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Abstract: Considering that the large quantity of waste electrical and electronic equipment plastics
generated annually causes increasing environmental concerns for their recycling and also for
preserving of raw material resources, decreasing of energy consumption, or saving the virgin materials
used, the present challenge is considered to be the recovery of individual polymers from waste
electrical and electronic equipment. This study aims to provide an update of the main identification
methods of waste electrical and electronic equipment such as spectroscopic fingerprinting, thermal
study, and sample techniques (like identification code and burning test), and the characteristic values
in the case of the different analyses of the polymers commonly used in electrical and electronic
equipment. Additionally, the quality of the identification is very important, as, depending on this,
new materials with suitable properties can be obtained to be used in different industrial applications.
The latest research in the field demonstrated that a complete characterization of individual WEEE
(Waste Electric and Electronic Equipment) components is important to obtain information on the
chemical and physical properties compared to the original polymers and their compounds. The
future directions are heading towards reducing the costs by recycling single polymer plastic waste
fractions that can replace virgin plastic at a ratio of almost 1:1.

Keywords: polymeric materials; waste electrical and electronic equipment; identification; flotation;
FTIR; recycling

1. Introduction

In the last several years, the quantity of plastics in WEEE (Waste Electric and Electronic Equipment)
has significantly increased due to the fact that the production of electric and electronic equipment is
increasing worldwide. It was reported that over 25.8 million tons of plastic waste is generated annually
in Europe; less than 30% is collected for recycling; 31% ends up in landfills, and 39% is incinerated [1].
This caused increasing environmental concerns, which led to a series of various regulations aimed at
reducing the amounts generated. Hence, in the last years recovering most of the plastics from WEEE
was attempted. It has been reported that it costs approximately $4000 to recycle one ton of plastic bags,
but the selling price of these recycled bags is a couple of times more than the cost [2]. Presently, WEEE
has evolved into an important societal problem, due to the fact that the WEEE recycling and treating
involves occupational and environmental hazards that are still incompletely documented.

WEEE recovery presents also several advantages, such as the preservation of raw material resources,
the decrease of energy consumption, or saving of the virgin materials used [3–5]. Presently, WEEE
recovery is challenging because of the presence of different materials. For example, only in the case of
plastic content are there more than 15 different types of plastics, such as polyethylene (PE—i.e., linear
low-density polyethylene (LLDPE), low-density polyethylene (LDPE), and high-density polyethylene
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(HDPE)), acrylonitrile-butadiene-styrene (ABS), high-impact polystyrene (HIPS), polystyrene (PS),
polyethylene terephthalate (PET), polycarbonate (PC), polyoxymethylene (POM), polypropylene (PP),
polyvinyl chloride (PVC), styrene-acrylonitrile (SAN), polyamide (PA), polymethyl methacrylate
(PMMA), and polybutylene terephthalate (PBT) [6–12]. Additionally, numerous additives (organic and
inorganic) are added to these plastic materials, which are capable of changing the material properties
such as rheological properties, mechanical properties, flammability, color, and density. There are
several types of additives that can be added to plastics such as colorants, pigments (e.g., TiO2, ZnO,
Fe2O3), various stabilizers or plasticizers (e.g., compounds of Cd, Pb, Ba, Zn), antistatic agents, fillers,
flame retardants or polychlorinated biphenyls (PCBs) [13,14]. For example, additives to darken color
are common contaminants in these plastics when used in cathode ray tube (CRT) televisions and
small WEEE. These additives can make plastic identification difficult, along with missing polymer
identification and flame retardant identification marks. These drawbacks contribute to the inefficiency
of manual dismantling of WEEE, which is the typical recycling process [13].

The most common techniques used for polymers characterization are [15,16]:
Gel Permeation Chromatography (GPC), Melt Flow Index (MFI), Solution Viscosimetry (IV) for

molecular weight analysis;
Fourier Transform Infrared Spectroscopy (FTIR) and Nuclear Magnetic Resonance Spectroscopy

(NMR) for molecular structure determination;
Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), X-ray diffraction (XRD),

and Transmission Electron Microscopy (TEM) for polymers morphology;
Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA), and Dynamic

Mechanical Testing (DMA) for thermal properties;
Rheology Testing (Melt Flow Index) for the rheological performance in flow state;
Tensile/flexural/compression/hardness testing, and density determination for the main

physical properties.
After recycling, there are several identification methods, such as identification by codes, burning

test, density, FTIR, thermal analysis (DSC, TGA) or mechanical analysis, methods which will be widely
discussed in the next section. The separation techniques for WEEE plastics can be divided into wet
separating techniques (wet density separation) and dry separating techniques (structural, thermal,
electrostatic/magnetic separation, and mechanical analysis) [17,18]. Achilias D.S. and co-workers
reported that three types of polymers from WEEE obtained by chemical recycling were identified
after the chemical identification by FTIR and DSC [19]. Additionally, Taurino R. and co-workers
used various analytical techniques to monitor the compositions of WEEE. The chemical structure
of each plastic material was identified by FTIR and DSC. Polymeric contaminants of these plastics,
in particular brominated flame retardants, were detected by X-ray fluorescence spectroscopy (XRF),
energy dispersive X-ray analysis (EDX), and Raman spectroscopy [20].

This paper aims to highlights the recycling of the plastics considering the eventual risks related to
their hazardous ingredients, mainly legacy brominated fire retardants. In addition, this paper presents
the main methods of identification of the polymers used and the somewhat similar problem, involving
the different mix of plastics. The novelty and the most important aim of this study is the identification
and characterization of the most representative thermoplastic components extracted from WEEE found
in small appliances (such as housing and printed circuit boards, PCB, etc.) and their mixture, data that
are presented very convincingly in order to improve the scientific literature.

2. Types of Polymers Used for WEEE

There are numerous plastic materials used in electrical and electronic equipment (EEE), depending
on their properties. To improve the properties of the polymers, the polymer can be blended with other
polymer types. It has be taken into account that when these polymers are blended together, without
modification, will give poor properties owing to their immiscible nature. To improve the polymer
miscibility, compatibilizers must be used, which in turn will improve the material properties and will
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increase cost. The major plastic polymers predominantly found WEEE are polystyrenic polymers as
can be seen in Figure 1 [21,22]. An important action before choosing a recycling method consists of a
complete characterization of the individual WEEE polymeric components [23].
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In the following, the main polymers used in the manufacture of the most common WEEE items
collected are presented.

PS—an amorphous thermoplastic polymer used in a variety of consumer product applications
(such as large cooling appliances and CRT televisions) and is also particularly useful for commercial
packaging, expanded PS boards being used for the protection of household appliances during transport
and for thermal insulation of houses. Recycling of polystyrene can be done by mechanical, chemical,
and thermal methods. The large amount of expanded polystyrene waste has led to the formation of
a well-optimized collecting network. Special measures have been taken to compact and granulate
these wastes, allowing the reintroduction in the economic circuit. PS recovered from WEEE can
be processed and recycled by this well-organized network. HIPS—a two-phase polymeric system,
where the rubbery phase is incorporated into PS, facilitating improved elongation and toughness.
The most commercialized HIPS contain 3–10% polybutadiene and the presence of PS occlusions
gives rise to a volume fraction of 10–40% of the composite-reinforcing rubber phase. It is used in
applications which do not require a high impact resistance (HIPS present lower impact resistance than
others polymers—e.g., ABS) and it is a low cost plastic material which can be easily fabricated [24,25].
Presently, there are several products manufactured form HIPS, such as components inside refrigerators
(shelving, liner), small household appliances, printers/faxes, telecoms, monitors, computers, toys, and
consumer electronics [14]. High impact polystyrene is a promising material for mechanical recycling
since its properties are not extremely affected even after multiple processing of up to nine cycles.

ABS—an amorphous thermoplastic polymer used for its lightweight, high-impact resistance, and
dimensional stability. This polymer has been mass-produced since the 1960s due to its ideal properties,
such as strength, toughness, and resistant to heat distortion temperature (HDT). These properties
depend on the blend ratio of the three major components (styrene −54% to 63%, acrylonitrile −21% to
27%, butadiene −12% to 25%).

ABS is used in telephone components, electronic housings, computer housings, microwave
ovens, and in automobile components [26–30]. It has been reported that the products obtained
from recycled ABS by thermo-mechanical methods (injection, extrusion, and molding) present
lower physical-mechanical properties, especially impact strength, compared to virgin ABS due to
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polybutadiene degradation in the presence of the used flame retardants, both during the items
exploitation (manufactured products) and during thermal processing [31–37].

It should be noted that although the mechanical properties decrease (impact strength is reduced
from 44 to 32 kJ/m2 [38]) these values are still high [39], thus recovered ABS can be recycled by improving
the physical-mechanical properties using different methods and additives. Since the degradation
during the items operation and the thermal processing of ABS leads to the consumption of stabilizers,
it is necessary to stabilize the recovered ABS with new antioxidants through its thermo-reprocess, the
most indicated being butylated hydroxytoluene (BHT), Irganox 168, and 2,4-di-tert-butylphenol [40].
Until now, one of the most used methods to recycle ABS at the industrial scale is blending with virgin
ABS at a maximum 50% [32,41,42].

Additionally, this polymer is widely used in combination with others polymers, such as PC, in
household appliances (e.g., kettles and shavers), and PVC in dishwashers or electrical and electronic
equipment [14,43]. It was reported that in the case of the ABS/PVC combination, the sustainable
separation from the WEEE plastic mixture can be done using microwave and/or mild-heat treatment.
Microwave treatment after plastic coating with powdered activated carbon increased the hydrophilicity
of the PVC surface, and facilitated PVC separation. In addition, a mild-heat treatment facilitated
selective separation with 100% recovery and purity. The combination of both these treatments improved
the recycling quality [10].

The existence of partial miscibility between ABS and PC [44] constituted the premise recycling the
mixed blend of polymers recovered from WEEE. To obtain ABS/PC composites (70:30) with a similar or
higher impact strength than virgin ABS, it is necessary to use compatibilizers like ABS-g-MA, PP-g-MA,
SEBS-g-MA, EVA-g-MA in a proportion of 1–20% [33,35,44–47].

PET—presents ideal properties, such as thermal stability, dimensional stability, optical and
mechanical properties, the fact that it can be easily produced in wide range of colors, and is 100%
recyclable. These properties make PET an interesting candidate for numerous existing applications,
such as packaging applications and central processing units [48,49]. Several studies demonstrated that
the reuse of this polymer is safe, as the PET cycle is contained in a closed-loop recycling process [50,51].
This polymer is recycled by both mechanical and chemical processes [52]. There are several methods to
identify the presence of contaminations in recycled PET samples. For example, it was demonstrated that
polymeric contaminations can be detected using thermal analysis techniques (in particular differential
scanning calorimetry—DSC). DSC can be used for compositional analysis above 1 wt%, and for lower
concentration it must be used with other methods such as annealing the material at high temperatures
and analysis of the segregated colored flakes with FTIR [12].

PC—presents several unique characteristics, such as optical properties, high heat distortion
temperature and toughness, but also, it has some characteristics that limit its use in several applications.
For example, its toughness is not retained in thick molded sections or at low temperatures. Additionally,
physical ageing below its glass transition temperature (Tg) causes severe embrittlement [53] and its
mechanical properties could be improved by the addition of reinforcement material or blending with
other thermoplastic polymers.

This polymer is used in a variety of applications, such as compact discs, baby feeding bottles,
food can lining, thermal fax paper, car dash boards, bulletproof armored vehicles, helmets, bullet
resistant laminates, plastic windows, bottles, and the sheathing of electrical and electronic parts, and
actually is under exploration for the progress and manufacture of sandwiched panels for bullet-proof
waistcoats and armored systems [54,55]. It was reported that its consumption increases by a 7% per
year. So it is clear that landfill or incinerating the wasted PC is not a suitable waste treatment method
and for this reason a resourceful and economically viable recycling process is important because of
both environmental and economic benefits [56]. PC can be recycled by three main different ways:
direct recycling (the polymer is separated from its associated contaminants and it can be readily
reprocessed by conventional melt extrusion or dissolution/reprecipitation techniques), recycling via
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chemical methods (the polymer is chemically converted to monomers or partially depolymerized to
oligomers), and thermochemical recycling (pyrolysis) [56–58].

PP—this polymer can be produced in a variety of structures which can be used in a variety of
applications, such as compost bins, curbside recycling crates, and laboratory equipment [57]. PP
presents some ideal properties, like mechanical properties and the resistance to chemical solvents [13,59].
This material can be recycled by mechanical recycling, which is an easy and cheap method, and also
by using the dissolution/reprecipitation technique (direct recycling). For example, in a study it was
reported that using the dissolution/reprecipitation technique, the properties of the recycled grades
proved to have no substantial difference from the starting material [60].

PVC—this polymer is one of the most important parts of WEEE plastics [61]. Additionally, it
is widely used as a plastic materials in electronic products due to its excellent chemical properties
and inexpensive price [62]. This polymer has an amorphous structure with polar chlorine atoms in
the molecular structure. PVC presents ideal characteristics such as chemical stability and physical
properties which makes it ideal for several applications (such as large cooling appliances, CRT
monitors, and copying equipment). Due to the high chlorine content (around 56% of the polymer’s
weight), the recycling of PVC is harder than the other WEEE plastics containing brominated flame
retardant [10,62,63]. From all known recycling techniques, mechanical and chemical methods are
acceptable. On the other hand, incineration and pyrolysis are not preferred because of the large
amounts of hydrogen chloride and other toxic products that are produced [64].

POM—the frequency of using this polymer in several different applications (such as toothed
wheels or housing parts) is about 5%. In addition, this polymer is used in components that require
high stiffness, low friction, and excellent dimensional stability, such as parts for electronic devices like
televisions and telephones [65].

PA—is a crystalline polymer which is produced by the condensation of a diamine and a diacid. In
addition, this polymer is known as nylon and there are several types of PAs, such as PA 6, PA 66, and
PA 610. The numeric suffixes refer to the number of carbon atoms which are present in the molecular
structures of the acid and amine [66–68]. Currently, PA is used in several electronic applications, such
as central processing units, contactors, terminal block, and other small EEE [13].

PMMA—is a non-degradable polyacrylate which presents ideal properties such as biocompatibility
and tunable mechanical and optical properties (by varying the mixing ratios of monomer and initiator
during polymerization) [69,70]. Its main use is LCD monitors, but special products are available for
other lighting applications [71].

PBT—is a thermoplastic polyester with good mechanical and electrical properties, moldability,
rapid crystallization rate, high dimensional stability, and important qualities for electrical and electronic
devices [72,73].

3. Methods of Identification

The recycling process of WEEE starts with dismantling, and the resulting fractions are then sent
for recovery, when the materials are unknown or cannot be recovered. The dismantling phase is
manual on all of the lines.

For the polymeric characterization of WEEE, a methodology has been implemented to collect
samples, and to choose from all WEEE appliances in such a way that the samples are representative
and random. The methodology is divided into four steps [13]:

(i) Choosing the appliances to be sampled, the collection of plastic wastes can be realized by
‘bring-schemes’ or through curbside collection. Bring-schemes tend to result in low collection rates
in the absence of either highly committed public behavior or deposit-refund schemes that impose a
direct economic incentive to participate. Hence, the general trend WEEE collection is made through
curbside collection. To maximize the cost efficiency of these programs, most curbside collections are of
co-mingled recyclables (paper/board, glass, aluminum, steel, and plastic containers). This method to
recycle has been very successful. For example, in the case of the plastic bottle packaging from homes,
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in terms of the overall consumption typically, 30–40% of post-consumer plastic bottles are recovered.
Additionally, the price for recovered plastics can vary by polymer type, color, and quality. Recovered
plastics are significantly more valuable than some other dry recyclables, with a bale of clear PET or
natural HDPE bottles being worth £150–£200 per tons, compared with £60–£70 per tons for paper and
around £30 per tons for glass [74].

(ii) Waste separation, it can be realized by several techniques. Manual sorting is realized by
a trained operator that sorts the waste based on the color, shape, symbol codes, and aspect of the
product; this separation depends on each operator abilities being also labor-intensive [14]. Tribo-electric
separation is a process that implies the electrostatic charge (positive or negative) of the plastic, in order
to separate the complex mixes by their component different deflection in an electric field. The main
disadvantage of this technique refers to poor efficiency in wide-scale industrial application given the
fact that the charging is not always homogeneous and is sensitive to the environmental conditions.
One way to overcome this drawback is an additional pre-treatment (e.g., electron-beam irradiation) or
the use of multi-factorial processes (vibratory/fluidized bed/tribo-aero-electrostatic devices) [75,76].
Float-sink separation involves the separation of ground waste plastics based on their different densities
in liquid media like water, water alcohol/salt mixtures. However, by using this simple and easy method
combined with froth-flotation the plastics can be effectively separated [77,78]. Additionally, by using a
magnetic liquid that contains iron oxide the multiple polymer fractions can be separated based on the
varied components densities using the magnetic density separation method [79,80].

(iii) The sampling procedure refers to the samples collected randomly from the processing lines.
WEEE was processed and the obtained plastics were collected, noted, and stored for the subsequent
identification process [13].

(iv) Plastics identification.
The identification of WEEE plastics represents an important step in the plastic recycling industry

that is achieved after dismantling and separation of waste (Figure 2). It is very important to identify
the types of plastics present in WEEE products, in order to improve their mechanical properties after
recycling and reprocessing [81]. There are several methods available for the identification of plastics,
most often through spectroscopic fingerprinting Fourier Transform Infrared Spectroscopy (FTIR),
thermal study (DSC), and sample techniques (identification code and burning test).

3.1. Symbol Codes

The identification codes implemented by the Society of the Plastics Industry allow the separation
of different polymer types for recycling (Table 1). In the last several years, it has been shown that
the symbol codes are insufficient for precise identification of the polymeric components in WEEE,
especially due to the manual error during separation [39]. In addition, another disadvantage is that
these symbols are suitable only for molded WEEE products, where the coding is engraved over the
molded products.
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PP 

 

Compost bins, curbside 
recycling crates 

PS 

 

Disposable cutlery 

Products made up of more than one 
resin (e.g., ABS, polylactic acid, nylon 

or polycarbonate)  

Containers 

In conclusion, it is necessary to use further testing such as burning test, FTIR, and DSC analysis 
to identify the plastic materials [82–84].  

3.2. Burning Test 

This method allows the identification of plastic materials on the basis of the type of flame (color 
and intensity) and odor, smoke (color and intensity), and the presence of ashes. In addition, there are 
several disadvantages in the case of this test regarding the presence of additives or chemicals; or in 
the case of POM, which is a polymer that burns with an almost invisible flame. In order to achieve 
better results, advanced techniques such as FT-IR or DSC are recommended to be carried out [85,86]. 
The color of flame and odor of various commonly used materials in WEEE are summarized in Table 
2.  

Table 2. Burn test characters of some polymers used in WEEE [85,87]. 

Polymer Color of Flame Odor 
PET Yellow-orange Sweetly aromatic 

HDPE Yellow-orange Burning rubber smell 
PVC Green edge Hydrochloric acid 

LDPE Yellow-orange Burning rubber smell 
PP Yellow Sweet odor 
PS Shiny, sooty Sweetish, natural gas 

ABS Yellow-orange Burning rubber smell 
Polycarbonate Yellow-orange Phenolic smell 

ABS/PC Bright flame Weak odor of styrene and burnt rubber 
PBT/PC Bright flame Sweetish, stinging 

PBT/PET Bright flame Sweetish, scratchy 
PE/PP Slightly yellowish, blue flame border Weakly like burnt rubber 

3.3. Solubility 

This method can be considered the first method used to identify the plastic materials due to the 
distinction between soluble and insoluble polymers. Then, it can be applied chemical methods to 
investigate these two groups further. There are cases when solvents such as benzene should be 
avoided due to their toxicity and flammability. The most used solvents for plastics are toluene, 
acetone, formic acid, tetrahydrofuran and in some cases, ethanol, water, and chloroethylene can be 
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In conclusion, it is necessary to use further testing such as burning test, FTIR, and DSC analysis to
identify the plastic materials [82–84].

3.2. Burning Test

This method allows the identification of plastic materials on the basis of the type of flame (color
and intensity) and odor, smoke (color and intensity), and the presence of ashes. In addition, there are
several disadvantages in the case of this test regarding the presence of additives or chemicals; or in the
case of POM, which is a polymer that burns with an almost invisible flame. In order to achieve better
results, advanced techniques such as FT-IR or DSC are recommended to be carried out [85,86]. The
color of flame and odor of various commonly used materials in WEEE are summarized in Table 2.

Table 2. Burn test characters of some polymers used in WEEE [85,87].

Polymer Color of Flame Odor

PET Yellow-orange Sweetly aromatic
HDPE Yellow-orange Burning rubber smell
PVC Green edge Hydrochloric acid

LDPE Yellow-orange Burning rubber smell
PP Yellow Sweet odor
PS Shiny, sooty Sweetish, natural gas

ABS Yellow-orange Burning rubber smell
Polycarbonate Yellow-orange Phenolic smell

ABS/PC Bright flame Weak odor of styrene and burnt rubber
PBT/PC Bright flame Sweetish, stinging

PBT/PET Bright flame Sweetish, scratchy
PE/PP Slightly yellowish, blue flame border Weakly like burnt rubber

3.3. Solubility

This method can be considered the first method used to identify the plastic materials due to the
distinction between soluble and insoluble polymers. Then, it can be applied chemical methods to
investigate these two groups further. There are cases when solvents such as benzene should be avoided
due to their toxicity and flammability. The most used solvents for plastics are toluene, acetone, formic
acid, tetrahydrofuran and in some cases, ethanol, water, and chloroethylene can be used (Table 3).
It was demonstrated that the solubility of plastic materials depends on its molecular weight and its
chemical structure [85,88,89].

Table 3. Solvents of the main WEEE polymers. Adapted from Braun (2013).

Polymer Solvent

PET Trichloroacetic acid, nitrobenzene, m-Cresol
HDPE, LDPE Decalin, xylene, trichlorobenzene, decan

PVC Dimethylformamide, tetrahydrofuran,
cyclohexanone

PP Decalin, xylene, trichlorobenzene, decan
PS Toluene, chloroform, carbon disulfide

ABS Chloroform, formic acid
Polycarbonate Chloroform, dimethylformamide, 1,4-dioxane

3.4. Density

The density of polymers is important for defining the effective density for the wet industrial
separation of a mixed fraction of polymers or contaminants. For example, glass and rubbers can
be easily sorted out by density separation [3,7]. The density is very useful for the identification of
polymers and depends on the mass and the true volume of each plastic. As it can be seen in Table 4, PP
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with fillers, the HIPS, the ABS, the SAN, and the PMMA are concentrated in densities that overlap
between 1.0 and 1.18. Additionally, PC and PC + ABS are concentrated in densities between 1.19 and
1.22. At a density above of 1.47, it is found only in PBT, as well as PET above the density of 1.38.

Table 4. Densities of the main plastics.

Polymer Density (g/cm3) References

ET 1.38–1.41 [85]
LDPE 0.89–0.93 [9]
PVC 1.40–1.42 [90]
PP 0.87–0.92 [91]
PS 1.04–1.08 [18]

HDPE 0.94–0.99 [9]
ABS 1.04–1.06 [18]
PC 1.20–1.22 [91]

PC + ABS 1.19–1.22 [3]
PP with fillers 1.03–1.07 [3]

HIPS 1.01–1.09 [9]
PMMA 1.09–1.18 [92]

PBT 1.47–1.49 [90]
PA 1.07–1.16 [85]

The flotation experiments consist of the collection of the floated and non-floated plastic, rinsed
with tap water, dried in atmosphere, and weighed. Then, the separated products are sorted according
to the difference in color, and the flotation recovery and purity of each plastic in the floated and
non-floated products are calculated based on mass balance [93–95]. Wang C. and co-workers reported
that the flotation separation of PVC and PET can be obtained efficiently when the mixture contains a
large or small amount of PVC. Some of the advantages of this method are that the use of chemical
reagents is minimized and compared with other methods such as flame treatment, the flotation method
is simpler, efficient, and thus it promotes the industrial application of plastics flotation and facilitates
plastic recycling [93]. In another study, it was demonstrated that the density of plastics increase when
talc is added, which makes the separation of plastics more difficult [9]. Other components which can
influence the density measurements refers to fillers like glass fibers or carbon black [85].

3.5. FTIR

FTIR spectroscopy is an important spectroscopic technique, normally operating in either
transmission or attenuated total reflection (ATR) mode. It was reported in several studies that
the FTIR can be used as a very useful tool for the investigation of WEEE plastics, mostly for research
purposes. Due to the fact that each polymer has a unique infrared spectrum (Table 5) which allows to
be identified by this equipment, this method is very simple and precise [11,96], but still there are some
limitations; in the case of multi-component items or when the products are covered by labels or dirt,
false results using FTIR identification can be obtained [76].
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Table 5. Main absorption bands of WEEE polymers. Adapted from Braun (2013).

Polymer IR-bands of WEEE Polymers (cm−1)

PET 3431; 2962; 1957; 1720; 1578; 1504; 1454; 1410; 1371; 1342; 1263; 1175; 1101; 1018; 972; 874; 792;
727; 633; 501

PVC 2960; 2929; 2860; 1724; 1599; 1579; 1462; 1427; 1381; 1277; 1199; 1124; 1074; 1039; 958; 833; 744;
694; 636; 615

PP 2951; 2918; 2868; 2839; 1458; 1375; 1358; 1167; 997; 972; 841; 808

PS 3082; 3061; 3026; 2924; 2850; 1942; 1871; 1803; 1745; 1601; 1583; 1493; 1452; 1373; 1182; 1155;
1058; 1028; 906; 840; 758; 698; 540

HDPE 2917; 2848; 1473; 1464; 731; 719

ABS 3062; 3028; 3003; 2923; 2848; 2237; 1770; 1728; 1603; 1495; 1452; 1068; 1029; 966; 912; 762; 702;
552

PC 2970; 2937; 2874; 1774; 1597; 1506; 1466; 1410; 1387; 1365; 1290; 1232; 1193; 1165; 1103; 1082;
1014; 889; 831; 770; 708; 557

PMMA 2950; 2842; 1728; 1485; 1437; 1387; 1367; 1271; 1242; 1192; 1149; 1066; 989; 966; 914; 841; 810;
750; 482

PBT 2962; 1714; 1504; 1458; 1410; 1389; 1271; 1207; 1105; 1018; 937; 916; 874; 724; 498

PA 6 3298; 3088; 2931; 2858; 1641; 1550; 1463; 1439; 1419; 1369; 1265; 1236; 1201; 1171; 1121; 1076;
976; 696; 580; 521

PA 66 3302; 3064; 2933; 2858; 1635; 1541; 1473; 1417; 1371; 1277; 1200; 1148; 935; 690; 581

POM 2981; 2922; 2790; 1724; 1469; 1432; 1383; 1238; 1094; 925; 905; 633; 457

FTIR mapping allows transient effects to be studied in real-time, and the main disadvantage of this
technique is the expense of the equipment. ATR mapping can be used to observe the microstructures
of mixed polymers and has been used for multilayer packaging films and polymer blends and it has
good potential as a technique for studying coarse phase structure in recycled polymer blends [97–99].

For example, in a study Arnold J.C. and co-workers used FTIR to investigate some virgin blended
and recycled polymers (ABS, HIPS, and PC). The method was compared to optical microscopy and it
was reported that the optical microscopy showed up phase separation on a scale of tens of microns,
while the FTIR mapping allowed compositional details to be investigated [98]. In another study,
FTIR was used to examine plastic plaque samples of television (black plastics) and computer (grey
plastics). The FTIR spectroscopy shows the characteristic spectra of ABS in black plastic (from the
peak at 3000–3100 cm−1 and the peaks at 700 and 760 cm−1 which are characteristic of aromatic ring or
substituted phenyl ring, and peaks at 1600 cm−1 caused by the aromatic carbon double bond, C=C
stretching vibration). In the case of grey plastic, the FTIR spectroscopy shows the characteristic spectra
of ABS/PC blends (from the peak at 1720 cm−1 characteristic of carbonyl stretching of the carbonate
functional group—confirming the presence of PC) [20].

3.6. Thermal Analysis

Thermogravimetric Analysis (TGA) is an analytical technique used for the determination of
material thermal stability and its fraction of volatile components by monitoring the differences in
weight in correlation with the temperature and time. The TGA results are represented by a TGA
curve in which a sample’s mass or percent of sample’s mass is plotted against temperature or time.
Additionally, TGA measurements can be presented as the first derivative of weight loss through
temperature or time [100,101]. This analysis is often used in the identification of WEEE. For example,
in a recent study TGA was used to investigate the presence of some polymers (such as ABS, HIPS,
PC) found in the plastic part of WEEE. It was found that the thermal degradation curves of ABS and
HIPS are similar, with the mass loss at almost the same temperature (ABS starts degrading earlier,
due to the -CN groups), while PC starts to degrade at much higher temperatures, leaving a residue of
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almost 25%. Additionally, it was observed that ABS presents almost three degradation steps (with
an initial degradation temperature at 182, 377, and 540 ◦C), whereas HIPS and PC only one (at 378
and 438 ◦C, respectively) [102]. In another study, it was reported that the TGA of PC suggest that the
major degradation occurs between 450 and 550 ◦C and a slower degradation process occurs up to
700 ◦C [103].

There are several studies which investigated the behavior of different WEEE, such as printed
circuit boards, keyboards, video cards, and telephone line at different temperatures [104–106]. In the
case of printed circuit boards, it was observed that the mass loss ends at a percentage of almost 70% of
the initial mass and the higher mass loss rate occurs at temperatures between 250 and 370 ◦C [105]. In
the case of video cards, the results revealed that the initial temperature at which degradation began
was 300 ◦C for substrate and 330 ◦C for integrated circuits and plastic slots [106]. By coupling the TG
with DTG curves, this evidenced the temperature ranges of each process much better. In the case of
these studied WEEE mixed plastics (made up of the following ternary polymeric mixture: ABS, HIPS,
and PBT), it was reported that the TG/DTG curves show thermal degradation occurring in a single step
in the range 330–490 ◦C [107].

Differential Scanning Calorimetry (DSC) is a thermal analysis technique that identifies the
structural changes of materials during heating or cooling with a linear thermal gradient. In this way, in
the case of WEEE of polymers and their compounds, the melt temperature (Tm), the crystallization
temperature (Tc), melting enthalpy (∆Hm), and glass transition temperature (Tg) of different materials
can be determined. These properties constitute the specificity of each polymer and can serve to identify
both individual and blended polymers. Additionally, this thermal analysis technique allows estimating
the degree of aging (degradation) of recovered post-consumer polymers. For example, in the case
of PET, its physical ageing effect is induced by annealing semi-crystalline PET at temperature Ta

below Tg, for different times ∆ta, and by cooling it from a higher temperature than Tg to the room
temperature [108]. In addition, the degree of purity of the polymers can be determined by identifying
the presence of auxiliary materials: plasticizers, stabilizers, flame retardants [20,107,109]. Glass
transition temperature, melting temperature, and melting enthalpy of the main polymers commonly
used in EEE is presented in the Table 6.

Table 6. Glass transition temperature (Tg), melt temperature (Tm), and melting enthalpy (∆Hm) of the
main plastics.

Polymer Tg (◦C) Tm (◦C) ∆Hm (J/g) References

PET 70 to 80 250 to 260 140 [110]
LDPE <−100 100 to 110 140 [111]
PVC 80 to 84 - - [112]
PP −30 to −20 160 to 165 207 to 209 [113]
PS 90 to 105 - - [114]

HDPE <−100 125 to 135 293 [110]
ABS −63 to 127 - - [18]
PC 145 - - [115]

PMMA 100 to 115 - - [116]
PA6 50 to 80 225 to 235 190 to 230 [110]

PA66 70 to 90 225 to 265 185 [117]
PA610 50 to 80 210 to 230 117 to 227 [111]
POM −85 to −75 175 to 790 316 to 335 [115]
PBT 45 to 60 220 to 230 142 [111]

3.7. Mechanical analysis

The mechanical properties are very important for recycling materials because their values
determinate the future applications. In addition, the mechanical properties can classify the polymers
as rigid, brittle, flexible, etc.
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Impact strength is the ability of the material to resist the fracture under the high-speed stress,
expressed in J/m. Impact strength of the material refers to the toughness of the material. This
characteristic is one of the most important of the mechanical properties of the material, which describe
the resistance to high-speed loading. The impact strength is calculated based on the formula listed
below (Equation (1)). It has been reported that the higher the impact energy, the higher is the toughness
of a material. The effect of UV degradation and service temperature on the performance of recycled
product has been assessed based on the impact strength [9,118,119].

Impact strength =
Impact values obtained from scale (J)

Thickness of the specimen (mm)
(1)

Additionally, the presence of a compatibilizer can enhance the mechanical properties
of the recycled material. For example, it was reported that by adding 2.5 wt% of
styrene-b(ethylene-co-butylene)-b-styrene (SEBS) copolymer the impact strength increased with
increasing amounts of compatibilizer, from 2.1 kJ/m2 (reference material) to 3.6 kJ/m2 (5 wt%
compatibilizer) [120].

The material selection for a variety of end-use applications is dependent on the mechanical
properties of the materials, such as elongation at break, tensile modulus, and tensile strength. These
properties are the most important properties of recycled materials, which measure the ability of recycled
material strength. Elongation at break is the ratio between changed length and initial length after
breakage of the test specimen. Tensile modulus refers to the stiffness of the material, the higher the
modulus of elasticity grows, and the higher is the stiffness of the material. This property is represented
by a stress–strain curve, which describes two areas: the zone under the stress–strain curve up to the
yield point gives the resilience of the material, and the zone up to break point, gives the toughness
of the material. Tensile strength refers to the breaking strength of a specimen under exertion of a
force capable of breaking many threads simultaneously, at a constant rate of load [121–124]. In a
study, the mechanical properties of the recycled materials were improved by adding SEBS copolymer.
It was found SEBS had a large impact on the ductility of the recycled WEEE plastics blend. By
adding 2.5 wt% of SEBS, the elongation at break increased by more than five times compared with the
non-compatibilized samples (Figure 3), with only a small decrease in stiffness and strength [120].
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All these techniques presented above involve several serious advantages, disadvantages, and costs
that have to be taken into account in the identification of polymers after recycling. The characteristics
of these techniques are presented in Table 7.
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Table 7. Main characteristics of the methods used in WEEE identification.

Method Advantages Disadvantages Cost Ref.

Symbol codes Simple process and easy to identify
the components

Time-waster and difficult to be realized in
industry, human errors

Very
low [125]

Burning test Easy to realize, compared to other
non-technical tests

Difficult to identify the polymeric blends
and is influenced by the addition of flame

retardants, time-consuming, toxicity
Low [85]

Solubility
It can be used as a first separation
method of components into two
soluble and insoluble polymers

Different solvents used, toxicity,
time-consuming, at industrial scale needs

proper high dimension equipment
High [85]

Density/Flotation
Simple method, quick measurement,

very useful for identification of
different components

Limited accuracy for small and imperfect
samples, large sample volume required,

usually needs binary mixture of solvents,
involves several steps for a proper

identification

High [85,126,127]

FTIR

Easy to operate, drastic reduction of
the time needed for data acquisition,

component specificity, sensitivity
and precision of the analysis

Sometimes difficult handling procedures
and maintenance of the sample cells (e.g.,
cleaning), the overlap of the absorption

bands for blends

Low [128,129]

Thermal analysis
The glass or freezing temperatures
are very characteristic of specific

polymers

Needs expensive instruments and
experienced operators High [85]

Mechanical
analysis

Allows the determination of the
specific temperatures for polymers

Short time responses are limited by
inertia with low viscosity samples,

transducers may drift at long times or
with low signals

High [85,130]

4. Short Overview of WEEE Recycling in Romania

The high rate of development of new electronics is determined by the number of people buying
these new devices, increasing the quantity of WEEE worldwide. Therefore, the vital recycling can be
sustained by proper consumer behavior, European lows, and directives and local strategies for WEEE
management [131].

In Romania the total amount of EEE is about 25–30 kg/capital and in the next several years it
is expected to increase. The Directive 2012/19/EU of the European Parliament and of the Council of
4 July 2012 on WEEE [132] adapted for Romania requires a WEEE collection of minimum of 40% of the
existing market amount until 2020 and 85% of the generated waste by 2021. Still, the waste recycling
management strategy is progressing slowly due to the lack of proper infrastructure for WEEE recycling
with a low number of collection centers and only few national programs for waste recycling, and
population ignorance regarding the negative effects on the environment [133–135].

There are more than 800 companies that collect WEEE from the Romania market and two
WEEELABEX certified companies that provide collection, treatment, and recycling services. After
collecting, the waste is treated by respecting the European Standards, hazardous compounds are
eliminated, and the dismantled EEE are properly treated and reintroduced into the industrial cycle
(Figure 4) [136]. In Romania, there are three collection channels designated for WEEE collection from
households: by organizing a collection day at fixed dates from the population, by giving back to the
store the old equipment when purchasing a new one (take-back system), or by giving it directly to
the municipal collection centers [137]. Presently, the municipalities are obliged to set up collection
points and to collect regularly using designated operators, according to a new normative act recently
adopted. Besides, people holding WEEE are obliged to deliver them to the collection systems because
the ordinance establishes a penalty (ranging between 500 and 1000 lei) for individuals owning WEEE.
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This fact is very important for the collection of WEEE in Romania, because a lot of small electronic
devices (like laptops, mobile phones, and electronic equipment) are kept at home after the end of
life [131].

Regarding the duration of use of the equipment, it has been reported that the European average
of usage for household appliances is 8–10 years, while in Romania the duration is 13–17 years. In some
rural areas, household electric appliances are still used above the average recommended time by the
manufacturer (even decades), due to the economic situation of the country [138].

Although significant progress in WEEE recycling was recorded, Romania ranks among the last
countries in Europe and important measures have to be applied in order to increase the performance
and requirements of the recycling system. One method to improve the performance of the e-waste
system can be done by increasing the number of collection sites offered and by increasing public
awareness. It is a well-known fact that consumer participation is influenced by the distance to collection
sites, age, and education [131,138,139].

5. Conclusions and Future Perspectives

The objective of this study was to define and present both the polymers found in recycled
components and characterization methodology in order to determine the composition of plastics
originating from WEEE.

Presently, WEEE recovery is challenging because there are more than 15 different types of plastics
used in several applications, such as ABS (used in telephone components, electronic housings, computer
housings, microwave ovens, and in automobile components), HIPS (components inside refrigerators,
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small household appliances, printers/faxes, telecoms, monitors, computers, toys, consumer electronics),
or PET (packaging applications). This study contributes by presenting the identification methods of
WEEE such as spectroscopic fingerprinting, thermal study, and sample techniques (like identification
code and burning test), and the characteristic values in the case of the different analysis of the
polymers commonly used in EEE. Additionally, the quality of identification is very important, because,
depending on this, new materials with suitable properties can be obtained to be used in different
industrial applications. The latest research in the field demonstrated that a complete characterization
of individual WEEE components is important to obtain information on the chemical and physical
properties compared with the original polymers and their compounds [20]. The future directions are
heading towards reducing the costs by recycling single polymer plastic waste fractions that can replace
virgin plastic at a ratio of almost 1:1 [140]. In addition, the recycling process is directly dependent
on the progress of the waste recycling management strategy. For example, in the case of Romania,
the waste recycling management is poor, mainly because there are too few certified companies that
provide collection, treatment, and recycling services, and also awareness of the population in order to
know the collection sites is needed.

Author Contributions: All authors collaborated to write the review paper and agreed on the final manuscript.

Funding: This paper was supported by a grant of the Romanian Ministry of Research and Innovation,
CCCDI-UEFISCDI, project number PN-III-P1-1.2-PCCDI-2017-0652/84 PCCDI/2018, within PNCDI III.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Drzyzga, O.; Prieto, A. Plastic waste management, a matter for the ‘community’. Microb. Biotechnol. 2018, 12,
66–68. [CrossRef] [PubMed]

2. Plastic Recycling Facts and Figures. Available online: https://www.thebalancesmb.com/plastic-recycling-
facts-and-figures-2877886 (accessed on 31 July 2019).

3. Maris, E.; Botané, P.; Wavrer, P.; Froelich, D. Characterizing plastics originating from WEEE: A case study in
France. Miner. Eng. 2015, 76, 28–37. [CrossRef]

4. Cui, J.; Forssberg, E. Mechanical recycling of waste electric and electronic equipment: A review. J. Hazard.
Mater. 2003, 99, 243–263. [CrossRef]

5. Grigorescu, R.M.; Grigore, M.E.; Ghioca, P.; Iancu, L.; Nicolae, C.A.; Ion, R.M. Waste electrical and electronic
equipment study regarding the plastic composition. Materiale Plastice 2019, 56, 77–81.

6. Schlummer, M.; Gruber, L.; Mäurer, A.; Wolz, G.; Van Eldik, R. Characterisation of polymer fractions from
waste electrical and electronic equipment (WEEE) and implications for waste management. Chemosphere
2007, 67, 1866–1876. [CrossRef] [PubMed]

7. Schlummer, M.; Mäurer, A.; Leitner, T.; Spruzina, W. Report: Recycling of flame-retarded plastics from waste
electric and electronic equipment (WEEE). Waste Manag. Res. 2006, 24, 573–583. [CrossRef] [PubMed]

8. Benedetti, M.; Cafiero, L.; De Angelis, D.; Dell’Era, A.; Pasquali, M.; Stendardo, S.; Ciprioti, S.V. Pyrolysis of
WEEE plastics using catalysts produced from fly ash of coal gasification. Front. Environ. Sci. Eng. 2017, 11,
11. [CrossRef]

9. Tostar, S. Mechanical and Thermal Properties of Recycled WEEE Plastic Blends; Chalmers University of Technology:
Goteborg, Sweden, 2016.

10. Truc, N.T.T.; Lee, B.-K. Sustainable and selective separation of PVC and ABS from a WEEE plastic mixture
using microwave and/or mild-heat treatment with froth flotation. Eniron. Sci. Technol. 2016, 50, 10580–10587.
[CrossRef]

11. Goodship, V.; Stevels, A. Waste Electrical and Electronic Equipment (WEEE) Handbook; Elsevier: Amsterdam,
The Netherlands, 2012.

12. Vilaplana, F.; Karlsson, S. Quality concepts for the improved use of recycled polymeric materials: A review.
Macromol. Mater. Eng. 2008, 29, 274–297. [CrossRef]

13. Martinho, G.; Pires, A.; Saraiva, L.; Ribeiro, R. Composition of plastics from waste electrical and electronic
equipment (WEEE) by direct sampling. Waste Manag. 2012, 32, 1213–1217. [CrossRef]

http://dx.doi.org/10.1111/1751-7915.13328
http://www.ncbi.nlm.nih.gov/pubmed/30411497
https://www.thebalancesmb.com/plastic-recycling-facts-and-figures-2877886
https://www.thebalancesmb.com/plastic-recycling-facts-and-figures-2877886
http://dx.doi.org/10.1016/j.mineng.2014.12.034
http://dx.doi.org/10.1016/S0304-3894(03)00061-X
http://dx.doi.org/10.1016/j.chemosphere.2006.05.077
http://www.ncbi.nlm.nih.gov/pubmed/17207844
http://dx.doi.org/10.1177/0734242X06068520
http://www.ncbi.nlm.nih.gov/pubmed/17253004
http://dx.doi.org/10.1007/s11783-017-0998-3
http://dx.doi.org/10.1021/acs.est.6b02280
http://dx.doi.org/10.1002/mame.200700393
http://dx.doi.org/10.1016/j.wasman.2012.02.010


Recycling 2019, 4, 32 16 of 21

14. Buekens, A.; Yang, J. Recycling of WEEE plastics: A review. J. Mater. Cycles Waste Manag. 2014, 16, 415–434.
[CrossRef]

15. Campbell, D.; Pethrick, R.A.; White, J.R. Polymer Characterization: Physical Techniques; CRC Press: Boca Raton,
FL, USA, 2014.

16. Yang, R. Analytical Methods for Polymer Characterization; CRC Press: Boca Raton, FL, USA, 2018.
17. Dodbiba, G.; Fujita, T. Progress in separating plastic materials for recycling. Phys. Sep. Sci. Eng. 2004, 13,

165–182. [CrossRef]
18. Florea, D.; Paven, H.; Vuluga, Z.; Vuluga, D.M. Identification, sorting and characterization of plastics from

WEEE. Mater. Plastice 2011, 48, 176–182.
19. Achilias, D.; Antonakou, E.V.; Koutsokosta, E.; Lappas, A.A. Chemical recycling of polymers from waste

electric and electronic equipment. J. Appl. Polym. Sci. 2009, 114, 212–221. [CrossRef]
20. Taurino, R.; Pozzi, P.; Zanasi, T. Facile characterization of polymer fractions from waste electrical and

electronic equipment (WEEE) for mechanical recycling. Waste Manag. 2010, 30, 2601–2607. [CrossRef]
21. Areeprasert, C.; Asingsamanunt, J.; Srisawat, S.; Kaharn, J.; Inseemeesak, B.; Phasee, P.; Chiemchaisri, C.

Municipal plastic waste composition study at transfer station of Bangkok and possibility of its energy
recovery by pyrolysis. Energy Procedia 2017, 107, 222–226. [CrossRef]

22. Ma, C.; Yu, J.; Wang, B.; Song, Z.; Xiang, J.; Hu, S.; Sun, L. Chemical recycling of brominated flame retarded
plastics from e-waste for clean fuels production: A review. Renew. Sustain. Energy Rev. 2016, 61, 433–450.
[CrossRef]

23. Vannessa Goodship, A.S.J.H. Woodhead Publishing Series in Electronic and Optical Materials. In Waste
Electrical and Electronic Equipment (WEEE) Handbook; Goodship, V., Stevels, A., Eds.; Woodhead Publishing:
Cambridge, UK, 2012; pp. 21–24.

24. Trent, J.S.; Miles, M.J.; Baer, E. The mechanical behaviour of high-impact polystyrene under pressure. J.
Mater. Sci. 1979, 14, 789–799. [CrossRef]

25. Xu, G.; Qiao, J.; Kuswanti, C.; Simenz, M.; Koelling, K.; Stuart, J.A.; Lilly, B. Insight into reuse of high
impact polystyrene from post-consumer electronics equipment housings. In Proceedings of the 2000 IEEE
International Symposium on Electronics and the Environment (ISEE 2000), San Francisco, CA, USA, 10 May
2000.

26. Moore, J.D. Acrylonitrile-Butadiene-Styrene (ABS)—A Review. Composites 1973, 4, 118–130. [CrossRef]
27. McKeen, L.W. Chapter 2—Styrenic Plastics. In The Effect of Creep and Other Time Related Factors on Plastics and

Elastomers, 2nd ed.; William Andrew Publishing: Boston, MA, USA, 2009; pp. 33–81.
28. McKeen, L.W. 5—Styrenic Plastics. In Permeability Properties of Plastics and Elastomers, 3rd ed.; William

Andrew Publishing: Oxford, UK, 2012; pp. 77–88.
29. McKeen, L.W. Chapter 4—Styrenic Plastics. In Fatigue and Tribological Properties of Plastics and Elastomers, 2nd

ed.; William Andrew Publishing: Oxford, UK, 2010; pp. 51–71.
30. Ashby, M.F. Chapter 15—Material profiles. In Materials and the Environment, 2nd ed.; Butterworth-Heinemann:

Boston, MA, USA, 2013; pp. 459–595.
31. García, M.d.G.T.; Schlatter, M.; Cabrera, F.M.; Manzanares, J.T.; Hanafi, I. Recycling of

acrylonitrile–butadiene–styrene using injection moulding machine. Procedia Technol. 2016, 22, 399–406.
[CrossRef]

32. Mohd, A.; Ayunie Roslan, A.; Bahiyah Baba, N. Effect of injection molding parameters on recycled ABS
(r-ABS) mechanical properties. Indian J. Sci. Technol. 2016, 9, 1–6. [CrossRef]

33. Barthes, M.L.; Mantaux, O.; Pedros, M.; Lacoste, E.; Dumon, M. Recycling of aged ABS from real WEEE
through ABS/PC blends in the ABS-rich compositions. Adv. Polym. Technol. 2012, 31, 343–353. [CrossRef]

34. Balart, R.; Lopez, J.; García, D.; Salvador, M.D. Recycling of ABS and PC from electrical and electronic waste.
Effect of miscibility and previous degradation on final performance of industrial blends. Eur. Polym. J. 2005,
41, 2150–2160.

35. Hamad, K.; Kaseem, M.; Deri, F. Recycling of waste from polymer materials: An overview of the recent
works. Polymer Degrad. Stab. 2013, 98, 2801–2812. [CrossRef]

36. Hamarat, I.; Kuram, E.; Ozcelik, B. Investigation the mechanical, rheological, and morphological properties of
acrylonitrile butadiene styrene blends with different recycling number content. Proceedings of the Institution
of Mechanical Engineers, Part E. J. Process Mech. Eng. 2018, 232, 449–458. [CrossRef]

http://dx.doi.org/10.1007/s10163-014-0241-2
http://dx.doi.org/10.1080/14786470412331326350
http://dx.doi.org/10.1002/app.30533
http://dx.doi.org/10.1016/j.wasman.2010.07.014
http://dx.doi.org/10.1016/j.egypro.2016.12.132
http://dx.doi.org/10.1016/j.rser.2016.04.020
http://dx.doi.org/10.1007/BF00550709
http://dx.doi.org/10.1016/0010-4361(73)90585-5
http://dx.doi.org/10.1016/j.protcy.2016.01.068
http://dx.doi.org/10.17485/ijst/2016/v9i9/88733
http://dx.doi.org/10.1002/adv.20257
http://dx.doi.org/10.1016/j.polymdegradstab.2013.09.025
http://dx.doi.org/10.1177/0954408917717994


Recycling 2019, 4, 32 17 of 21

37. Thuong, N.T.; Mao, N.D.; Quynh, B.T.P.; Bach, L.G. Preparation and characterization of properties of
acrylonitrile butadiene styrene waste plastic blended with virgin styrene butadiene rubber. Key Eng. Mater.
2017, 718, 3–9. [CrossRef]

38. Brennan, L.; Isaac, D.; Arnold, J. Recycling of acrylonitrile–butadiene–styrene and high-impact polystyrene
from waste computer equipment. J. Appl. Polymer Sci. 2002, 86, 572–578. [CrossRef]

39. Hirayama, D.; Saron, C. Characterisation of recycled acrylonitrile-butadiene-styrene and high-impact
polystyrene from waste computer equipment in Brazil. Waste Manag. Res. 2015, 33, 543–549. [CrossRef]

40. Bai, X.; Stein, B.K.; Smith, K.; Isaac, D.H. Effects of reprocessing on additives in ABS plastics, detected by gas
chromatography/mass spectrometry. Prog. Rubber Plast. Recycl. Technol. 2012, 28, 1–14. [CrossRef]

41. Chin Fei, N.; Mehat, N.M.; Kamaruddin, S.; Ariff, Z.M. Improving the Performance of Reprocessed ABS
Products from the Manufacturing Perspective via the Taguchi Method. Int. J. Manuf. Eng. 2013, 2013.
[CrossRef]

42. Chen, S.-C.; Liao, W.-H.; Hsieh, M.-W.; Chien, R.-D.; Lin, S.-H. Influence of recycled ABS added to virgin
polymers on the physical, mechanical properties and molding characteristics. Polym. Plast. Technol. Eng.
2011, 50, 306–311. [CrossRef]

43. Subramanian, M.N. Plastics Additives and Testing; John Wiley & Sons: Hoboken, NJ, USA, 2013.
44. Guinault, A.; Sollogoub, C. Thermomechanical properties of ABS/PA and ABS/PC blends. Int. J. Mater. Form.

2009, 2, 701. [CrossRef]
45. Biswal, M.; Mohanty, S.; Nayak, S.K.; Babu, S.A. Effect of reactive compatibilizers and impact modifier on the

performance characteristics of polycarbonate/poly (acrylonitrile-butadiene-styrene) blends obtained from
E-waste. Int. J. Plast. Technol. 2013, 17, 209–225. [CrossRef]

46. Farzadfar, A.; Khorasani, S.N.; Khalili, S. Blends of recycled polycarbonate and
acrylonitrile–butadiene–styrene: Comparing the effect of reactive compatibilizers on mechanical
and morphological properties. Polym. Int. 2014, 63, 145–150. [CrossRef]

47. Debbah, I.; Krache, R.; Aranburu, N.; Fernández, M.; Etxeberria, A. Effect of SEBS-g-MAH addition on the
mechanical, rheological, and morphological properties of polycarbonate/acrylonitrile–butadiene–styrene
blends. J. Elastom. Plast. 2018, 50, 611–633. [CrossRef]

48. Dasan, K.P. 6—PET nanocomposites: Preparation and characterization A. In Poly(Ethylene Terephthalate) Based
Blends, Composites and Nanocomposites; Visakh, P.M., Liang, M., Eds.; William Andrew Publishing: Oxford,
UK, 2015; pp. 99–111.

49. Korivi, N.S. 8—Preparation, characterization, and applications of poly(ethylene terephthalate)
nanocomposites A2. In Manufacturing of Nanocomposites with Engineering Plastics; Mittal, V., Ed.; Woodhead
Publishing: Sawston, UK, 2015; pp. 167–198.

50. Hopewell, J.; Dvorak, R.; Kosior, E. Plastics recycling: Challenges and opportunities. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 2009, 364, 2115–2126. [CrossRef]

51. Welle, F. Twenty years of PET bottle to bottle recycling—An overview. Resour. Conserv. Recycl. 2011, 55,
865–875. [CrossRef]

52. Forrest, M. Recycling of Polyethylene Terephthalate; Smithers Rapra Technology Ltd.: Shropshire, UK, 2016.
53. Kayano, Y.; Keskkula, H.; Paul, D.R. Effect of polycarbonate molecular weight and processing conditions on

mechanical behaviour of blends with a core-shell impact modifier. Polymer 1996, 37, 4505–4518. [CrossRef]
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