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Abstract 

This work focuses on the separation of ABS and plastics from the waste of electrical and 
electronic equipment using froth flotation combined with a physical conditioning 
technique. In the present study, the separation of PS and ABS, with size ranging from 2 
to 4 mm, was addressed. A two-level L16 Orthogonal Array of Experiments using the 
Taguchi design of experiences approach was developed, with 7 manipulated variables: 
treatment time, treatment temperature, elapsed time between the end of the treatment 
and the start of the flotation test, frother (MIBC) concentration, air flow rate, impeller 
speed and pH. The results obtained show that the proposed treatment can separate PS 
from ABS, while obtaining products with high purity. Furthermore, the experimentation 
methodology allows the correct evaluation of the effect of several operating variables 
and some interactions on the flotation results. The alteration induced by treatment was 
also studied using contact angle measurements, image analysis and thermogravimetric 
analysis. The results show the ability of the proposed treatment to separate PS from ABS 
by selectively altering the plastics wettability and its possible application in the recycling 
industry 

Author Keywords. Plastics separation, WEEE plastics, froth flotation, Taguchi design of 
experiments, flotation kinetics, ABS, PS. 

 

1. Introduction 

The separation of plastics in very fine particles, as they appear in waste streams of electric and 

electronical equipment, is a challenge in the plastic recycling industry. The use of froth flotation 

for the separation of plastic with the same density is referred by several authors as a simple and 

effective method (Wang et al., 2015).  

This work revisits Wang et al. (2014) work for the separation of acrylonitrile-butadiene-styrene 

(ABS) and polystyrene (PS) plastics with froth flotation, testing new conditions, proposing new 

temperature ranges and treatment times, as well as studying all identifiable variables and/or 

interaction variables. Seven operational variables were studied: treatment time and temperature 

and time elapsed between the treatment and flotation, MIBC concentration, pH, air flow rate and 

impeller speed using a Taguchi design of Experiments. Taguchi designs are fractional factorial 

experiments in which only a subset of the runs of a full factorial design is used. Orthogonal Arrays 

(OAs) are used for designing the experiments, providing the desired information with the least 

possible number of trials with adequate precision (Krishnaiah & Shahabudeen; 2012). 
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To study the separation process, the Selectivity Index proposed by Gaudin (1957) was used 

instead of the most commonly used Recoveries of plastics in the floated product. This index is 

considered a convenient measure of a binary separation by denoting both recovery and rejection 

of two components with each other. Furthermore, in order to understand the physical conditioning 

surface modification mechanisms due to the applied treatment, the plastic samples were analysed 

using thermogravimetric analysis, contact angle measurements and the development of an image 

analysis technique to evaluate surface roughness.  

2. Materials and Methods 

2.1. Samples and Equipment 

The 2 different types of plastic samples, PS and ABS, were obtained from a television and an 

electric mixer, respectively, collected at the facilities of Ambigroup Reciclagem S.A., a Portuguese 

recycling company. The selected appliances presented different colours to ease the analysis of 

the flotation products by manual sorting and image analysis. The equipment was firstly manually 

dismantled and then shredded on a Retsch SM 2000 shredding mill equipped with an 8 mm sieve. 

After shredding, the items were classified by dry sieving using a Fritsch Analysette apparatus. 

The size range of 2 to 4 mm was selected to the flotation tests. 

2.2. Experimental Procedure and the Taguchi approach for the Design of Experiments 

2.2.1. Physical conditioning 

The plastic samples were heated in tap water using a heating plate with magnetic stirring. The 

treatment followed Wang et al. (2014) procedure. The samples were soaked and stirred in tap 

water for 30 min, then the heating plate was switched on to reach a certain temperature and the 

plastics heated in water. After that, the samples were cooled by water and later used on the 

flotation tests.  

2.2.2. Flotation experiments 

The flotation tests were carried out in a single separation stage in a mechanically agitated Leeds 

Flotation Cell fitted with an extra module and a mid-height placed grid to prevent excessive 

turbulence, with 5L capacity. The cell is mechanically agitated by a rotating impeller at the bottom 

with controllable speed. The compressed air is introduced at the bottom, directed to the centre of 

the impeller blades. 

According to Fraunholcz (1997), plastics depression in froth flotation must be made in the 

presence of cations, therefore tap water was used. The reagents used were Methyl Isobutyl 

Carbinol (MIBC) as frother agent and for the pH modification solutions of 25% of sodium hydroxide 

(NaOH), and 20% of sulfuric acid (H2SO4). 
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2.2.3. Taguchi Design of Experiments 

The variables chosen for manipulation are related to the treatment applied to the plastics, namely 

the treatment time, temperature and elapsed time between the end of the treatment and the 

flotation test, such as MIBC concentration, air flow rate, impeller speed and solution pH (Table 1). 

The level (value) of the variables tested in the experimental design was established in “one-

variable-at-a-time” preliminary tests and through previous experiences. According to the Taguchi 

design, were chosen two levels for each parameter, plus one centre point in order to evaluate the 

existence of curvature in the response model and to enable an independent estimate of the pure 

error.  

Table 1: Manipulated variables used in the study 

Code Manipulated variable 

A MIBC concentration 

B Air flow rate 

D pH 

G Treatment temperature 

K Impeller speed 

M Elapsed time between treatment and flotation 

P Treatment time 

Unlike full factorial designs, that allow an analysis of the variables and interactions effects without 

aliasing, in the Taguchi experimental design the effect of interaction between variables is mixed 

with the main effect of variables. Thus, when considering interactions special care must be given 

to the column assigned to each factor. 

Variables were assigned to the design columns in order to calculate the main effects without 

aliasing. An L16 orthogonal array (OA) of experiments was chosen to determine the effect of the 

seven manipulated variables. Some columns were left unassigned and thus have been allocated 

to calculate the effect of interactions between variables and to calculate the residuals. The 

allocation of variables was carried out considering the only two-variable interaction, using the 

interaction tables and linear graphs of an L16 OA (Table 2) (Krishnayah & Shahabudeen, 2012). 

The coded values -1 and 1 correspond to the minimum and maximum level of a variable and 0 to 

the centre point between levels -1 and 1. 
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Table 2: Matrix for the experimental plan with the coded values for variables 

Test A B C D E F G H J K L M N O P 

1 -1 -1 -- -1 -- -- -- -1 -- -1 -- -1 -- -- -1 
2 -1 -1 -- -1 -- -- -- 1 -- 1 -- 1 -- -- 1 
3 -1 -1 -- 1 -- -- -- -1 -- -1 -- 1 -- -- 1 
4 -1 -1 -- 1 -- -- -- 1 -- 1 -- -1 -- -- -1 
5 -1 1 -- -1 -- -- -- -1 -- 1 -- -1 -- -- 1 
6 -1 1 -- -1 -- -- -- 1 -- -1 -- 1 -- -- -1 
7 -1 1 -- 1 -- -- -- -1 -- 1 -- 1 -- -- -1 
8 -1 1 -- 1 -- -- -- 1 -- -1 -- -1 -- -- 1 
9 1 -1 -- -1 -- -- -- -1 -- -1 -- -1 -- -- 1 

10 1 -1 -- -1 -- -- -- 1 -- 1 -- 1 -- -- -1 
11 1 -1 -- 1 -- -- -- -1 -- -1 -- 1 -- -- -1 
12 1 -1 -- 1 -- -- -- 1 -- 1 -- -1 -- -- 1 
13 1 1 -- -1 -- -- -- -1 -- 1 -- -1 -- -- -1 
14 1 1 -- -1 -- -- -- 1 -- -1 -- 1 -- -- 1 
15 1 1 -- 1 -- -- -- -1 -- 1 -- 1 -- -- 1 
16 1 1 -- 1 -- -- -- 1 -- -1 -- -1 -- -- -1 

17 0 0 -- 0 -- -- -- 0 -- 0 -- 0 -- -- 0 
18 0 0 -- 0 -- -- -- 0 -- 0 -- 0 -- -- 0 
19 0 0 -- 0 -- -- -- 0 -- 0 -- 0 -- -- 0 

All the tests were randomly performed to ensure the independence of observations and errors. 

2.3. Treatment evaluation methods 

The applied physical conditioning technique intended to selectively alter the surface of one of the 

plastics. Contact angle measurements were taken to evaluate surface wettability before and after 

the treatment. To understand the scale of the surface change, an image analysis tool was 

developed in MATLAB to evaluate surface roughness. Both plastics were also analysed using 

thermogravimetric analysis, to evaluate their thermal degradation and study the presence of 

additives, since this can be a hindering factor for plastic recycling. 

5. Results and discussion 

The separation process was evaluated by the Recovery (R) of plastic 𝑖 (ABS or PS) in the floated 

product at the end of the flotation test (Equation 1) and the Selectivity Index (SI) (Equation 2). SI 

is an index proposed by Gaudin (1957) as a convenient measure of a binary separation by 

denoting the recovery of the two components in each product (floated od sunken) with each other 

𝑅𝑖(%) =  
𝑚𝑖 , 𝑓𝑙𝑜𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑖,𝑓𝑒𝑒𝑑
× 100 

(Equation 1) 

𝑆𝐼 =  √
𝑅𝐴𝐵𝑆,𝑓𝑙𝑜𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 × 𝑅𝑃𝑆,𝑠𝑢𝑛𝑘𝑒𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

(100 − 𝑅𝐴𝐵𝑆,𝑓𝑙𝑜𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡) − (100 − 𝑅𝑃𝑆,𝑠𝑢𝑛𝑘𝑒𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)
 

(Equation 2) 

Where 𝑅𝐴𝐵𝑆 and 𝑅𝑃𝑆 are respectively the recovery of ABS and PS. 

Software Design-Expert 10.0.0, Stat-Ease Inc. was used for experimental design, data analysis 

and response modelling, to study the Selectivity Index. This response combines both ABS and 

PS response, minimizing PS recovery in the floated product and maximizing ABS in the floated 

product. Through analysis of variance (ANOVA) was possible to estimate the statistical 
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parameters. To estimate the significance of all terms in the polynomial equation, the F-test was 

employed within a confidence level of 95%. 

5.1. Preliminary study 

A preliminary study was carried out to establish the variable ranges for the experimental plan. 

According to preliminary results, the ranges for the manipulated variables were chosen (Table 3). 

Table 3: Range of the manipulated variables used for the Taguchi experimental plan 

Code Manipulated variable Unit Min 
-1 

Centre 
0 

Max 
1 

A MIBC concentration mL.L-1 0.2 0.35 0.5 

B Air flow rate L.h-1 40 50 60 

D pH  4 7 10 

G Treatment temperature °C 40 60 80 

K Impeller speed rpm 600 620 640 

M Elapsed time between treatment and flotation h 0 12 24 

P Treatment time min 70 80 90 

5.2. Taguchi design results 

Table 4 shows the experiment results. 

Table 4: Results of the Taguchi experimental plan 

Test 

Manipulated variables Responses 

A B D H K M P 
RABS 

(%) 

RPS 

(%) 

SI 

1 0,2 40 4 40 600 0 40 99,20 30,37 16,90 

2 0,2 40 4 80 640 24 80 98,80 29,01 14,22 

3 0,2 40 10 40 600 24 80 99,00 9,10 31,38 

4 0,2 40 10 80 640 0 40 99,10 30,49 15,88 

5 0,2 60 4 40 640 0 80 98,71 38,42 11,06 

6 0,2 60 4 80 600 24 40 98,10 7,48 25,28 

7 0,2 60 10 40 640 24 40 98,21 55,71 6,61 

8 0,2 60 10 80 600 0 80 99,10 23,02 19,19 

9 0,5 40 4 40 600 0 80 98,11 29,85 11,05 

10 0,5 40 4 80 640 24 40 98,79 25,50 15,43 

11 0,5 40 10 40 600 24 40 99,30 5,67 48,67 

12 0,5 40 10 80 640 0 80 99,30 14,39 15,76 

13 0,5 60 4 40 640 0 40 98,31 28,66 12,02 

14 0,5 60 4 80 600 24 80 98,09 3,23 39,17 

15 0,5 60 10 40 640 24 80 98,61 15,57 19,60 

16 0,5 60 10 80 600 0 40 99,20 28,51 17,58 

17 0,35 50 7 60 620 12 60 99,10 17,12 23,04 

18 0,35 50 7 60 620 12 60 98,21 10,12 22,05 

19 0,35 50 7 60 620 12 60 98,59 41,65 9,90 

In terms of flotation products, the Purity and Selectivity Index over flotation time were analysed. 

Figure 1 shows an overview of average product Purity and average SI over flotation time.  
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From Figure 1a, it can be observed that Purity of ABS product decreases with time and PS purity 

in the sunken product increase with time. Regarding this result, it can be concluded that PS starts 

to float after 1 minute of flotation. The selectivity decreases with time, due to an increased flotation 

of PS. 

Table 5 andTable 6 present curvature evaluation and the ANOVA statistical results for the 

Selectivity Index, respectively. The response model results from a selection process through 

which only factors and interactions between them considered as significant for the model were 

chosen, integrating the remaining variables and interactions to the lack of fit of the residuals.  

Table 5: ANOVA summary for the curvature adjusted model 

 Adjusted F-value p-value  

Model 11,37 0,0005 significant 

Curvature 0,32 0,5859  

Lack of fit 0,26 0,9317  

The p-value show that there is no significant curvature effect in the model. Therefore, a linear 

model can be fit to the data. 

Table 6: ANOVA results for the Selectivity Index 

Source Sum of 

Squares 

d.f. Mean Square F Value p-value  

Model 1743,36 7 249,05 12,12 0,0002 significant 

A: MIBC concentration 93,90 1 93,90 4,57 0,0558  

B: Air flow rate 22,04 1 22,04 1,07 0,3226  

D: pH 54,54 1 54,54 2,65 0,1316  

K: Impeller speed 608,12 1 608,12 29,59 0,0002  

M: Elapsed time 409,25 1 409,25 19,92 0,0010  

F: AM or BP 169,00 1 169,00 8,22 0,0153  

N: BD or KM 386,52 1 386,52 18,81 0,0012  

Residual 226,03 11 20,55    

Lack of fit 118,94 9 13,22 0,25 0,9444 not significant 

Pure error 107,09 2 53,54    

Total 1969,39 18     

Figure 1: a - Average product purity over cumulative flotation time; b - Average Selectivity Index over cumulative 
flotation time 
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Variables with p-value greater than 0,05 were eliminated from the model because they were not 

significant. Only the impeller speed, elapsed time, and interactions assigned to sources F and N 

were significant model terms. To disclose which interactions were taking part in F and N, the 

confounded terms for both model terms were studied to find the existence of any synergetic 

relation between the variables. It was concluded that the significant effect in model term F 

corresponded to the interaction between MIBC concentration and elapsed time (AM) and the 

significant model term in N corresponded to the interaction between the air flow rate and pH (BD). 

Thus, MIBC concentration, air flow rate and pH variables integrate the model by participating in 

significant interactions.  

The lack of fit F-value of 0,25 implies that the lack of fit is not significant relative to the pure error. 

The pure error contribution to the residuals is very high. As previously mentioned, the design 

includes three replicates at the centre point and even though operating conditions were the same, 

the responses had great variability, which reflects on the pure error that is based on these 

repeated experiments. 

Considering the above, the equation of the linear regression model for the Selectivity Index 

response is presented in Equation 3, where the low level of variables is coded as -1 and the high 

level as +1. 

𝑺𝑰 = 19,73 + 2,42𝑨 − 1,17𝑩 + 1,85𝑫 − 6,17𝑲 + 5,06𝑴 + 3,25𝑨𝑴 − 4,92𝑩𝑫 (Equation 3) 

The equation that models the Selectivity Index response is conditioned by multiple variables and 

interactions. The coefficients show that the process selectivity is mainly influenced by the impeller 

speed (K) which is a variable that control particle transport in the cell, namely the impeller speed. 

The negative value shows that the impeller speed and selectivity are inversely related. When 

increasing the impeller speed, the selectivity decreases. Increasing impeller speed might cause 

an increase in cell turbulence thus affecting the bubble-particle aggregate. Selectivity is also 

influenced by the air flow rate and pH interaction (BD), followed by the interaction between MIBC 

concentration and the elapsed time between treatment and flotation (AM). The MIBC 

concentration (A), air flow rate (B), pH (D) and elapsed time (M) effect should not be considered 

independently, because their effects are not independent. 
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The next figures show some model surfaces for the Selectitivy Index response. 

The adequacy of the model was further verified by checking the coefficient of determination (𝑅2), 

the adjusted 𝑅2, predicted 𝑅2 and the adequate precision.  

Table 7: ANOVA results for Selectivity Index model adequacy 

𝑹𝟐 0,8855 

Adjusted 𝑹𝟐 0,7936 

Predicted 𝑹𝟐 0,6506 

Adequate precision 11,266 

Furthermore, the ANOVA assumptions of normal distribution of the residuals, constant variance 

and independence of residuals were fulfilled. 

6. Treatment evaluation methods 

The contact angle was determined by placing a droplet of water on the plastic samples surface. 

The droplet was illuminated to produce an image with clear edges, which was then reproduced 

by a video camera. A set of four samples of each plastic (treated and untreated) was tested, each 

sample measured eight times. The plastic contact angle value is an average of the 24 

measurements. The images were captured and treated using MATLAB. The results are listed in 

Table 8. 

Table 8: ABS and PS contact angles for treated and untreated samples 

Samples Contact angle (º) 

Untreated 
ABS 81,9 

PS 82,0 

Treated (80ºC for 80 

minutes) 

ABS 78,5 

PS 75,0 

Both plastics presented close experimental angles for the untreated samples. It is observed a 

decrease in the contact angle with for both plastics after the treatment. ABS contact angle 

Figure 2: Model surfaces for MIBC concentration and elapsed time, and air flow rate and pH 
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decreased from 81,9º to 78,5º with the treatment, showing a difference of 4% equivalent to 3,4º. 

PS contact angle showed a difference of 8,5%, equivalent to 7º. the physical conditioning 

effectively changes the surface the surface of plastics, rendering PS more hydrophilic than ABS. 

However, the slight differences between contact angles of the treated samples (they differ only 

by 3,5º) do not fully explain the recovery differences between both plastics. More factors may be 

interfering, namely MIBC adsorption mechanism on the plastic surfaces. These unknown factors 

may be behind the high variability that prevailed in the experimental work. 

The image analysis tool was developed in MATLAB, using the Image Processing toolbox 

functions to characterize the texture of the plastic particles. The tool used several texture analysis 

functions that filtered the provided images using statistical measures. The images were acquired 

using a Canon 500D equipped with a Canon MACRO 100mm objective lens, placed at 45,2 cm 

perpendicular to the sample, using a Polaroid MP-4 Land Camera apparatus. Images were 

acquired in the same light conditions. 

No evident trend could be inferred from the measured alterations, thus hypothesis may be drawn: 

the scale of the surface alteration is below the camera resolution (197,1 µm2/pixel); particles 

three-dimensionality and the angle on which images were taken may be a drawback on using 

two-dimensional images to determine a three-dimensional parameter like roughness due to the 

way light will reflect differently on the different surfaces of the same particle when the sample is 

agitated between image acquisitions; the selective influence of the treatment is attributed to 

different molecular mobility of the polymer chains, as suggested by Wang et al. (2014). 

Regarding the thermogravimetric analysis, the tested ABS plastics apparently do not present 

additives. Degradation pattern did not show any difference from reference virgin ABS degradation 

pattern. However, some differences were observed between the original PS sample and virgin 

PS that might be due to the presence of additives in this plastic. These results show that the 

physical conditioning technique can be useful to separate plastics with additives. 

7. Conclusions 

The separation between the two waste plastics ABS and PS was studied, using froth flotation 

combined with physical conditioning treatment. This treatment consisted in heating in tap water 

both plastics before the flotation test. Under the treatment conditions PS was depressed while the 

overall floatability of ABS was slightly altered. The obtained results do not meet Wang et al. 

(2014), on which the treatment used was based. This could be either to the different frother used 

(MIBC instead of terpineol) or different additives present in the plastics in both works. 

It was possible to achieve both floated and sunken products with high purity in ABS and PS, 

respectively. After two minutes of flotation, it was possible to achieve 91% ABS in the floated 

product and 97% of PS in the sunken product. This method achieves a selective separation. The 

selectivity index was determined. The greatest Selectivity Index was achieved at one minute of 

flotation, with a value of 28,06. When increasing flotation time, selectivity decreased. 
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A linear model was found to explain the selectivity index response and it was demonstrated that 

impeller speed and elapsed time between treatment and flotation tests, as well as interactions 

between MIBC concentration and elapsed time, and air flow rate and pH have the most influence 

on the process efficiency. The 𝑅2 coefficient of 0,8852 is good, thus the model fitted the data 

properly. The SI response model shows an adequate precision of 12,646, meaning that it is 

relatively robust to noise. However, data variability and results have characterized the 

experimental work.  

The conducted supplementary analysis allowed to complement the analysis of the statistical 

results. The contact angle analysis shows that there is a change in the wettability characteristics 

of both plastics with the treatment, which explains the different floatability results. The image 

analysis did not provide further information on how the surface was changed. This could be either 

due to poor camera resolution, bad implementation of the image analysis tool or even the 

wettability change happening at a lower scale, namely in changes in the polymeric chain, clearly 

not observable in the acquired images. The thermogravimetric analysis showed that this method 

is suitable to produce products from plastics with proper to deliver to the recycling industry, but 

more studies are needed.  
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