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Abstract The feasibility of the selective surface

hydrophilization of poly vinyl chloride (PVC) using

microwave treatment to facilitate the separation of PVC via

froth flotation from automobile shredder residue (ASR) and

electronic waste shredder residue (ESR) was evaluated. In

the presence of powder-activated carbon (PAC), 60-s

microwave treatment selectively enhanced the

hydrophilicity of the PVC surface (i.e., the PVC contact

angle decreased from 86.8� to 69.9�). The scanning elec-

tron microscopy (SEM) and X-ray photoelectron spec-

troscopy (XPS) results are consistent with increased

hydrophilic functional groups (i.e., ether, hydroxyl, and

carboxyl), amounting to significant changes in the mor-

phology and roughness of the PVC surface after treatment.

After only 60 s of microwave treatment, 20 % of the PVC

was separated in virgin and ASR/ESR plastics with 33 and

29 % purity, respectively, as settled fractions by froth

flotation at a 150 rpm mixing speed. The microwave

treatment with the addition of PAC had a synergetic effect

with the froth flotation, which brought about 100 and 90 %

selective separation of PVC from the other virgin and ASR/

ESR plastics, with 91 and 82 % purity. The use of the

combined froth flotation and microwave treatments is an

effective technology for separating PVC from hazardous

waste plastics.
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Introduction

End of Life Vehicles (ELVs) and Waste Electric & Elec-

tronic Equipment (WEEE/E-waste) are increasingly

important secondary sources of ferrous metals, nonferrous

metals, and plastics. About 1 million ELVs are generated

every year in Korea [1, 2] and the generation of WEEE has

rapidly increased in recent years [3]. The most problematic

fractions of WEEE and ELV recycling treatments that have

been mainly landfilled/incinerated in the past are shredding

residues (SRs), including automobile shredder residue

(ASR) from ELVs and electronic waste shredder residue

(ESR) from WEEE, composed of plastics, small metals,

wires, rubber, textiles, etc. [4, 5]. The disposition and

management of ASR and ESR is an emerging environ-

mental issue of concern to the solid waste community in

Korea and around the world [6]. A Korean directive

regarding the resource recycling of electrical and electronic

equipment and vehicles has set a recycling target, including

thermal recycling, at 85 % by 2006 and 95 % by 2015 [7].

Plastics are the largest portion in ASR and ESR; plastic

comprises about 30 wt% of the whole and includes up to

15 different types of engineering plastics, rendering sepa-

rating and recovery difficult [8].

The main plastics found in ASR/ESR, and their specific

densities, are: polypropylene (PP 0.93 g/cm3), poly-

ethylene (PE 0.90 g/cm3), polycarbonate (PC 1.20 g/cm3),

polyethylene terephthalate (PET 1.41 g/cm3), high-impact

polystyrene (HIPS), polyvinyl chloride (PVC 1.31 g/cm3),

polymethyl methacrylate (PMMA 1.13 g/cm3), polyamide

(PA 1.20 g/cm3), polystyrene (PS 1.1 g/cm3), acrylonitrile

butadiene styrene (ABS 1.03 g/cm3), polyoxymethylene

(POM 1.37 g/cm3), and styrene-acrylonitrile (SAN 1.10 g/

cm3), etc. [8, 9]. Chlorinated plastics (i.e., PVC) comprise

around 6–8 wt% of the total mixed plastics in ASR/ESR.
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When such plastics are subjected to incineration or

uncontrolled burning processes for disposal, recycling, or

metals recovery, their high chlorine content can contribute

to the formation of highly toxic and persistent chlorinated

dioxins [10]. Furthermore, when PVC is landfilled, some of

its chemical additives can leach and contribute to the

overall contaminant burden of landfill leachate [11].

Therefore, any end-of-life product or waste stream

involving products containing chlorinated plastics must be

managed in a way that minimizes the potential harmful

impact on human health and the environment [12].

Wet gravity separation can be used to separate heavy

plastics of specific density[1.0 g/cm3 (including PVC, ABS,

PET, PS, HIPS, SAN, PA, PMMA, and POM of about

70–80 wt%) from light plastics of specific density\1.0 g/cm3

(including PP and PE, about 20–30 wt%) in ASR/ESR

[13, 14]. However, further separation of chlorinated plastics

such as PVC from other heavy plastics is difficult due to their

similar densities. Heavy plastic fraction separation, therefore,

cannot be applied for material and chemical recycling, even if

the fraction is mainly composed of non-chlorinated plastics.

Numerous techniques have been developed for plastics sep-

aration, such as electrostatic separation [15, 16], gravity sep-

aration [17], and selective dissolution [18]. In addition, in

order to obtain the desired purity at a reasonable throughput,

automated sorters have been developed. These typically have

expensive plastics identification systems based on laser

scanning and infrared or X-ray spectroscopy [19]. Selective

wetting of hydrophobic plastic surfaces by chemical reagents

[20], flame treatments [21], boiling treatments [22], and

ozonation [23] has also been developed to facilitate plastics

flotation separation. However, plastic surface modification

using chemical reagents is relatively time intensive and

requires additional facilities and chemicals to treat the

wastewater. Plasma/flame treatment systems have high

operating and maintenance costs and are difficult to handle

[24]. Conversely, with ozone treatment, air pollution control

devices need to be installed at the outlets of ozonation systems

to prevent air pollution caused by the emission of the

remaining ozone after the reaction with plastic surfaces.

Recently, investigations of microwave technologies

have been conducted for various applications, including

pyrolysis [25] and the dehydrochlorination of PVC

[26, 27]. Although microwave techniques are developing,

little work is currently available in the published literature

on the surface hydrophilicity of PVC [26, 27]. PVC is

known to have a higher dielectric loss coefficient than other

plastics [28]. Exposed to microwave frequencies, PVC may

be selectively hydrophilized/decomposed thermally

[29, 30]. This is due to the scission of the C–C main chain

of PVC followed by the vaporization of fragment mole-

cules (probably small hydrocarbons) [31–33]. The resultant

variations influence surface reactions, especially for PVC,

which increases the presence of hydrophilic functional

groups such as ether, hydroxyl, and carboxyl, i.e., C–Cl

(ether carbon) [34, 35]. Further, carbon materials are in

general very good adsorbents of microwaves and are easily

heated by microwave radiation [36]. This characteristic

allows them to be transformed by microwave heating,

giving rise to new carbons with tailored properties, to be

used as microwave receptors in order to heat other mate-

rials indirectly, or to act as a catalyst and microwave

receptor in different heterogeneous reactions. The objective

of the present work is to clarify the possibility of surface

hydrophilization on PVC by microwave irradiation and

subsequent separation from ASR/ESR plastic waste by

froth floatation. Optimum treatment conditions, namely via

the influence of powder-activated carbon (PAC) acting as a

heat absorbent and the detailed mechanisms of PVC sep-

aration efficiency in froth floatation were also examined.

Materials and methods

ASR and ESR plastic samples collection

The ASR plastic samples were collected at automobile

recycling/shredding plants in Pohang, Korea. ESR plastic

samples were also collected at a WEEE recycling plant in

Ulsan, Korea. The plastic compositions of both the ASR and

ESR were identified by recording the IR spectra using a

Fourier transform infrared (FT-IR) spectrometer (Perkin-

Elmer, Spectrum One). The individual plastic compositions

of the ASR/ESR samples were then quantified. Furthermore,

in order to optimize the microwave treatment and froth

flotation conditions, virgin plastic, PMMA, PC, and PVC

were also obtained from the Kasai Sangyo Co., Ltd, Japan.

Each virgin plastic shape was rectangular with a length of

1500 mm, a width of 1200 mm, and a thickness of 2 mm.

Usually, ASR/ESR plastics are of non-uniform size and

shape, but each plastic shape was cut to a small and uniform

size (10 mm 9 10 mm 9 1 mm) using a saw and nippers

and the four edges of the cut plastics were smoothed using

sandpaper to remove attached particles generated by sawing.

Further, the samples used for the tests were of different

colors, rendering it easier to analyze the concentrated sam-

ples by manual sorting before and after each experiment

(Fig. 1). The samples used for each test for the microwave

treatments and froth flotation experiments consisted of ten

pieces of each virgin or ASR/ESR plastic fraction.

Effect of microwave treatment

on the hydrophobicity of virgin plastics

Microwave radiation was produced with the help of a

microwave oven (Dongbu Daewoo Electronics Corp., KR-
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G20EW), producing a frequency of 2450 MHz and

1120 W as the rated microwave input. For the powder-

activated carbon (PAC) pretreatment as a heat absorbent,

we used a commercial PAC product (Activated Charcoal

Norit�, Sigma-Aldrich, Co.). Mixtures of virgin or ASR/

ESR plastic samples and the PAC (10 g) were manually

shaken in 50 ml centrifuge tubes for 10 min to completely

coat the plastic samples with PAC. Ten pieces of each

plastic sample, both untreated (control) and pretreated with

PAC, were heated in the microwave oven on a glass plate

for specified time intervals (i.e., 30, 60, and 90 s).

Appropriate alkaline washing was performed as a pre-

treatment for the removal of the pollutants from the ASR/

ESR plastics surface according to our previous study [37].

Plastics surface characterization tests

To observe the changes on the surface of the untreated

(control) and microwave-treated samples, the following

characterization techniques were employed. We measured

the contact angle formed between the water drops and the

surface of the plastic sample to evaluate the wettability

(hydrophilic or hydrophobic characteristics) of the plastic

samples. This measurement was performed using a Contact

Angle Analyzer (Smartdrop, Femtofab, Korea). A needle

with a diameter of 0.55 mm (Dispovan) was used to place a

drop of water onto the surface of the sample. The sample

was photographed for 30 s after placing the water droplet

on it, and the contact angle was then measured. The

changes in the morphology and roughness of the plastic

surfaces after microwave treatments were analyzed using a

Field Emission Scanning Electron Microscope (FE-SEM,

JSM-6500F, JEOL, Japan). To identify the elemental states

of the carbons on the plastic surfaces before and after each

treatment, X-ray Photoelectron Spectroscopy (XPS) anal-

yses were performed using an XPS Spectrometer (K-Alpha,

Thermo Scientific, USA).

Froth flotation experiments for the separation

of PVC

To selectively separate PVC from the plastic samples, froth

flotation experiments were conducted under different con-

ditions. The main glass reactor, with a height of 14 cm, an

inner diameter of 7 cm, and a volume of 0.54 dm3, consisted

of a ceramic bubble diffuser at the bottom that was con-

nected to a mini air pump (MP-R300, Sibata, Japan) which
generated small air bubbles that enhanced the flotation

efficiency of the plastic samples. An auto overhead stirrer

(WiseStir, Daihan scientific Co., Ltd.) was installed to mix

the floated plastic samples after bubbling, at a steady mixing

speed and for a specific time. For the froth flotation exper-

iment, 400 ml of tap water was used and a small amount

(0.5 ml/L) of methyl isobutyl carbinol (MIBC) was added as

a frother to facilitate the ease of flotation of the plastic

samples. Ten pieces of each plastic (PMMA, PC, and PVC)

(before and after treatment) were placed into the glass

reactor and air bubbles were formed through the ceramic

bubble diffuser at the bottom of the reactor by operating the

mini air pump at 0.5 l/min for 1 min, to float all the plastic

samples. After floating all the plastic samples, the auto

overhead stirrer was operated at various mixing speeds (0–

300 rpm) for 1 min and the number of floated and settled

plastic samples of each type at each mixing speed was

recorded to determine the optimum PVC separation condi-

tion. The recovery ratio and purity ratio for each experiment

were calculated using Eqs. (1) and (2), respectively [20].

Recovery ¼ PVCs

PVCs þ PVCf

� 100 ð1Þ

Purity ¼ PVCs

PVCs þ otherss
� 100 ð2Þ

Here, PVCs and PVCf are the number of settled and floating

PVC pieces, respectively, and ‘‘others’’ refer to the number

of settled non-PVC plastic pieces.

Fig. 1 Homogenized shredded

plastic samples used for this

study. a ASR and b ESR
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Results and discussion

Quantification of ASR plastics composition

The compositions of main plastics in the ASR/ESR sam-

ples were identified with FT-IR and quantified. Figure 2

shows the results, giving the averages of the three repli-

cates. The main plastics found in the ASR/ESR fractions

were PP, PE, PC, PET, HIPS, ABS, PVC, PMMA, PA,

POM, and SAN. In ASR, rubber and other plastics form the

major portion of about 45.6 %; in ESR, the ABS and HIPS

plastics were the dominant types, amounting to about

51 %. In the ASR and ESR plastic compositions, ‘‘others’’

are included in the heavy fraction. The FT-IR results fur-

ther indicated that the PVC plastics in ASR and ESR were

about 4.6 and 5.9 %, respectively. With wet gravity sepa-

ration, heavy plastics of specific density [1.0 g/cm3 (in-

cluding PVC, ABS, PET, PS, HIPS, SAN, PA, PMMA, and

POM) were separated from light plastics of specific density

\1.0 g/cm3 (including PP and PE) in ASR/ESR [13, 14].

The ASR and ESR consisted of about 74.2 and 80.8 % of

heavy plastics, respectively.

The effect of microwave treatment

on the hydrophobicity of virgin and ASR/ESR

plastics

The contact angles were measured for virgin, ASR, and

ESR (PC, PMMA, and PVC) plastics before and after

microwave-only and microwave-with-PAC treatment, at

specified time intervals (i.e., 30, 60, and 90 s), as shown in

Fig. 3. All values shown in the figure are averages of three

sample replications. For major plastics in ASR and ESR,

having normally hydrophobic surface characteristics, the

contact angles are usually greater than 85�. Even with 90 s

microwave-only treatment, the contact angles of the virgin

PC, PMMA, and PVC decreased by 0.8�, 5.1�, and 3.2�,
respectively (Fig. 3a). On the other hand, as shown in

Fig. 3a, the combination of PAC and the 60 s microwave

treatment produced a sharp and significant decrease of 19�
of the contact angle of PVC. Similarly, for the plastics in

the ASR and ESR, as shown in Fig. 3b, the combination of

60 s microwave treatment and PAC decreased the contact

angles of PVC in ASR and ESR significantly, by about

16.5� and 17.1�, respectively, whereas the contact angles of
other plastics only slightly decreased (Fig. 3b). It was thus

confirmed that the contact angle of PVC significantly

decreased even in the ASR and ESR, compared to the

decreases for the other plastics. Moreover, the decreased

PVC contact angle values of the ASR and ESR samples are

smaller than those in the virgin plastics. This might be

because contaminants such as paint and oil were attached

to the plastics collected from ASR and ESR, even though

the plastics were washed by alkaline washing before the

experiment [37]. These contaminants on the plastics would

have changed the contact angles of the ASR/ESR waste

plastics.

However, the microwave treatment alone did not affect

any significant changes to the plastic surfaces. On the other

hand, the combination of microwave treatment and PAC as

a heat absorbent led to a synergetic effect that selectively

decreased the contact angles of the PVCs, causing an

increase in the hydrophilicity of the PVC surface [38, 39].

This could be because the chloride groups on the surface of

PVC were replaced with hydrophilic functional groups

such as hydroxyl groups and carboxyl groups [40, 41]. If a

PVC surface has a high hydrophilicity, it would be the first

material to settle on the bottom during the froth flotation

experiment. Therefore, to selectively separate the PVC

from the plastic samples using the froth flotation method, it

is necessary to determine the lowest contact angle for the

PVC surface among the other plastics.

Fig. 2 Plastic compositions

a in ASR and b in ESR
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Plastics surface characterization tests

Field emission scanning electron microscope (FE-SEM)

images were taken to visualize the changes in the mor-

phology and roughness induced in the surfaces of the

microwave-treated virgin plastic samples. Similar to the

contact angle measurements, untreated samples and sam-

ples treated with 60-s microwave with PAC were utilized

for the SEM analysis. The SEM images provided a quali-

tative type of analysis by visualizing changes in the sur-

faces of the plastic samples (Fig. 4). The SEM images

showed significant changes in the morphology and rough-

ness of the plastic samples after treatment compared to the

untreated samples (Fig. 4). In particular, after treatment,

the PVC surfaces had larger pitted areas than the other

treated plastic samples. This shows a substantial decrease

in the contact angle of PVC surfaces after treatment, which

can be subsequently used to facilitate the selective sepa-

ration of PVC during froth flotation experiments.

XPS results were also used to determine the elemental

state of carbon on the plastic sample surfaces. In the C 1 s

spectra of the plastic sample surfaces, the peaks observed

at 285, 286.5, and 289.1 eV can be assigned to neutral

carbon, ether carbon, and carbonyl carbon, respectively

[42, 43]. The ether carbon (C–O, C–Cl) and carbonyl

carbon (O–(C=O)–O) are classified as hydrophilic groups,

while neutral carbons (C–C, C=C, C–H) are classified as

hydrophobic groups. The peak areas of the hydrophilic

groups in the curved fits of the C 1 s peaks were calculated

using a fit peak program (XPSPEAK41, version 4.1). The

hydrophilicity levels of the plastic surfaces could be

identified based on the relative peak area (RPA) of the

hydrophilic groups. If the peak area of the hydrophilic

groups was increased, the contact angle could be decreased

[40–43]. Summarized values of the peak areas and contact

angles of the hydrophilic groups for untreated, microwave-

treated, and microwave treatment with PAC, are presented

in Fig. 5. As shown in Fig. 5a, the percentage of PVC

relative peak area (hydrophilic groups) increased signifi-

cantly, even after 30 s of microwave treatment with PAC.

On the contrary, the contact angle of the PVC decreased

(Fig. 5b). On the other hand, in the case of PC and PMMA,

the relative peak area percentage and contact angle dif-

ference were considered to be insignificant.

Fig. 3 a The contact angle of decrease of PC, PVC and PMMA in virgin plastics at different microwave treatment times and b the decreased

contact angle of ASR and ESR after microwave treatment with PAC

Fig. 4 SEM images of virgin plastic samples before and after

microwave treatment with PAC
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Froth flotation separation of PVC

From the FE-SEM and XPS analysis and from the contact

angle measurements, we were able to conclude that

microwave treatment with PAC pretreatment can signifi-

cantly alter the hydrophobicity of PVC, which is conse-

quently drastically increasing the wettability/hydrophilicity

of the PVC samples. Hence, the separation of PVC plastic

from mixed virgin, ASR, and ESR plastics via froth

flotation can be achieved. Therefore, the froth flotation

experiments were conducted using ten pieces of each

plastic of PC, PMMA, and PVC for the virgin, ASR, and

ESR plastic samples, with the ideal treatment time selected

(i.e., 60 s) based on the preceding contact angle and surface

characterization study. Initially, all plastic samples were

submerged in pure water; then, after the froth flotation, all

plastics floated away with the air bubbles attached. The

floating/settling behaviors of each plastic were evaluated

before and after microwave-only treatment and microwave

treatment with PAC, the results of which are presented in

Fig. 6. With 60 s of microwave-only treatment, about

20 % of PVC was observed to have settled, along with

20 % each of PC and PMMA, at the 150 rpm mixing

speed. However, when the plastic samples were treated for

60 s by microwave with PAC at a mixing speed of

150 rpm, 100 % of the PVC was separated in the settled

fraction from the other plastic samples (0 % of PVC

floated), with only 10 % PC contamination (Fig. 6). Fur-

ther, the microwave treatment with PAC promoted the

settlement of PVC at a lower mixing speed (150 rpm). At a

high mixing speed of 300 rpm, all the PC, PMMA, and

PVC samples had settled by removing all attached air

bubbles.

Optimized ideal froth flotation separations of PVC

conditions based on virgin plastics (i.e., 60 s microwave

treatment with PAC and 150 rpm) were further considered

for ASR and ESR samples. The obtained froth flotation

results are presented in Table 1, which shows that a slightly

lower separation efficiency was obtained for ASR and ESR

compared to virgin plastics. In ASR plastics, with 60 s of

microwave-only treatment, about 20 % of the PVC was

observed to have settled, along with 20 and 30 % of PC and

PMMA, respectively, at the 150 rpm mixing speed. How-

ever, when the plastic samples treated for 60 s by micro-

wave with PAC were mixed at 150 rpm, 90 % of the PVC

was separated in the settled fraction from the other plastic

samples, with 10 % each of PC and PMMA contamination

(Table 1). Similar results were obtained for ESR: when the

plastic samples treated for 60 s by microwave with PAC

were mixed at 150 rpm, 90 % of PVC settled with only

10 % of PMMA contamination (Table 1).

The recovery and purity ratios of the separated PVC

versus the other plastic samples were also calculated using

Eqs. (1) and (2) for each treatment. The purity ratios of the

PVC that was recovered were, respectively, about 33.3 and

29 % for the virgin and ASR/ESR plastic samples, with the

microwave-only treatment. However, the highest purity

ratios of the recovered PVC, about 91 and 82 % for the

virgin and ASR/ESR plastic samples, respectively, were

obtained after microwave treatment with PAC. The use of

the combined froth flotation and microwave treatments is,

therefore, a simple and effective technology for separating

PVC from plastic waste. Although chemical reactions

occur on the PVC surfaces, microwave treatment has little

influence on the bulk characteristics of the PVC, since only

a few nanometers of the PVC surfaces were destroyed

during the treatment process (Fig. 4). Therefore, micro-

wave treatment does not affect the post-recycling process

by froth flotation. As a result of this research, the selective

surface modification of PVC with microwave treatment can

be efficiently used to separate PVC from other mixed

plastic waste of similar density, including ASR/ESR.

Fig. 5 a Changes in the relative peak area (RPA) of the hydrophilic groups and b contact angle of PC, PVC and PMMA before and after each

treatment
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Conclusions

In this research, we evaluated the selective surface modi-

fication of PVC by microwave treatment, as a method for

separating PVC from hazardous automobile shredder resi-

due (ASR) and electronic waste shredder residue (ESR).

This enabled the optimization of the microwave treatment/

froth flotation conditions. With the combination of 60 s of

microwave treatment with PAC, a sharp and significant

decrease of about 19� in the contact angle of the PVC was

observed. The SEM images of the PVC plastic samples

after treatment displayed significant changes in surface

morphology and roughness compared to the PC and

PMMA samples. The XPS results of the plastic samples

Fig. 6 The flotation percentages of PC, PMMA and PVC virgin plastics at each mixing speed during froth flotation. a No treatment,

b microwave treatment and c microwave treatment with PAC

Table 1 The flotation percentages of PC, PMMA and PVC plastics at an optimized mixing speed during froth flotation for ASR and ESR plastic

samples, under different treatment conditions

Treatment conditions Plastics ASR ESR

Mixing speed (0 rpm) Mixing speed (150 rpm) Mixing speed (0 rpm) Mixing speed (150 rpm)

No treatment PC 100 100 100 100

PMMA 100 80 100 80

PVC 100 70 100 80

Microwave treatment PC 100 80 100 80

PMMA 100 70 100 70

PVC 100 80 100 80

Microwave treatment with PAC PC 100 90 100 90

PMMA 100 90 100 90

PVC 100 10 100 10
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demonstrated that increased amounts of hydrophilic func-

tional groups (ether, hydroxyl, and carboxyl) appeared on

the PVC surface after microwave treatment using PAC.

After only 60 s of microwave-only treatment, approxi-

mately 20 % of the PVC was separated in the virgin and

ASR/ESR plastics, with 33 and 29 % purity, respectively,

as settled fractions by froth flotation at a 150 rpm mixing

speed. However, the microwave treatment with the addi-

tion of PAC resulted in a synergetic effect for the froth

flotation, which brought about 100 and 90 % selective

separation of PVC from the virgin and ASR/ESR plastics,

with 91 and 82 % purity, respectively. Further studies are

in progress, to optimize the process to improve the

recovery and purity of PVC from ASR/ESR.
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