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Abstract. The separation of four waste plastic samples - Polyvinyl chloride (PVC), Acrylonitrile butadiene styrene 

(ABS), Polycarbonates (PC), and Polyamides (PA) resulting from electrical products in three bicomponent plastic 

mixtures (PVC-ABS, PVC – PA, and PVC - PC) was performed by using four different flotation solutions (5%, 10%, 

20%, and 30% concentration) of CaCl2. Furthermore, the waste plastic samples were analyzed in terms of density, specific 

volume, particle size, initial water content, and water absorption capacity, while the flotation solutions were analyzed in 

terms of pH, density, electrical conductivity, and refractive index. Results showed that from the analyzed waste plastic 

samples, the PVC sample has the highest density (1.3823 g/cm3), followed by PC (1.2034 g/cm3) and PA (1.0607 g/cm3), 

while the ABS (0.9723 g/cm3) presented the lowest value. The highest recovery rate was obtained for the PVC samples 

(98.10 % - 99.75 %) when it was mixed with ABS, whereas the highest purity was measured for ABS samples (98.29 % 

- 99.76%) in the case of the same mixture. 
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1. Introduction  

Plastic is one of the most used materials due to its 

properties: cheap, versatile, light, and durable [1, 2]. In 

2019, 368 million tonnes of plastics were produced 

worldwide, of which approximately 58 million tonnes 

were produced in Europe [3]. At the European level, 

50.7 million tonnes were demanded, thus: 39.6% for 

packaging, 20.4% for buildings and constructions, 9.6% 

for automotive, 6.2% for electrical and electronic, and 

24.2% for others (households, agriculture, furniture, 

etc.). According to Plastics Europe [3], polyvinyl 

chloride (PVC) demand was approximately 5 million 

tonnes, while acrylonitrile butadiene styrene (ABS), 

polycarbonates (PC), polyamides (PA) demands were 

approximately 1 million tonnes for each. The highest 

demand for PVC comes from the building and 

construction sector followed by the packaging sector 

and others. PVC is also used in the electrical and 

electronic sector, as well as ABS, PC, and PA. After 

consumption, plastics waste can be recycled, incinerated 

for energy recovery, or landfilled [4, 5]. In 2018, at the 

European level, 29.1 million tonnes of plastic waste 

were collected, of which 42.6% were used for energy 

recovery, 32.5% were recycled and 24.9% were 

landfilled [3]. It is obvious that a high percentage of 

plastic waste is still landfilled, and in order to achieve 

the circular economy for plastic, zero landfilling is 

needed. The degradation of plastic in landfills takes a 

long time and leads to environmental pollution [1, 2]. 

However, at the European level, the recycling of plastic 

waste is on a positive trend. Mechanical recycling of 

plastics waste includes a few steps like collection (from 

separate and mixed waste streams), first sorting 

(separation by the type of materials), shredding (in small 
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pieces), washing, second sorting, and extrusion 

(homogenous pellets). One of the most important 

challenges of the plastic waste management system is its 

separation into plastic types [6, 7]. There are different 

sorting techniques: manual (visual identification), and 

automatic like dry sorting: IR, X-Rays, air, electrostatic, 

mechanical and melting; wet sorting: flotation, 

centrifugal acceleration (hydrocyclons), selective 

dissolution; chemical sorting: hydrolysis, glycolysis, 

hydroglycolysis [6]. One of the simplest and cheapest 

sorting techniques is froth flotation. Plastic recovery 

through this technique requires wetting and frothing 

agents. It was considered that hydrophobicity and 

gravitational force are the main responsible for the 

separation of plastics by flotation [8]. Al-Salem et al. 

[9], Ruj et al. [6], and Ragaert et al. [10] stated that 

flotation is based on a different density of plastics. 

Plastics have hydrophobic surfaces and according to Ruj 

et al. [6] the plastic surface should be hydrophilic for at 

least one type of plastic investigated, in order to separate 

the plastics. Water is used as a flotation agent and the 

wetting agents suitable for flotation are tannic acid, 

methylcellulose, lignosulfonates which increase the 

plastics surface hydrophilic capacity [11, 12]. Ethyl 

alcohol and calcium chloride aqueous solutions were 

used by Pongstabodee et al. [13] for plastics separation 

into subgroups based on their density, while Utimura et 

al. [14] separated plastics from waste electrical and 

electronic equipment by flotation using ethanol and 

acetic acid. According to Burat et al. [15], the separation 

of plastics with similar densities by flotation can be 

performed through modification of plastics surfaces. In 

different studies, the plastics surfaces were modified by 

sodium hydroxide – NaOH [15-17], ammonia – NH3 
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[18], potassium permanganate - KMnO4 [19], sodium 

hypochlorite – NaClO [20], chlorine dioxide - ClO2 [21].  

Therefore, this study aimed to evaluate the flotation 

separation of waste plastic resulting from electrical 

products in bicomponent plastic mixtures using flotation 

solutions of different concentrations. The productivity 

of the separation process was estimated in accordance 

with the concentrations of flotation solutions by 

recovery rate and purity measurements. 

2. Experimental  

2.1. Materials and methods 

Polyvinyl chloride, acrylonitrile butadiene styrene, 

polycarbonates, polyamides are four different types of 

plastic, which can be found in plastic waste cables or 

other electrical products, and were chosen as materials 

for this study (Figure 1). The sample wastes were 

provided by two Romanian companies (ECO Recycling 

CNE, Timisoara and Hidroplasto, Botosani) that deal 

with plastic recycling. They supplied the plastic by 

categories, PVC was multicolored (without black), 

while the other types of plastic were black. All types of 

plastic waste used in this study are from electrical 

products. The plastic waste used in this experiment had 

a size between 0.2 and 0.5 cm.  

 

Figure 1. PVC, PA, PC, and ABS plastic waste samples 

The analyze of density and specific volume of plastic 

samples was conducted according to ASTM D-20 2008 

[22].  

For the determination of water absorption, the plastic 

samples were dried at 50 ± 2 °C to constant mass, cooled 

in a desiccator, weighed, and then placed in distilled 

water maintained at 23 ± 1 °C. The plastic samples were 

periodically weighed and the results of plastic water 

absorption (c) were expressed as mass percentages of 

water absorbed [23]. 

Distilled water and CaCl2 anhydrous as reagents 

were used through the experiments. Different solutions 

of distilled water and CaCl2 with 5%, 10%, 20%, and 

30% concentration were chosen for the flotation tests.   

The CaCl2 solutions were characterized in terms of 

pH, density, electrical conductivity, and refractive 

index. The pH was measured with a Mettler Toledo pH 

meter, the conductivity measurements were performed 

with an XL30 Accumet conductivity meter, while the 

Leica Mark II Plus refractometer was used for refractive 

index evaluation. In addition, the density of CaCl2 

solutions was also determined according to Viana et al. 

[24]. 

All determinations were performed in triplicate. All 

reagents used in this study were procured from Sigma 

Aldrich (Germany). 

Flotation experiments were carried out in a flotation 

column with a height of 40 cm and a diameter of 8 cm 

(Figure 2). Polymer particles were weighed, combined, 

and introduced in the flotation column. There were 

considered three types of polymer particles 

combination: PVC with ABS, PVC with PC, and PVC 

with PA. In each flotation test, the sample used consisted 

of a mixture of 20 g plastic. The flotation column was 

filled with 0.5 L of flotation solution. Compressed air 

was introduced in the flotation column and gas bubbles 

were produced when air passed over a membrane. The 

airflow rate was 400 L/h and a flotation test was 

conducted for 4 min. After the flotation test plastics 

waste was collected, rinsed in distilled water, dried in 

the atmosphere, and weighed.  

 

Figure 2. Installation for separating plastic by flotation 

Flotation rate can be used to express the flotation 

behavior of plastics (Eq. 1) [25]:  

floating ratio = 
𝑀𝑓𝑝

𝑀𝑓𝑝+𝑀𝑠𝑝
∗ 100 (%) (1) 

where: Mfp represents the mass of floating plastics and 

Msp is the mass of submerged plastics.   

The determination of the separation efficiency was 

performed by calculating the recovery and purity indices 

(Table 1).  

Table 1. Recovery and purity equations used in this study  

Recovery equations Purity equations 

𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑃𝑉𝐶 =

 
𝑀𝑠𝑃𝑉𝐶

𝑀𝑠𝑃𝑉𝐶+𝑀𝑓𝑃𝑉𝐶
∗ 100, (%) (2) 

𝑝𝑢𝑟𝑖𝑡𝑦𝑃𝑉𝐶 =  
𝑀𝑠𝑃𝑉𝐶

𝑀𝑠𝑃𝑉𝐶+𝑀𝑠𝐴𝐵𝑆
∗

100, (%)        (6) 

𝑝𝑢𝑟𝑖𝑡𝑦𝐴𝐵𝑆 =  
𝑀𝑓𝐴𝐵𝑆

𝑀𝑓𝐴𝐵𝑆+𝑀𝑓𝑃𝑉𝐶
∗

100, (%)        (7) 

𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝐴𝐵𝑆 =

 
𝑀𝑓𝐴𝐵𝑆

𝑀𝑓𝐴𝐵𝑆+𝑀𝑠𝐴𝐵𝑆
∗ 100, (%)  (3) 

𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑃𝐶 =  
𝑀𝑓𝑃𝐶

𝑀𝑓𝑃𝐶+𝑀𝑠𝑃𝐶
∗

100, (%)      (4) 

𝑝𝑢𝑟𝑖𝑡𝑦𝑃𝑉𝐶 =  
𝑀𝑠𝑃𝑉𝐶

𝑀𝑠𝑃𝑉𝐶+𝑀𝑠𝑃𝐶
∗ 100 , 

(%)          (8) 

𝑝𝑢𝑟𝑖𝑡𝑦𝑃𝐶 =  
𝑀𝑓𝑃𝐶

𝑀𝑓𝑃𝐶+𝑀𝑓𝑃𝑉𝐶
∗ 100 , 

(%)           (9) 

𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑃𝐴 =  
𝑀𝑓𝑃𝐴

𝑀𝑓𝑃𝐴+𝑀𝑠𝑃𝐴
∗

100, (%)     (5) 

𝑝𝑢𝑟𝑖𝑡𝑦𝑃𝑉𝐶 =  
𝑀𝑠𝑃𝑉𝐶

𝑀𝑠𝑃𝑉𝐶+𝑀𝑠𝑃𝐴
∗ 100, 

(%)         (10) 

𝑝𝑢𝑟𝑖𝑡𝑦𝑃𝐴 =  
𝑀𝑓𝑃𝐴

𝑀𝑓𝑃𝐴+𝑀𝑓𝑃𝑉𝐶
∗ 100 , 

(%)          (11) 

where: MsPVC, MsABS, MsPA, MsPC are the mass of PVC, ABS, PA and 

PC in the submerged products, while MfPVC, MfABS, MfPA, MfPC are the 

mass of PVC, ABS, PA and PC in the floating products.  

2.2. Statistical analysis 

The measured values were used for the ANOVA 

analysis of variance, performed with STATGRAPHICS 

CENTURION XVI software (Trial Version), and for 

Pearson correlation performed with SPSS 13.0 software 

(SPSS Inc. Chicago, IL). 
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3. Results and discussion  

3.1. Characterization of waste plastics and flotation 

solution 

The density and specific volume of the waste plastics 

were determined and presented in Table 2. It can be 

observed that PVC density is higher than the densities of 

the other plastic types (ABS, PC, PA) considered in this 

study. The ANOVA analysis divided the density and 

specific volume results into different statistical groups 

(a-d). 

The PVC was the submerged plastic due to its higher 

density, while the other plastics floated. The densities of 

the plastic types considered in this study have values 

similar to those found in other studies published as 

follows: PVC 1.19-1.54 g/cm3, ABS 1.02-1.21 g/cm3, 

PC 1.20-1.22 g/cm3, PA 1.01-1.20 g/cm3 [2, 13, 26-28].  

In the recycling process of waste plastics, the 

moisture content represents a significant characteristic 

that impacts the decisions for transportation, treatment 

procedures, and also influences the reuse condition [29]. 

The initial moisture content of waste polymers ranged 

between 0.0345 % (d) and 1.0053 % (a) the highest value 

being measured for PA samples, while the PVC samples 

presented the lowest results.  

The ANOVA statistics highlighted the difference 

between the physical properties of analyzed waste 

polymers at a level of p < 0.001, which indicates that the 

plastic samples used in the present study have different 

properties. 

Table 2. Physical properties of waste polymers used in flotation tests 

Polymer 
Density 

(g/cm3) 

Specific volume 

(cm3/g) 

Moisture content 

(%) 

PVC 1.3823a ± 0.0006 0.7234d ± 0.0003 0.0345d ± 0.0048 

ABS 0.9723d ± 0.0019 1.0284a ± 0.0020 0.1918b ± 0.0017 

PC 1.2034b ± 0.0060 0.8312c ± 0.0043 0.0864c ± 0.0156 

PA 1.0607c ± 0.0025 0.9427b ± 0.0022 1.0053a ± 0.0031 

F-Ratio 8127 7599 5912 

P- Value p < 0.001 p < 0.001 p < 0.001 

Different lowercase letters (a–d) in a column show significant differences between the groups (p < 0.05). 

Density, pH, electrical conductivity, and refractive 

index determined for each CaCl2 solution are presented 

in Table 3. The pH values of the CaCl2 solutions 

decreased with the increase of the solution concentration 

from 6.84 at 5% to 6.27 at 30%; the ANOVA analysis 

highlighted this difference at a level of p < 0.001. These 

values indicating a weakly acidic to neutral pH. The pH 

of the solution used for flotation is also an important 

issue, especially when, after utilization, it is sent to a 

wastewater treatment plant. Densities and electrical 

conductivities of CaCl2 solution increased with the 

increase of the concentration from 1.0358 to 1.2282 

g/cm3 and from 58.66 to 168.66 mS/cm respectively.   

Based on the analysis of variance ANOVA it can be 

observed that the results of density, electrical 

conductivity, and refractive index are distributed in the 

same statistical group (a - d) in accordance with the 

flotation solutions concentration. 

Table 3. Characterization of CaCl2 solution used in flotation tests 

CaCl2 concentration 

(%) 
pH 

Density 

(g/cm3) 

Electrical conductivity  

(mS/cm) 
Refractive index 

5 6.8466a ± 0.0047 1.0358d ± 0.0001 58.66d ± 0.2011 1.3435d ± 0.0001 

10 6.7500b ± 0.0081 1.0742c ± 0.0001 101.033c ± 0.2494 1.3541c ± 0.0002 

20 6.4000c ± 0.0141 1.1432b ± 0.0001 151.26b ± 0.3681 1.3751b ± 0.0002 

30 6.2733d ± 0.0094 1.2282a ± 0.0001 168.66a ± 0.0471 1.3977a ± 0.0001 

F-Ratio 1594 2200491 82820 25570 

p- Value p < 0.001 p < 0.001 p < 0.001 p < 0.001 

Different lowercase letters (a–d) in a row show significant differences between the groups (p < 0.05). 

In Figure 3 is presented the water absorption of PA, 

PVC, ABS, and PC plastic samples immersed in 

distilled water for 24, 48, 72, 96, 120, and 192 hours. It 

can be observed that the highest water absorption was 

measured for PA samples, which varied from 2.641% to 

6.263%. The other analyzed samples showed close 

values at the beginning (0.219% PVC, 0.378% ABS, 
and 0.165% PC), but during the measurements there 

were variations. 

 

Figure 3. Water absorption of analyzed waste plastic 

samples: ▲ – PA; ■ – PVC; ◆ – ABS; ● – PC 
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3.2. Separation performance of plastics  

3.2.1. Separation performance of PVC and ABS through 

flotation test modulated by CaCl2 solution  

The mixtures of PVC and ABS in flotation tests consist 

of 10 g of each plastic type of similar size. Figure 4a 

shows that the recovery of PVC was over 98% 

regardless of the concentration of the CaCl2 solution 

used for flotation. The highest recovery rate for PVC 

was 99.75% determined when a 30% CaCl2 solution was 

used. Regarding the recovery of ABS, it can be seen that 

the percentage of recovered ABS increases with the 

increasing concentration of CaCl2 solution. 94% is the 

highest recovery rate for ABS, when 30% CaCl2 solution 

was used for flotation. Results illustrated in Figure 4b 

indicate that the values of the ABS purity are higher than 

the values obtained for the PVC, regardless of the CaCl2 

solution concentration. Also, it can be observed that the 

higher values of PVC (93.72%) and ABS (99.76%) 

purity were obtained for the flotation tests when 30% 

CaCl2 solution was used.  

 

Figure 4. Effect of CaCl2 concentration on the a) recovery 

and b) purity of PVC and ABS plastics  

3.2.2. Separation performance of PVC and PC through 

flotation test modulated by CaCl2 solution  

Mixtures of 10 g of each plastic type (PVC and PC) were 

used in the flotation tests. It was observed that the higher 

recovery rate of PVC (99%) was obtained after the 

flotation test with 10% CaCl2 solution, while the lowest 

(90%) was registered after the flotation test of PVC and 

PC mixture with 30% CaCl2 solution (Figure 5a). 

Recovery rate of PC increased with the increasing of the 

CaCl2 solution concentration, from 27.23% when 5% 

solution of CaCl2 was used for flotation test to 97.62% 

when 30% solution of CaCl2 was considered (Figure 5a).  

The values for the PC purity determined were between 

91 and 98%, and the higher value was obtained when 

10% solution of CaCl2 was used for flotation (Figure 

5b). Instead, the purity rate of PVC increased with 

increasing of the CaCl2 solution concentration and the 

higher value (97.51%) was obtained when 30% solution 

of CaCl2 was used for the flotation test (Figure 5b).  

 

Figure 5. Effect of CaCl2 concentration on the a) recovery 

and b) purity of PVC and PC plastics  

3.3. Separation performance of PVC and PA through 

flotation test modulated by CaCl2 solution  

PVC and PA mixtures consisting of 10 g from each type 

of plastic were subjected to flotation tests. After 

weighing the samples, the degree of recovery and purity 

of PVC and PA were calculated. The obtained results 

showed that PA recovery rate increase, while PVC 

recovery rate decreases slightly with increasing of CaCl2 

solution concentration (Figure 6a). PA recovery had the 

highest value (95.25%) and the lowest value (19.09%) 

when solutions of 30% and 5% CaCl2, respectively, 

were used. The purity of PVC increased with the 

increasing concentration of CaCl2 solution (Figure 6b), 

this was observed also in the other flotation tests 

presented in this study. PA purity had high values 

between 96.70 and 98.97%, the higher value was 

obtained when CaCl2 solution had a concentration of 

10%.  

 
Figure 6. Effect of CaCl2 concentration on the recovery and 

purity of PVC and PA plastics  
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Results indicated that after flotation tests the 

recovery rate of PVC decreases slightly with increasing 

of CaCl2 solution concentration and density, while the 

degree of recovery of other plastic types (ABS, PC, PA) 

increases significantly. The decrease in the recovery rate 

of PVC when using a 30% CaCl2 solution can be 

explained by the fact that the density of the solution is 

close to the density of PVC. In terms of purity, it has 

been observed that purity rate of PVC increases with 

increasing concentration of CaCl2 solution and density, 

while the purity degree of other plastic types (ABS, PC, 

PA) decreases slightly. CaCl2 influences the wettability 

of plastic which increases with CaCl2 solution 

concentration. According to Pongstabodee et al. [13], 

Ca2+ contributes for neutralization of the plastics 

negative surface charges.  

The flow chart of plastic separation through flotation 

is illustrated in Figure 7. After flotation, PVC 

submerged, while ABS, PC, and PA are floating. The 

same aspect was presented by Pongstabodee et al. [13] 

regarding the submersion of PVC and the flotation of 

ABS in CaCl2 solution. All types of plastic were 

weighed before and after flotation. They were washed 

and dried and then weighed after flotation.  

The Pearson correlation analysis performed on the 

results of CaCl2 solution used in flotation tests and on 

the productivity of the separation process showed a 

strong negative correlation between density, electrical 

conductivity refractive index, concentration and the 

recovery values of PVC from the PVC – PA mixture (r 

= -0.982, r = -0.981, r = -0.906, r = -0.982); while the 

purity results were positively influenced by the same 

parameters (r = 0.986, r = 0.987, r = 0.968, r = 0.986). 

In the case of the PVC – PC mixture the results of PC 

recovery and the results of the PVC purity were 

positively influenced by density (r = 0.969, r = 0.959), 

electrical conductivity (r = 0.983, r = 0.952), refractive 

index (r = 0.976, r = 0.964), and concentration (r = 

0.980, r = 0.966) of flotation solution.  

 

Figure 7. Flow chart of plastic separation through flotation  

4. Conclusions  

Forced aeration flotation was used successfully for 

plastic waste separation, being a promising method for 

plastic recycling resulted from electrical products. Both 

recovery and purity indicators were influences 

significantly by the concentration of flotation solutions. 

The highest recovery rate was obtained for the PVC 

samples (99.75%) in the PVC – ABS mixture, while the 

highest purity was recorded for ABS samples (99.76%) 

for the same mixture (PVC – ABS) and the same 

concentration of 30% CaCl2. In the case of the PVC – 

PA and PVC – PC mixtures, the PVC recovery is not 

significantly influenced by the concentration of the 

flotation solutions, whereas the PA and PC recovery are 

positively influenced by the increasing concentration of 

the flotation solutions. 
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