properties needed for application. The miscibility are often 

the blends of polystyrene (PS) with poly(styrene-co-acrylonitrile) (PSAN) or high impact 

polystyrene (HIPS) due to their structural similarity. The blends serve as a way of enhancing 

the mechanical and chemical resistance properties, such as high mechanical strength, 

excellent gloss, high transparency etc. (Marwat and Baloch, 2016). 

 

2.3.5 Polypropylene (PP) 

The mechanical properties of polypropylene have been observed to be valuable for their 

electronic equipment. These properties are conditional to its crystallinity. When the 

crystallinity is increased, stiffness, yield stress, flexural strength is also increased (Maier and 
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Calafut, 1998). There are various types of PP used for different applications depending on 

their chemical, physical, and mechanical properties (PP homopolymer, PP copolymer, PP 

random copolymer, PP impact copolymer, etc.). Polypropylene homopolymer are used in 

electronic appliances with other blended thermoplastics to achieve high electrical resistivity 

and durability against heat. (Matmatch GmbH, 2020).  However, polypropylene is a 

flammable material but additive such as flame retardant, conductive fillers are used to 

modify the properties by reducing the flammable hazard and further improve the desired 

properties for EEE applications.  

 

2.3.6 Polyamides (PA) 

Polyamides (PA) are obtained from polycondensation and polymerized with monomer to 

obtain 6 significant grades (PA 6; PA 6,6; PA 12; PA 11; PA 6-10; PA 46). The usage of 

this material in electronic and electrical equipment are due to their general high-performance 

factor and good balance mechanical properties. It exhibits stiffness to high temperature, 

better water resistance and offers excellent performance benefit such as abrasion and heat 

resistance (SpecialChem, 2020). The most important grade utilized in electronic and 

electrical equipment are PA6 or PA 6,6 due to their conductivity, insulating, resistant to 

radiation characteristics (McKeen, 2017.). These characteristics and cost effectiveness are 

part of the encouraging factors polyamides are employed in electronic protection devices.  

 

2.3.7 PC/ABS blend 

The mixture of PC/ABS polymers to form a single material found in electronic and electrical 

equipment have been observed to performed synergistic improvement for low-temperature 

ductility. The morphology of this formation depends on factors like rheological properties, 

blend composition, thermal treatment, processing conditions etc., to attain the high level of 

mechanical properties (Bärwinkel et al., 2016). Balart et al., (2005), also reiterate that the 

composition of PC/ABS blends with 10-20% PC concentration offered the most excellent 

mechanical performance.  

 

PC and ABS has similar polarity for heat deflection and temperature distortion that can be 

compatible with other. The blends provide versatile homogeneity for an excellent 

mechanical properties such as impact strength, toughness, hardness, and flexural properties 
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(Krache and Debbah, 2011). One of the main reason PC/ABS polymer blends are extensively 

used in EEE is the excellent fire resistance properties and relative low cost. Above all, 

composition of plastics polymer found in EEE items and their application area are listed in 

Table 2 and Table 3.  

 

Table 2. Typical application of plastic polymers in EEE. (IEEP, 2011; Buekens and Yang 

2014) 

Polymer   Application  

ABS  Microwave, ovens, flat screen TV and some 

monitors casing, internal part of ICT equipment 

etc. 

PS (HIPS) Inner component part of refrigerator (shelves liner), 

consumer electronics casing etc. 

PC Lighting and some household appliances  

PP Inner component of washing machine and dish 

washer; coffee machines etc. 

PPO (HIPS/PPE) Hairdryers, cover of TVs etc.  

ABS /PC Electric water kettles, cover of ICT equipment etc.   

 

Table 3. Composition of plastics found in WEEE items. (Buekens and Yang 2014)  

WEEE items  Composition  

Telecommunication devices ABS (80%), PC/ABS (13%), HIPS, POM 

Televisions Polyphenyl ether/PS (63%), PC/ABS (32%), 

Printers/faxes ABS (80%), PC/ABS (13%), HIPS, POM 

Toys ABS (70%), HIPS (10%), PA (5%) 

Computer ABS (50%), PC/ABS (35%), HIPS (15%) 

Monitors PC/ABS (90%), ABS (5%), HIPS (5%) 

Dishwashers PS (8%), ABS (7%) 

Small household equipment PA (19%), ABS/SAN (17%), PC (10%), PBT, 

Refrigeration PS&EPS (31%), ABS (26%) 
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2.4 Flame retardants in EEE 

Flame retardants (FRs) in electrical and electronics equipment are chemical substances used 

to ensure safety and enhance chances of escape from fire. Even though flame retardants are 

incorporated in EEE plastics to improved fire resistance, their toxic properties have effect 

on how they are recycled. There are numerous types of flame retardant available and their 

useful specification in components depends on stress intensity criterion and environmental 

conformity. Four of the most used and commercialized are halogenated flame retardants 

(bromine and chlorine containing), phosphorus (P)-containing compounds, nitrogen (N) 

containing compounds and Inorganic flame retardants (Delva et al., 2018). 

 

2.5 Brominated flame retardants (BFRs) 

Brominated flame retardants (BFRs) in plastics can pose health risk to human through 

inhalation and ingestion when expose in a recycling facility and can cause adverse 

environmental impact when they are not recycled properly. The number of plastics 

containing BFRs in WEEE are enormous, which serves as an obstacle to obtain higher 

recycling rates due to the toxic substances or additives they exhibit. As mentioned earlier, 

BFRs are broadly used to reduce the flammability of the plastics used in electrical and 

electronics equipment and some of the most used BFRs includes tetrabromobisphenol-A 

(TBBPA), polybrominated dibenzo-p-dioxins (PBDDs) and dibenzofurans (PBDFs), 

hexabromocyclododecanes (HBCDs), etc., (Yang et al., 2013; Jandric et al., 2020). They are 

often used and categorized based of addition to the polymers and this generally involves 

reactive, additives and brominated monomers. Each of these categories are utilized for 

specific purposes. For instance, in order to trigger softening effect on the plastics used in 

EEE, additives such as HBCDs or PBDDs are utilized while reactive BFRs like TBBPA are 

used to forms chemical bond to the polymer matrix (Jandric et al., 2020). 

 

2.6 Different pretreatment methods 

Pretreatment methods is an important phase in recycling of an electronic waste and most of 

the technique used are separation and sorting. Generally, the first step in ensuring efficient 

electronic waste recycling is through separation, where identification of materials and size 

reduction are performed to a more suitable form before further processing.  There are several 

sorting and separation technologies available, and the application area depends on the 

processing stage and the type of outcome required.   
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2.6.1 Mechanical pretreatment  

In performing pretreatment in WEEE plastics, mechanical recycling process are usually 

involved, where EEE plastics waste are recycled to obtained new raw materials or used as a 

mixture supplement during manufacturing of products. The recycling process usually 

comprises of four most important phases:  

• Separation and sorting: this are performed by differentiating size, color, shape, 

density, or chemical composition of the plastics. 

• Washing: often performed to remove contaminant. 

• Grinding: is utilize for reducing size of the products to flakes. 

• Compounding and pelletizing are used to reprocess flakes into granules for further 

processing. 

Apart from the procedure mentioned above, the crucial part of mechanical pretreatment 

methods is sorting and separation and choosing appropriate technique that suit the sorting 

technology have significant impact on the material processing. Types of mechanical 

separation techniques available are Gravity separation (GS), Magnetic separation (MS), 

Electrostatic separation (ES), Forth flotation, Optical separation, CreaSolv process, X-ray 

detection methods etc. (Ragaert et al.,2017; Kaya, 2019). All of which are often automated 

with optical color recognition systems. 

 

2.6.2 Gravity-based separation  

Gravity separation technique is a known industrial process where two or more components 

or materials mixture are separated based on their density differences. These are usually 

performed through suspension or gravitational dominant forces for the lightweight materials 

to stay afloat while other dense materials submerged to the appropriate place. The process 

works by allowing particles or the mixed materials to be held apart with a mechanism 

separator such as jigs, shaking tables, sink-float methods, centrifugal (cyclones) sorting, 

pneumatic sorting etc., to recover and separate metals and plastics from e-waste. The 

separation possibility generally lies within the concentration criterion (CC), which is defined 

by the following equation (Kaya, 2019). 

 

𝐶𝐶 =
(𝜌ℎ − 𝜌𝑓𝑙𝑢𝑖𝑑)

(𝜌𝑙 − 𝜌𝑓𝑙𝑢𝑖𝑑)
 

(2.1) 
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CC = concentration criterion; 𝜌ℎ = density of heavy material; 𝜌𝑙 = density of light material; 

𝜌𝑓𝑙𝑢𝑖𝑑 = density of the fluid medium (water or air) (Gupta et al., 2016). The equation is 

commonly used to determine the how easy or complicated gravity separation can be in a 

certain materials mixture. For instance, if CC is less than 1, gravity separation can be 

performed under specific density control conditions (Kaya, 2019).  

 

2.6.3 Jigs sorting  

The jigs sorting methods operate in the form of stratification whereby repeated pulsating of 

water current through the bed allows the particles to consolidate under gravity and when the 

velocity of the water decreases, the remainder falls accordingly to the bottom at different 

speeds and relative density. The magnitude and direction of the water force can influence 

the expansion and contraction of the particle, thereby causing heavier particles to fall under 

hindered settling conditions. This method is often used for concentrating coarse particles 

down to 3 mm (Gupta et al., 2016; Kaya, 2019). Jigging sorting procedure is presented in 

Figure 3.  

 

 

Figure 3. Expansion and Contraction of a Bed of Particles due to Jigging Action. Adapted 

from (Gupta et al., 2016) p. 579.) 

 

2.6.4 Sink-float sorting  

The sink float sorting methods generally utilize water to separate plastics based on their 

densities from other materials in a mixed waste. It is one of the first stages that are usually 

considered due to fast process and inexpensive nature of the technique. The difference in 

densities between the mixed waste materials causes higher dense materials to sink while 
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other materials stay afloat. Although, most plastic material has similar density which can 

sometimes be difficult to separate using this process, therefore, a higher density of 

suspension is required (Schmitz, 2014; Rudolph et al., 2017). Table 4 shows various type of 

polymer density range that could affect sorting or separation using this process. 

 

Table 4. Density ranges of commonly used plastics. Adapted from (Rudolph et al., 2017) 

Polymer  Density Range [g/cm3] 

HDPE  0.956 – 0.980 

LDPE 0.910 – 0.955 

PP 0.861 – 0.925 

PET 1.330 – 1.400 

PS 1.050 – 1.220 

PVC 1.304 – 1.388 

ABS 1.020 – 1.170 

 

 

2.6.5 Magnetic separation  

Magnetic separation (MS) is often used to recover ferromagnetic metals from non-ferrous 

metal and other non-magnetic waste, especially electronic and electrical equipment. The 

principle of operation comprises of magnetic separator that forces the materials to separate 

based on magnetic properties between the particles. A typical magnetic separation device 

can be seen in Figure 4. It generally involves continuous filtration process where moving 

streams of dry or wet particles passing through magnetic field are separated by adhering to 

the surface of the conveyor belt and then sorted to the appropriate place holder. Some of the 

main separators used at industrial scale are drum separator, cross-belt separator, roll 

separator, free fall type separators, and the application are often high-gradient magnetic 

separation (HGMS), high-intensity magnetic separator (HIMS) and low-intensity magnetic 

separator (LIMS) (Haldar, 2013; Higashitani et al., 2020). 

 

Magnetic separation also utilizes density separation principle which can also be called 

Magnetic density separation (MDS). This technique is density-based with the use of special 

magnetic field for separation. Separations are performed by adding magnetic liquid that 
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contain iron oxide to separate magnetic particles for other polymer fractions. This method 

can be compared to sink-float separation where the magnetic liquid serves as medium with 

congruent density with water (Bakker et al., 2009). MDS process which has been 

successfully used to separate PP and polyethylene (PE) from mixed of polyolefin (Serranti 

et al., 2015) and subsequently used to separate PVC with rubber from construction waste 

(Luciani et al., 2015).  

 

 

Figure 4. Schematic diagram of magnetic separation. Adapted from (Ruan and Xu, 2011) 

 

2.6.6 Electrostatic separation (ES) 

Electrostatic separation (ES) is a technique that uses electric conductivity of a material to 

distinguish them apart. The process is often performed by means of electrical forces where 

charged particles are distinguished depending on their conductivity or resistivity differences. 

By doing so, separation of conductive metals from non-conductive metals are ensured. There 

are three types of electric conductivity-base separation technique commonly used for sorting 

metallic particles from non-metallic substance, namely: Tribo-electric separation (TES), 

Eddy current separation (ECS), Corona electrostatic separation (CES). Their individual 

sorting and separation techniques general depends on the difference in polarity and charges 

between the materials to be separated (Kaya, 2019).  
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2.6.7 Tribo-electric separation (TES) 

Tribo-electric separation (TES) is a separation method that sorts particles based on charged 

polarities. TES techniques utilize positive and negative charges to differentiate the polymer 

flakes at the surface and their different deflection are separated in an electric field. During 

the first stage of pretreatment, materials are required to be crushed to an optimum particle 

size because the size of the particles has significant effect on sorting efficiency. If the 

particles are crushed too small, tribo-charging can occur and cause overlap of the same 

particles that would eventually decrease the sorting efficiency. To prevent this type of 

barriers or problem, it is recommended to wash and dry the particles before sorting take place 

(Lahtela and Kärki, 2018; Kaya, 2019). These techniques are suitable to separate fine 

particles and has been successfully used to separate some blended polymers in e-waste such 

as ABS/PC, PP/PE, and PET/PVC (Reinsch et al., 2014).  

 

2.6.8 Eddy current separation (ECS) 

Eddy current separation (ECS) on the other hand utilized electromagnetic induction and 

alternating magnetic field.  The powerful and highspeed alternating magnetic field enables 

the separation of ferrous metallic from non-ferrous metallic, especially separation from an 

electronic waste. This is done by high frequency alternating magnetic field that produce 

induced current for separating the material according to the repulsive force of the magnetic 

field. As result, non-metallic materials (plastics) are separated from the electronic waste 

(Kaya, 2019). ECS mechanism typical contains a conveyor belt, a rotating drum covered 

with multiple alternating magnets and a deflector at the exist side to separate metallic and 

non-metallic particle to their place holder. The schematic diagram of a typical ECS 

mechanism is presented in Figure 5. 
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Figure 5. Schematic diagram of ECS. Adapted from (Li et al., 2017) 

 

2.6.9 Corona electrostatic separation (CES) 

Corona electrostatic separation (CES) is a method of separation that sort materials based on 

electroconductivity and difference in density of the material. The method is used to separate 

metals and non-metal from each other. The sorting is based on electrostatic charge generated 

by corona electrodes and separation occurs by inducing the electrostatic charge into a 

conductive freed particle. CES is capable of sorting and recovering of light metals fractions 

such as copper and aluminum from recycling process that involve printed circuit board 

(PCB) and other electronic waste. Additionally, CES can also separate plastic with different 

dielectric properties that is found present in mixed or shredded aluminum frames. One of the 

key factors in separation is the size of the particle and utilizing CES method is said to be 

effective due to the ability of sorting and recovery fine particles that ranges between 0.1 – 5 

mm (Cui and Forssberg, 2003). 

 

2.6.10 Froth flotation  

Froth flotation is a selective separation process where material that are hydrophobic in nature 

are separated from hydrophilic. The material to be separated are usually treated with a 

surface-active agent and then suspended in water. The basic principle is to make selective 

attachment of air bubbles on the surface of hydrophobic materials to be separated, therefore 

causing it float (Ragaert et al., 2017).  It is generally used to separate valuable metals found 
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electronics or printed circuit board from plastics and other non-metallic materials. The 

process is widely used for separating fine solid particles based on difference in surface 

properties of the materials. This is done by utilizing different physiochemical surface 

properties of the materials by altering the wettability of the material involved such that the 

particles can be suspended in water. The purpose is to have separation performed from 

mixtures of fine plastic particles from electronic waste and can be used to separate material 

particles size that ranges between 50 to 400 μm (Sinnott and Towler, 2020).  

 

2.6.11 Optical separation 

Optical separation are general methods used in separating materials based on their colors 

while utilizing optical camera and ultraviolet (UV) sensors to detect and separate the 

materials. Different techniques are available to this regard and their applications with respect 

to e-waste separation are also prevalent. The most common types are Near Infrared 

Spectroscopy (NIR) or Mid Infrared Spectroscopy (MIR), Laser-induced breakdown 

spectroscopy (LIBS) and Raman spectroscopy etc.  

 

2.6.12 Near Infrared Spectroscopy (NIR) 

Near Infrared Spectroscopy (NIR) is an absorption measurement technique that is widely 

used to determine and identify raw materials, hazardous elements in products, and plastics 

identification amongst other substances. The principle of identification is based on 

electromagnetic radiation absorption with the combination of induce chemical moieties and 

spectroscopy unit. The electromagnetic absorption spectrum is presented as wavelengths 

between the range of 800 - 2500 nm and this provides relative information to characterize 

the type of polymer (Šuštar et al., 2014; Pasquini, 2018). NIR sorting utilizes the physical-

chemical properties of the studied materials to record, transmit and obtain information in the 

Near Infrared sensor. The material is reflected through infrared sensor and each distinctive 

spectrum are recorded to provide information about the said material.  Such information 

could be the electric and mechanical anharmonicity, magnetic susceptibility, electrical 

conductivity, density, surface and material properties, chemical overtones or molecular 

bonds that corresponds to the energy transitions (Abbas et al., 2012; Pasquini, 2018; 

Anon.,2020b). Some of the benefits of using the type of sorting techniques are reliable 

identification of materials and low environmental impact while the disadvantages are size 
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and color limitation due to inability to sort or identify dark colored plastics, adhesives, 

plastics with adhesives and similar material of the same properties (Bakker et al., 2009; 

Serranti et al., 2015) 

 

2.6.13 Laser induced breakdown spectroscopy (LIBS) 

Laser induced breakdown spectroscopy (LIBS) and Raman spectroscopy are another 

alternative sorting technique used in optical separation technologies. Optics and 

spectroscopic technologies are generally considered for sorting polymer accurately and each 

type of equipment or technologies differs when applied to different polymers. LIBS has 

ability to detect elements up until ppm level while utilizing the advantage of ease of use and 

low-cost ability to carry out the separation technique (Gádoros et al., 2021). The technique 

works by utilizing emission spectroscopy to analyze elemental concentration and properties 

in a material. This is performed through sampling and excitation by laser pulse in order to 

identify or categorizes the material accordingly. It offers comprehensive chemical analysis 

in the spectral features that facilitate the material classification and identification of the 

material. LIBS has the ability to analyze various type of materials regardless of their physical 

state, whether the material is in solid, liquid or gas state. For example, metals, electronic 

materials plastics, insulators, glasses etc.  The technique usually utilizes chemometrics to 

ensure identification measurement and valuable information obtained from the spectra are 

up to par.  (Chamradová et al., 2021) 

 

2.6.14 X-ray fluorescence (XRF) 

X-ray fluorescence (XRF) is one of the methods used in X-ray separation technique. It works 

at the atomic level and they are often employed to examine the type of plastic structures, 

identifies flame retardant (FR) and other hazardous component present in electronic waste 

stream for example. This method has been utilized when separating PVC from other WEEE 

due to the ability to easily distinguish chlorine content in PVC. When compare with NIR, 

XRF has capability of identifying dark colored plastic. However, some of the drawbacks is 

overheating due to high heat production from the X-ray and poor cooling of the XRF 

chamber. Similarly, XRF have been said to only differentiate between PVC from mixture of 

plastics types in an electronic waste stream (Ragaert et al., 2017). 
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2.6.15 CreaSolv process 

CreaSolv process is a selective solvent extraction technique that allows efficient separation 

of plastics or composites from contaminated waste or mixed consumer waste with high 

purity. The process is also employed in electronic waste separation where flame retardant 

and plastics are efficiently recovered and separated. The method is developed and 

trademarked by Fraunhofer Institute for Process Engineering and Packaging IVV. The 

procedure is combined with mechanical, chemical, and thermal processes to recover the high 

purity plastic materials from complex mixtures of waste such as electronic waste (Fraunhofer 

IVV, 2021).  

 

The process involves three major steps for contaminant to be removed from the waste 

mixture. The first stage is dissolving the target plastic with a selective solvent followed by 

separating non-dissolved substances from the polymer solution and then precipitating the 

target plastic from the purified polymer solution (Buekens and Yang, 2014). The sketch 

shown in Figure 6 shows an illustrated CreaSolv process and subsequent Table 5 describes 

each stage of the processes. 

 

 

Figure 6. CreaSolv® Process (Fraunhofer IVV, 2021). 
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Table 5. CreaSolv® Process stages description (Fraunhofer IVV, 2021). 

Dissolve  At the dissolving stage, the target polymer is dissolved in a special 

solvent and the solubility of the polymer allows the recovery with 

high purity.  

Clean  This is stage where the dissolved target polymers are removed by 

means of purification and undissolved components are mechanically 

removed.  For instance, dissolved substances such as print inks, 

aluminum oxide, odorants, hazardous substance etc., are removed 

using special purification steps. After the purification, the remainder 

solution typically contains macromolecules of the target polymer. 

Precipitate  This stage of the process is when the target polymer is recovered from 

the solvent by precipitation.  

Dry  The recycled polymer is dried  

Solvent treatment  Distillation of the solvent recovered from the purification, drying, 

precipitation, and drying steps and its return to the recycling process. 

Product  The plastic recyclate is of high quality and can be used as a secondary 

raw material for the production cycle. 
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2.7 Summary of various separation technologies  

Following the above description regarding various separation techniques, Table 6 is 

compiled as a synthesis summary of the most important separation technologies. This is to 

ascertain the difference in choosing a particular method and their applicability in various 

sorting methods while categorizing their capabilities, strength, and weakness accordingly.  

 

Table 6.  Summary of separation technologies 

Separation method 

/Technologies  

Strength  Weakness  

Gravity-based separation Flexibility, Robust and 

simple mechanical system, 

Wet and dry feed 

possibility.  

Slow process, Low capacity, 

Broad density differences, 

Requires steady feed rate. 

Magnetic separation  Versatile and efficient. Constant maintenance. 

Tribo-electric separation High purity rate, Dry 

process. 

Materials needs to be in 

small particles. 

Eddy current separation Efficient recovery rate Knowledge base 

Corona electrostatic 

separation 

Highly sorting accuracy. Particle size and a large 

number of parameters. 

Froth flotation Ability to separate fine 

particles. 

Requires pretreatment 

methods such as forth agent 

(surfactant, or other 

chemical reactives). 

NIR Instant and reliable 

identification of materials. 

In ability to identify dark 

materials or coated 

materials. 

XRF Highly productive, No color 

identification limitation. 

Needs cooling to avoid 

overheating. 

CreaSolv process High purity rate, Ability to 

separate and recover BFRs 

from e-waste plastics. 

Requires solvent for 

treatment. 
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2.8 Previous research on pretreatment technologies of WEEE plastics  

Many studies have focus on different types of separation methods to optimize the condition 

of WEEE plastics before recycling or reusing it for new purpose. The most common 

preparation and separation are pyrolysis and dehalogenation (Yang et al., 2013); heat 

treatment (Thanh Truc and Lee, 2016); surface treatments (Wang et al., 2019; Luo et al., 

2020); thermal pre-treatment (Schlummer et al., 2016) thermal decomposition, or 

degradation of individual plastics etc. The aim is to develop a homogenous method of 

separation such that whatever WEEE blends found from the waste stream can be recycled.   

 

In the work of Schlummer et al., (2016), pre-treatment and separation of WEEE plastics 

involving PC/ABS and ABS was performed utilizing CreaSolv® Process. The process 

enables targeted polymers to be selectively dissolved and cleaned extensively in order to 

obtain the required polymer, the polymers are then extracted from the solvent by mechanical 

end approaches. The polymer separations are performed carefully such that separation of 

target polymers from the solvent does not contain certain amount (500-1000 ppm) of solvent 

to prevent inadequate or deterioration in mechanical properties.  

 

The specific materials involved in the study were dismantled TV cases, a monitor cases and 

fractions of shredded WEEE plastics. X-ray transition (XRT) treatment, Fourier Transform 

Infrared Spectroscopy (FT-IR) and density sorting of the input fraction dissolution and 

solvent were utilized for the separation. The density separations were prescribed as light 

fraction and heavy fraction at a rate of 1.1 kg/L respectively, followed by energy dispersive 

X-ray fluorescence (EDXRF) analysis. The dissolution is characterized by light fraction 

having less than 1.1 kg/L and having heavy fraction greater than 1.1kg/L of selective solvent 

(Schlummer et al., 2016.). 

 

The outcome of the study revealed the potential and challenges of the process. The potential 

of process provides an effective pre-concentration of the target polymers and a substantial 

purity identification by sink and float. Element concentration such as chlorine (Cl), bromine 

(Br), antimony (Sb), titanium (Ti) presence was able to be identified when subjected to XRF 

and EDXRF analysis and it proves to be a suitable pre-processing way of removing halogen 

containing materials. However, effective filtration and extractive BFR elimination are still 

required in the process in order to control the level of bromine residue. Part of the challenges 
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involved is the technical upscaling, such that polymer chain length breakdown can be 

prevented during the process. If this occurred, mechanical properties and compliance with 

RoHS will be affected (Schlummer et al., 2016.). 

 

Thanh Truc and Lee, (2017a) also investigate a selective separation of ABS/PC that contain 

BFRs from ABS mixture under microwave treatment process. Their study was performed 

utilizing froth flotation and zinc oxide (ZnO) solution as a coating under microwave 

treatment. Similar characterization employed by Schlummer et al., (2016) was also adopted 

to identify and analyze the elemental spectra of the chemical characterization, and to observe 

the changes in the surface treatment using EDXFR, FT-IR spectrometer, X-ray photoelectron 

spectroscopy (XPS) among others. The authors observed that utilizing ZnO coating 

rearranged hydrophilicity of the ABS plastic surface, which facilitates the separation of 

BFRs containing ABS/PC blends under the froth flotation techniques. As a result, after the 

microwave treatment under certain time, the treated ABS plastics surface had more selective 

wettability that enhance high recovery and purity rate in the separation. It is however 

recommended to have no mechanical mixture when smaller size fractions are involved in the 

ABS/PC blends containing BFRs such that an efficient separation and purity of will be 

achieved at a short flotation time of 2min (Thanh Truc and Lee, 2017a.). 

 

In another study performed by Thanh Truc and Lee (2017b.), regarding HIPS and ABS using 

the same ZnO coating with microwave treatment for selective separation by froth flotation. 

Similar result was obtained with optimized forth flotation conditions by selective 

hydrophilicity which enable high recovery and purity rate. By making it completely 

successful separation of ABS from HIPS polymer (Thanh Truc and Lee, 2017b.). 
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3 RESEARCH METHODODLOGY  

 

In this chapter, the methodology used in this research are discussed. The methodology used 

is the combination on literature review and experiment. Bromine free electronic plastics and 

brominated e-waste plastics were used to perform the experiment at LUT University, in the 

research unit of Mechanical Engineering at the Laboratory of Fiber Composites.  

 

3.1 Materials and Methods  

The materials used in the experiment are combination of bromine free e-waste plastics and 

brominated e-waste plastics obtained from a local company. The materials contain different 

types of e-waste plastics shredded into 40 - 76 mm sizes, shown in Figure 7 and Figure 8. 

Near Infrared Spectroscopy (NIR) method was used for identifying plastics in the e-waste 

and these was performed utilizing handheld microPHAZIR equipment, manufactured by 

Thermo-Scientific.  

 

 

Figure 7. Bromine free e-waste plastics 
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Figure 8. Brominated e-waste plastics 

 

The samples were hand-picked and placed in front of a handheld microPHAZIR analyzer 

for plastics and polymer identification. Afterwards, each of the samples weight was 

measured on a scale in kilograms (kg) and grams (g). The handheld microPHAZIR analyzer 

equipment used for the identification procedure can be seen in Figure 9.  

 

 

Figure 9. microPHAZIR NIR equipment analyzer 
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3.2 Separation and identification  

The following Figures 10 - 14 illustrates the identified plastics and are separated accordingly. 

Each of the materials were sorted and categories according to the identified material. They 

were placed in separate bag holders for further processing. Only identified bromine free 

plastics are presented because both bromine free and brominated plastics are visually 

identical, therefore, it is not necessary to present similar picture of identified brominated 

plastics. 

 

 

Figure 10. Bromine free plastics (a)ABS, (b) PC/ABS, (c) PP, (d) PS 

 

 

Figure 11. Bromine free plastics (a)PC, (b) Unidentified plastics. 
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Figure 12. Bromine free plastics (a)Nylon-ABS Blend, (b) PET, (c) PVC, (d) POM 

 

 

Figure 13. Bromine free plastics (a)PPO, (b) PBT, (c) PETG, (d) SAN 
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Figure 14. Bromine free plastics (a)PE, (b) PMMA, (c) PA, (d) Plastics/Metal pieces 

 

3.3 Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS) 

In order to determine the chemical characterization of the identified plastics found in the 

electronic waste, SEM-EDS analysis were performed on both bromine free (BF) and 

brominated plastics (BP). Six samples were taken from ABS, PC/ABS, PS, unidentified 

plastics and 2 measurement were performed on each sample. The samples used can be seen 

in Figure 15 while the result obtained from these measurements are presented in chapter 4.4. 

 

 

Figure 15. Bromine free and Brominated samples used in SEM-EDS 



39 

 

4 RESULT AND DISCUSSION 

 

4.1  Bromine free electronic waste identification  

The result obtained from identifying the type of material found in the e-waste are presented 

in Table 7. Sixteen different materials were identified and separated from the bromine free 

electronic waste with the total weight of 51.42 kg. ABS alone accounts for 22 % while 

PC/ABS, PP, PS, PC amounts to 34 % of the total weight obtained. Unidentified plastics 

weighs 20 kg and their percentage proportion can be seen in Figure 16, which have the 

highest percentage of 39 % from the total weight. The weighed value of the Other BFP (other 

bromine free plastic) represents 5 % of the total weight. 

 

Table 7. Main plastics found in Bromine free e-waste 

Materials Weight (kg) Weight %  

ABS 11.16 22 

PC/ABS 5.52 11 

PP 4.75 9 

PS 5.03 10 

PC 2.10 4 

Other BFP  2.86 5 

Unidentified plastics 20.00 39 

Total  51.42 100 

 

The material categorized as Other BFP are the total sum of other bromine free plastics 

consisting of Nylon-ABS blend, PET, PVC, POM, PPO, PBT, PETG, SAN, PE, PMMA, 

PA and Plastics/Metal pieces. Each of these materials were weighed in grams and added 

together to obtain kilograms because of their small weight fractions in grams, which could 

be disproportionate to the weight percentage and subsequent chart. The corresponding 

graphs of the findings are also presented and discussed in chapter 4.3. 
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Figure 16. Percentages of main plastics found in bromine free e-waste 

 

Comparing these obtained results with the information from the literature review, the data 

validates the facts that ABS, PC/ABS, PP, PS, PC are the mostly used plastics in electronic 

equipment. Where ABS and PC/ABS represent the highest material used in electronic 

equipment with 22 % and 11 % respectively. These results can be substantiated with the data 

presented in Figure 2. Even though, the composition of the electronic products in the 

performed experiment is not known, the result obtained is relative to the data presented. 

Because according to Freegard et al. (2006), the electronic products collected for the 

experiment that resulted in producing the data were small household appliances, toys, IT 

equipment, office equipment, telecommunications equipment etc.  

 

Similarly, the unidentified share of the separated material also supports the literature 

findings, where NIR have been said to have limited identifying capacity with material that 

is dark or black in color. These drawback in NIR stems from the dark or colored plastics 

appearing to be invisible to the UV spectrum, thereby causing un-identification. Therefore, 

the outcome data obtained in this experiment is relevant and verifiable.  

 

4.2  Brominated electronic waste identification 

The data presented in Table 8 are the result obtained during NIR identification experiment 

of brominated electronic waste plastic. It comprises of the material weight value and weigh 

percent and value. Thirteen plastics were identified and separated from the total bulk of the 

22%

11%

9%

10%4%
5%

39%

WEIGHT %

ABS PC/ABS PP PS PC Other BFP Unidentified plastics
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electronic waste with the overall total weight of 20.19 kg. Out of the 13 plastics identified, 

ABS, PC/ABS, PP, PS, PC comprises of the major plastics found, with combined 43 % 

weight distribution of the total weight, where ABS and PC/ABS accounts for 21 % and 8 % 

respectively. Unidentified plastics weighs 10 kg which accounts for 50 % of the total weight. 

The distribution and share proportion from the weight obtained can be seen in Figure 17. 

 

Table 8. Brominated plastics found in e-waste  

Materials  Weight (Kg) Weight % 

ABS 4.30 21 

PC/ABS 1.70 8 

PP 0.90 5 

PS 1.30 6 

PC 0.60 3 

Other BP  1.39 7 

Unidentified plastics 10.00 50 

Total 20.19 100 

 

The material categorized as “Other BP” (other brominated plastics) are the total sum of the 

other brominated plastics in kilograms. These materials are PE, PETG, PPO, PBT, POM, 

PMMA, PA, PVC and plastics/metal pieces and they are added together to obtain kilograms 

due to their weight proportion in grams. The individual weight value in grams is presented 

as an appendix attachment.  

 

 

Figure 17. Percentages of main plastics found in brominated e-waste 
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4.3 NIR plastics identification graphs  

The graphs of the identified plastics found from the electronic waste can be seen in Figure 

18. Each of the identification consist of graphs of top-match pre-installed data and the 

identified material. The identified material comprises of ABS, PP, PC/ABS, PC, PS etc., as 

the commonly found material in electrical and electronics equipment while the remaining 

graphs is presented in the appendix. The remainder of the graphs is presented as an 

attachment in appendix because graphs of bromine free plastic and brominated plastics are 

identical and presenting all the graphs in this section will be overwhelming to differentiate. 

 

 

Figure 18.  NIR plastics identification graph (a) ABS, (b) PP, (c) PC/ABS 

 

The black curve in the graph is the identified material while the red curve indicates a top 

match of the predetermine data for the identification process. Although, the identification 

curves and graph vary from one material to the other and even the same type of material. 

This is because materials have can have different properties, standards, and wide spectrum 

of copolymerization process that occurred during manufacturing. For instance, the same 

material can be engineered for different purposes causing the materials properties to change 

for that specific application.  

 

4.4  SEM-EDS bromine free plastics  

SEM enhances the ability to obtain relevant information about samples element composition 

and their surface morphology. Therefore, the result obtained by performing SEM-EDS 

analysis on e-waste bromine free plastic are presented in Table 9. Six samples were measured 

during the elemental analysis and their average weight percent (wt %) and standard deviation 
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are presented. The observed element in the materials were eight and their names are as 

follows: carbon (C), aluminum (Al), magnesium (Mg), sulphur (S), silicon (Si), phosphorus 

(P), calcium (Ca) and titanium (Ti). The deviation value represents total deviation value from 

the bromine free samples and their average weight percent (wt %). The samples categories 

as ABS-BF, PS-BF, PC-ABS-BF, and UN-BF indicates ABS bromine free plastics, PS 

bromine free plastics, PS bromine free plastics and unidentified bromine free plastics. 

 

During the experiment, some samples of the samples were peeled by a razor on the surface 

before the elemental test analysis was performed in order to compare and determine their 

effect from the unpeel samples. The outcome of these comparison shows negligible 

differences of about 0.03 with respect to elements identification and weight percentage 

value. For instance, when PC-ABS were tested, the identified element carbon (C) in both 

peeled and unpeel surface has the same 96.8 wt % value during the first measurement. At 

the second and third sample measurement, the weight percent value shows 96.4 and 96.9 

respectively. Hence, the overall average weight percent is then calculated as shown in Table 

9 presented below.  

 

Table 9. Element composition of bromine free e-waste plastics with number of shares given 

in average weight percent (wt %) and standard deviation (Sd) 

                     Average (wt %)         Standard deviation (Sd)  

Element  ABS-BF 

PC-

ABS-

PF PS-BF UN-BF 

ABS-

BF 

PC-

ABS-

PF PS-BF UN-BF 

C 98.4 96.6 99.1 98.8 0.1 0.1 0.0 0.1 

Al 0.1 0.3 0.1 0.2 0.1 0.1 0 0.1 

Mg  0.1  0.1  0.0  0.0 

S 0.1  
 

 0.0    
Si 0.2 0.3 0.1 0.3 0.1 0.0 0.0 0.0 

P  1.3  0.2  0.1  0.0 

Ca 0.1  0.1 0.2 0.0  0.0 0.1 

Ti 1.1 1.4 0.6 0.2 0.1 0.1 0.0 0.1 

 

High presence of carbon content was observed in the materials which result to inability to 

measure small amount of oxygen. It was also observed that the most common element found 

present in the SEM-EDS analysis for all the samples were C and Al, with Mg mostly present 

in PC-ABS and unidentified plastics samples. Their weight percent varied between 96 and 
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99 % for the carbon element while the shared weight percent for aluminum (Al) element 

varied between 0.1 and 0.3 % of whole sample. Similarly, the presence of titanium element 

was also observed to remained in the four samples with average weight percent varying 

between 0.2 to 1.4. PC-ABS shows the highest present of titanium with an average weight 

percent of 1.4. Silicon element is also observed to be present in all the three samples used 

(ABS, PS, PC-ABS), including unidentified plastics samples.  

 

4.5 SEM-EDS brominated plastics 

Similar element analysis was performed on the identified brominated plastics. ABS, PC-

ABS, PS, and unidentified plastics were the materials used in obtaining the result and the 

results are presented in Table 10, showing their average weight percent and standard 

deviation. The observed elements are carbon (C), magnesium (Mg), aluminum (Al), silicon 

(Si), sulphur (S), chlorine (Cl), titanium (Ti), bromine (Br), antimony (Sb), phosphorus (P), 

and calcium (Ca). The same numbering style applied above was also employed to classify 

the element measurements. ABS-BP indicates brominated ABS plastics and UN-BP implies 

unidentified brominated plastics, etc. 

 

Table 10. Element composition of brominated e-waste plastics given in average of weight 

percentage (wt %) and standard deviation. 

  

During the experiment, each material samples were peeled and tested in order to compare 

with the unpeeled surface samples for difference in observation. For instance, when the 

                       Average (wt %)          Standard deviation (Sd) 

Element  

 

ABS-

BP 

PC-

ABS-

BP 

PS-

BP UN-BP ABS-BP 

PC-

ABS-

BP PS-BP UN-BP 

C 90.1 95.3 93.7 95.3 0.3 0.5 0.2 0.2 

Mg 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 

Al 2.6 0.7 1.6 1.3 0.3 0.30 0.1 0.1 

Si 0.1 0.3  0.2 0.0 0.2  0.0 

S 0.1  
 

 0.0    
Cl 0.5  

 
 0.0    

Ti 0.8 1.6 0.7 0.1 0.1 0.2 0.0 0.0 

Br 4.1 1.2 2.9 2.1 0.2 0.1 0.2 0.1 

Sb 1.6  1.1 0.8 0.1  0.1 0.1 

P  0.6  0.1  0.0  0.0 

Ca  0.2    0.1   
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unpeeled surface of ABS brominated plastics was tested, the observed element bromine (Br) 

has 3.9 wt % during the first and second measurement while the peeled surface has 3.9 and 

4.1 wt % respectively, during first and second measurement. The result indicated limited 

differences with respect to elemental identification and weight percentage value. ABS 

contains highest weight percent of aluminum (Al) and bromine (Br), with the value of 2.6 

and 4.1 respectively, as shown in the table above. Above all, the most common element 

found in all the studied samples were carbon, magnesium, aluminum, bromine, and titanium 

followed by silicon (Si) and antimony (Sb) as the second most present element in the 

samples. The concentration of chlorine and sulphur only exists in ABS, which can indicate 

comparative differences among other element present.  

 

4.6 Identification challenges  

The main purpose of using NIR is for identifying materials according to their resin 

identification codes (RIC). Using NIR is the fastest and easiest way of identifying a plastic. 

The technique is simple and versatile with ability of identifying materials accurately. 

However, the challenges faced in using this type of technique is the inability to identify dark 

or black materials due to the black pigment present in the material. As a result, the plastics 

appear invisible to the UV spectrum in the NIR equipment causing the failed recognition. In 

addition, materials that have similar properties with each other or materials that have been 

treated or coated with painting also have an influence on the outcome, which can cause poor 

recognition or un-identification. Majority of the unidentified plastics in the experiment were 

black and dark colored plastics. Some of them are transparent with mixture possibility with 

another material or contaminated plastics.  

 

4.7 Cost factor evaluation  

In this section of the report, the cost evaluation in utilizing NIR and SEM-EDS for 

identification and separation are presented. The evaluation consists of annual investment and 

possibilities of actualizing the separation treatment utilizing NIR and SEM-EDS while 

comparing with other separation methods. The data presented are capital costs, operation 

costs, and the required investment amount.  
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4.7.1 Capital costs 

Capital costs are one-time expenses or fixed cost associated with acquiring equipment or 

facilities to be used for a production or services. These costs can consist of machinery 

purchases, materials, cost of accessory equipment, installations cost, etc. (Manouchehri, 

2004). The capital cost in this calculation is an estimated cost from the equipment 

manufacturers and the installation cost. For instance, the handheld NIR equipment cost 

between 20,000 – 30,000 euros and the price of an automated NIR sorting machine ranges 

between 250,000 – 350,000 euros, depending on the production capacity (Alibaba, 2021). 

The SEM-EDS equipment is estimated to cost between 50,000 – 130,000 euros depending 

on the size and capacity (RJL Micro & Analytic, 2021).  

 

4.7.2 Operating cost  

Operating cost are several running costs or expenses of incurred during operation of a project 

of business. These costs consist of labor cost, repairs, maintenance, insurance, energy 

consumptions among others and they vary according to the size of project, facilities, or 

businesses (Manouchehri, 2004). 

 

In order to estimate the labor cost, the output of the work performed during the laboratory 

experiment would be utilized. When performing the experiment using handheld NIR 

equipment for plastics identification, it takes 8 hours of work to obtain an average weight of 

6 kg. As such, this can be used to calculate labor operating cost and output for one employee. 

The salary of one employee at the rate of 25 euros per hour for 40 hours per week amount to 

4000 euros per month. For energy cost, the price of electricity is based on the current average 

market price in Finland, which is 0.17 euros per kWh (Statistics Finland, 2021). 

 

The machineries consumption is calculated based on the manufacturer indicated 

consumption rate. The NIR equipment has two rechargeable lithium-ion battery pack that 

are charged and interchanged when the current one becomes low. To fully charge one battery 

takes 5 hours and can be used for the next 5 hours approximately (Thermo Scientific, 2021).  

The SEM-EDS machine used is estimated to work for 1500 hours per year with the 

assumption of working 30 hours per week thorough the year. Hence, the following 

calculation and estimation is modeled: 
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Handheld NIR machine working hours = 1500 hours per year    

Handheld NIR machine energy consumption = 584 kWh per year  

Handheld NIR machine energy consumption = 50 W  

Automated NIR machine energy consumption = 130 W 

SEM-EDS energy consumption = 200 W  

Electricity price = 0.17 euros per kWh (€/kWh)   

   

Energy consumption estimate (kWh) = Power (kW) x used time (h/year) 

Cost estimate (€/year) = energy consumption (kWh) x Electricity price (€/kWh) 

       

Table 11 shows an annual estimated investment cost for this type of experiment when one 

employee, one handheld NIR equipment and SEM-EDS machine is considered. Facility cost, 

insurance cost, HR department cost among other expenses has been excluded due to 

unavailability of data and other possible requirement to determine facility area capacity and 

their output.  

 

Table 11. Estimated investment amount for manual sorting system  

Items  Cost (€) 

Handheld NIR equipment  30,000 

SEM-EDS 130,000 

Labor cost (One employee per year) 48,000 

Energy cost €/year  174 

Total  208,174 

 

The above estimate is based on manual sorting and separation by utilizing handheld NIR 

equipment for identification and the work to be performed by one employee for one year. 

The following Table 12 estimation consist of an automated NIR sorting machine and three 

employee cost, such as fixed machinery cost, labor cost and annual energy consumption cost. 

Three employees are assumed to be working in a 3-shift system, where each employee will 

work 8 hours per day and 40 hours per week. The production capacity of the assumed 

machine (HAIBAO, HB-NA-1500-1) has a high output of 1 – 3 tons per hour and it is 
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capable of sorting more than ten kind of plastic, with the power capacity between 101 – 130 

kW (German-Alibaba, 2021). 

 

Table 12. Estimated cost analysis for automated sorting system 

Items  Cost (€) 

Automated sorting equipment  350,000 

SEM-EDS 130,000 

Labor cost (3 employee per year) 144,000 

Energy cost per year 6,630 

Total  630,630 

 

According to the data presented in Table 11 and Table 12, it can be observed that the total 

investment cost and operation cost for the automated NIR equipment supersede the manually 

operated handheld NIR equipment. This can be attributed to number of employees involved 

and the cost of obtaining the automated NIR machine. The output of both operations also 

differs greatly, where the automated machine has great advantage over the manually 

operated NIR machine with production capacity of 1 – 3 tons per hours when compared to 

having a manual productivity rate of about 1.4 kg per hour.  

 

Even when the employees and operating hours of the manually sorting operation is modelled 

to correspond with the automated NIR operation, the production output will remain far less 

2 tons per hour. For example, when the productivity rate of one employee is 6 kg in 8 hours, 

3 employees will have an output rate of 18 kg in a 3-shift system. This is far less than the 

production capacity of an NIR automated sorting machine with 1 – 3 tons per hours that also 

has the capability of sorting ten different types of plastics at the same time.  
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5 CONCLUSION 

 

This research thesis evaluated the content of plastic materials found in two types of electronic 

waste (bromine free and brominated electronic waste). Different type of plastics was 

identified and sorted according to the material type by utilizing handheld NIR equipment. 

SEM-EDS experiment was performed to determine the element present in the major 

identified plastics samples and unidentified samples for both electronic wastes. The result 

obtained from the experiment has been analyzed and the following conclusion are drawn: 

 

• A total number of 17 materials were identified from both electronic wastes. ABS, 

PC/ABS, PP, PS and PC represents majority of the plastic used in electric and 

electronic equipment and as previously mentioned in chapter 2.3, their corresponding 

percentage are similar to the result obtained from NIR identification. Comparing 

these percentage with the performed NIR identification experiment, the data 

validates the facts they are the mostly used plastics in electronic waste.  

• The visually observed differences between the bromine free electronic waste and the 

brominated e-waste from the bulk material is that bromine free e-waste mainly 

contains few unwanted materials such as foams and rubber-like materials while 

brominated e-waste contains electrical wires, printed circuit boards (PCB), insulation 

materials, films. Similarly, the unidentified plastics were 90 % black or dark colored 

plastic while the remainder are mixtures of transparent, contaminated plastics or 

mixed of blended materials.  

• Using EDS enhances identifying the type of element presents in the plastics such that 

the harmful substance or composition of the element are measure accurately. With 

this type of measurement, concrete pretreatment methods in electronic waste would 

be established and utilized appropriately to prevent harmful substance in the 

recycling stream. In addition, utilizing SEM-EDS as a non-destructive analysis yields 

substantial element information on the samples and subsequently gives room 

morphology and possible atomic number.   

• The significant observation in the bromine free e-waste is the constant presence of 

element C, Al, Si and Ti in the three samples ABS, PS and PC-ABS, likewise the 

unidentified samples. The same observation is also noticed in the brominated e-waste 

with the addition of bromine element present in samples.  



50 

 

• Among the samples analyzed by SEM-EDS, carbon (C) has the highest element 

concentration with an average weight of 98 %, followed by aluminum (Al), silicon 

(Si) and titanium (Ti), which varied averagely between 0.1, 0.2 and 1 % respectively 

for the bromine free e-waste plastics. Similar result is obtained from brominated e-

waste plastic expect for bromine (Br) element and the presence of heavy metal 

antimony (Sb) concentration.  

• The partially calculated cost analysis indicates remarkable productivity output for 

automated sorting machine when compared to manually sorting and identification 

methods like the handheld NIR machine used in the experiment. 

 

Conclusively, same number of element concentration can be said to be present in both 

electronic wastes except for brominated e-waste that has bromine element and heavy metal 

element such as antimony (Sb). The presence of flame retardant in electronic waste and 

heavy metal element Sb in the brominated e-waste plastics raised substantial challenges in 

the aspect of recovery, waste management and efficient recycling. Even though recycling 

streams can detect the present of these element in e-waste plastics, the toxic substance can 

cause enormous environment impact and severe health risk if the plastic e-waste are not 

managed or recycled properly. Improper management can eventually cause unwanted 

landfills or open burning challenges.  

 

Further studies can be developed to investigate different pretreatment methods or new 

technologies to focus more precisely on preventing harmful substances in e-waste. In 

addition, extensive cost investment analysis and operational cost that would involve all 

aspect of making a business operational can also be performed for a small and medium 

enterprises in order to obtain more accurate financial data. 
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APPENDIX I  1(2) 

 

 

Figure 19. NIR plastics identification (a) Unidentified, (b) PC, (c) PS 

 

 

Figure 20. NIR plastics identification (a) Nylon-ABS blend, (b) PET, (c) PVC 

 

 

Figure 21. NIR plastics identification (a) POM, (b) PBT, (c) PPO 
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Figure 22. NIR plastics identification (a) PE, (b) SAN, (c) PETG 

 

 

Figure 23. NIR plastics identification (a) PMMA, (b) PA 

 

 

 

 

 

 

 

 

 

 



 

 

APPENDIX II   1(1) 

 

Table 13. Other Bromine free plastics (BFP) 

Materials Weight (g) 

Nylon-ABS blend 21 

PET 19 

PVC 200 

POM 245 

PPO 190 

PBT 55 

PETG 9 

SAN 32 

PE 184 

PMMA 334 

PA 647 

Plastics / Metal Pieces 460 

Others  460 

 

Table 14. Other brominated plastics (BP) 

Materials  Weight (g) 

PE 9 

PETG 53 

PPO 50 

PBT 153 

POM 24 

PMMA 33 

PA 172 

PVC 36 

Plastics / Metal Pieces 770 

Others  94 

 


