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Obstract

Froth flotation is the most common process in mineral processing. For the separation of plastic mixtures by flotation, the 
use of appropriate wetting agents is mandatory. The floatability of six post-consumer plastics was studied at different 
concentrations of the wetting agents, saponin and sodium lignosulfonate. Also, the influence of size and shape of the 
particles were analyzed. Contact angle and floatability of the six plastics decreased with increasing wetting agents 
concentration. The order of floatability is similar to the order of the contact angles values. However, the influence of the 
wetting agents in the plastics floatability is more pronounced than in the contact angle. Floatability decreased with the 
increase of particle density, particle size and spherical shape. For fine particles floatability is fundamentally conditioned 
by the contact angle, while for coarse particles floatability is fundamentally conditioned by the particles weight.
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1. Introduction

Plastics have become widely used materials because of 
their advantages, such as cheapness, durability, lightness, and 
hygiene. Global production of plastics has been continuously 
rising, gradually replacing materials like glass and metal. 
In the last decade, the world production of plastics has been 
growing around 3.5% per year, increasing from 230 million 
tonnes in 2005 to 348 million tonnes in 2017, with an 
European production of 64.4 million tonnes (18.5% of the 
world plastic production)[1]. In 2017, Europe demand for 
plastic materials was 51.2 million tonnes, but about 39% 
of the demand is concentrated in two countries: Germany 
and Italy[1]. To take full advantage of the benefits of plastics, 
their products require a proper recovery and management 
when they reach the end of their service life. Recycling is 
the preferred option for plastics waste. In Europe, in 2016, 
31.1% of post-consumer plastic was recycled and 41.6% was 
recovered through energy recovery processes, being the landfill 
disposal the main form of plastics disposal (27.3%)[1]. In the 
last decade, recycling has increased by 79%, incineration 
has increased by 61% and landfilling has decreased by 43%. 
It should be noted that, in some countries, such as Austria 
and the Netherlands, less than 1% of plastics are deposited 
in landfills, while in other countries, like Malta and Greece, 
about 80% of plastics are deposited in landfills.

Plastics recycling require the separation from other 
constituents and also the separation of plastic mixtures into 
individual plastics in order to achieve a good recycled plastic 
quality. Over the recent years, some separation technologies 
developed in mineral processing engineering have been applied 
in the separation of plastic mixtures into their individual 
components. One of them is the froth flotation method. 

Flotation is the most common concentration process used by 
the mineral industry, allowing the separation of hydrophobic 
material from hydrophilic one. In a mixture of hydrophobic 
and hydrophilic particles suspended in water, with air bubbled 
through the suspension, the hydrophobic particles attach 
to the air bubbles and by buoyancy are transported from 
the suspension to the froth zone. The hydrophilic particles 
do not attach to air bubbles, thus remaining in the pulp. 
The use of flotation for plastics separation is particularly 
challenging because, unlike most minerals, most plastics 
are hydrophobic in their natural state. Thus, in order to 
separate plastic mixtures by froth flotation, one or more 
plastic type must become hydrophilic by the addition of 
selective wetting agents, while the others are maintained 
hydrophobic[2-5]. Several wetting agents of plastics have 
been tested for the selective flotation of plastic mixtures. 
Methyl cellulose, polyvinyl alcohol, polyethylene glycol, 
gelatin, tannic acid, saponin, terpineol, triton X-100, calcium 
lignosulfonate and sodium lignosulfonate have been used 
as wetting agents by several authors[6-17]. Plastic flotation is 
controlled not only by the hydrophobicity, but also by the 
shape and size of the plastic particles[18-22].

This work aimed to study the influence of saponin and 
sodium lignosulfonate on the floatability of six plastics, and 
also, to compare it with the effect of tannic acid[22]. Moreover, 
it tried to establish the ideal concentrations of these two 
wetting agents to separate plastic mixtures and evaluate the 
relations of the floatability of plastics with contact angles 
and gravity factors, such as particle density, particle shape 
and particle size.
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 2. Experimental

2.1 Materials and methods

This work used six types of post-consumer plastic: 
Polystyrene (PS, black), Polymethyl methacrylate 
(PMMA, white), Polyethylene Terephthalate (PET-S, blue), 
Polyethylene Terephthalate (PET-D, transparent), Polyvinyl 
Chloride (PVC-M, light green) and Polyvinyl Chloride 
(PVC-D, gray) (Figure 1). The density of these plastics, 
measured by an Ultra Pycnometer (AccuPyc 1330), are as 
follows: PS: 1.047 g/cm3; PMMA: 1.204 g/cm3; PET-S: 
1.372 g/cm3; PET-D: 1.364 g/cm3; PVC-M: 1.326 g/cm3 and 
PVC-D: 1.209 g/cm3. To study the influence of the particle 
size, the material was classified by sieving in five size 
fractions: +1-1.4 mm, +1.4-2 mm, +2-2.8 mm, +2.8-4 mm 
and +4-5.6 mm. The shape factor, defined by the ratio 
between the thickness (Dmin) and length (Dmax), of the six 
plastics versus size fractions was already assessed[22]. PMMA, 
PS and PVC-D particles presented more spherical shapes, 
while PET-D particles showed lamellar shapes. Particle 
shape factor proportionally decreased with particle size 
in PET-D, PET-S and PVC-M, whereas in the other three 
plastics, particle shape factor increased with particle size.

Wetting agents used in the flotation experiments were 
saponin (84510 Sigma Aldrich) and sodium lignosulfonate 
(471038 Sigma Aldrich). Methyl isobutyl carbinol (MIBC) 
(109916 Sigma Aldrich) was used as frothing reagent.

2.2 Contact angle measurements

The interaction between particles and air bubbles is a key 
element to effectively recover valuable minerals via flotation 
process. The easiest way to determine the hydrophobicity of 
a substance is to measure the contact angle, that is, the angle 

formed by a water droplet in contact with a solid surface. 
There is a positive correlation between the hydrophobicity and 
the floatability, i.e., the flotation recovery increases with the 
increase of the contact angle. Contact angles were measured 
in the Data Physics Instruments OCA20 equipment, using 
the sessile drop method. A water drop was placed onto the 
surface of plastic particles (before and after their treatment 
with the wetting agents) and the different contact angles 
were measured. This process was repeated seven times for 
each plastic and the average value was considered to be the 
contact angle of the plastic.

2.3 Flotation experiments

Flotation experiments were performed in a Denver cell 
with a capacity of 3 dm3. Each test used 40 g of plastics and 
was conditioned with different concentrations of wetting 
agents (saponin and sodium lignosulfonate) for about 
5 minutes and later with the frother (MIBC) for about 
2 minutes before the flotation, at the constant concentration 
of 30 × 10-3 g/L in all experiments. After conditioning, 
floated product was collected over 6 minutes. Both the 
floated and the sunk (non-floated) were dried, screened and 
weighed. Flotation tests were carried out previously with 
one-component plastic samples at different wetting agents 
concentrations. Then, flotation separation of plastic mixtures 
was done using bi-component mixtures, with each plastic 
type contributing with 20 g. The effectiveness of the flotation 
tests was evaluated by the separation efficiency, defined by 
Schulz[23]. In the separation tests of the plastic mixtures, the 
plastic types presented in floated and sunk were separated 
from each other by manual sorting, since the various types 
of plastics have different colour and shape. Experiments 
were done three times under similar operating conditions.

Figure 1. Original pictures of six plastics.
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3. Results and Discussion

3.1 Effect of the wetting agents concentration on the 
contact angle of plastics

Contact angle of the plastics decreases with increasing 
wetting agents concentration (Figure 2). In the absence of 
wetting agent, all plastics have large contact angle, with PS 
having the largest contact angle (97º) and PET-D the lowest 
(73º). The contact angles measured of the six plastics are 
in agreement with previous studies[2,6,24-27].

The contact angle of the six plastics decreases with 
increasing saponin concentration (Figure 2a). The contact 
angle of PVC-M is slightly smaller than that of the other 
five plastics. The decrease was stronger for concentrations 
of saponin below 10 mg/L and was more pronounced for 
PS, PVC-M and PVC-D plastics. The effect of saponin on 
the contact angle of PS and PVC is slightly different from 
what was observed by Ma[25].

The contact angle of the six plastics also decreases with 
increasing sodium lignosulfonate concentration (Figure 2b). 
The reduction of the contact angle was more pronounced 
for PS, PVC-M and PVC-D plastics. The effect of sodium 
lignosulfonate on the contact angle of PS is similar from 
what was observed by Ma[25], but is different from what was 
observed by Wang et al.[28]. The effect of sodium lignosulfonate 
on the contact angle of PET follows what was observed by 
Florido and Torem[29]. The effect of sodium lignosulfonate on 
the PVCs contact angle is similar from what was observed 
by Shibata et al.[6], Ma[25] and Wang et al.[28], but is different 
from what was observed by Pascoe and Hou[18].

Pita and Castilho[22] verified that the decrease of contact 
angles of these six plastics occurs for small concentrations of 
tannic acid. A concentration of 5 mg/L of tannic acid caused 
similar decreases of the contact angle to those obtained for 
concentrations of 100 mg/L of saponin and 300 mg/L of 
sodium lignosulfonate.

3.2 Effect of the wetting agent concentration on the 
floatability of plastics

The recovery of the six plastics in the floated decreases 
with an increase of the two wetting agents concentration 
(saponin and sodium lignosulfonate) (Figure 3). It is verified 
that all the studied plastics are naturally floatable, because 
in the absence of wetting agents the flotation recovery is 
about 100%. The same behaviour was observed in other 
studies[6,19,24,25,27-29]. Even PET-D and PMMA, with contact 
angle below 80º in the absence of a wetting agent, both 
naturally float. Similarly, other studies[25,27,28] using PS, 
PMMA, PET and PVC, found that these plastics with contact 
angles of about 75º, also float naturally.

Pita and Castilho[22] verified that depression of these 
six plastics occurs in smaller concentrations of tannic acid. 
The wetting ability order of these wetting agents for these 
six plastics is tannic acid > saponin > sodium lignosulfonate. 
Analogously, in the flotation of PS, PET and PVC, Shen et al.[2], 
Wang et al.[13] and Wang et al.[28] found that the depressing 
effect of tannic acid is stronger than sodium lignosulfonate.

In the presence of saponin, PVC-M is the plastic with 
lower floatability (Figure 3a). The lower floatability of PVC-M 
can be justified by its lower contact angle. However, in spite 

Figure 2. Contact angle of six plastics versus saponin (a) and sodium lignosulfonate (b) concentration (with standard errors less than 1.67).

Figure 3. Floatability of six plastics versus saponin (a) and sodium lignosulfonate (b) concentration (with standard errors less than 1.74) 
(MIBC: 30 × 10-3 g/L).
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of PS having one of the smallest contact angles (Figure 2a), 
it does not present low recoveries, perhaps explained by its 
low density. Also, PET-D with one of the smallest contact 
angles (Figure 2a), have not had small recoveries, justified 
by its lamellar shape. The largest difference in floatability 
between PVC-M and the other plastics was obtained for a 
concentration of saponin between 10 mg/L and 30 mg/L.

The depression of plastics with sodium lignosulfonate 
can only be achieved with high concentrations (Figure 3b). 
PVC-M and PVC-D are the plastics with lower floatability. 
PMMA and PET-D plastics present similar behaviour and high 
floatability for high concentrations of sodium lignosulfonate. 
The low floatability of PVC-M can be justified by its lower 
contact angle. Better floatability of PS could be justified by 
its low density of this plastic. On the other hand, although 
PET-S has the greatest contact angle, it does not present the 
greatest recovery, perhaps explained by its greater density. 
PVC-M is depressed selectively from the other plastics. 
Maximum difference between the recovery of PVC-M and 

the other plastics is obtained with concentrations of sodium 
lignosulfonate between 100 and 300 mg/L.

For the two wetting agents, the difference between the 
floatability of the plastics is much greater than the difference 
between the respective contact angles.

Pita and Castilho[22] verified that in the presence of tannic 
acid, PS is the plastic with higher floatability, and the other 
five plastics show similar variation of the floatability, being 
depressed at very low tannic acid concentration. So, the 
largest difference of the floatability between PS and the 
other five plastics is obtained using tannic acid[22], but the 
largest difference of the floatability between the other five 
plastics is obtained using saponin or sodium lignosulfonate.

3.3 Effect of the particle size on the floatability of plastics

Particle size is an important parameter in the flotation 
process. For all size fractions, the floatability of the six 
plastics decreases with the increase of the two wetting 
agents concentration (Figure 4-5). In the presence of 

Figure 4. Influence of saponin concentration and particle size on the floatability of six plastics (with standard errors less than 1.70) 
(MIBC: 30 × 10-3 g/L).
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saponin or sodium lignosulfonate, for the three finer size 
fractions, PMMA presents the greatest floatability, and for 
the two larger size fractions, PET-D presents the greatest 
floatability. PVC-M presents the smallest floatability for 
all size fractions.

For the six plastics and for the two wetting agents, 
the flotation recovery decreased with increasing particles 
size. It was also observed that plastics with a more lamellar 
shape, such as PET-D, show less influence of the particles 
size in the floatability. On the other hand, the floatability of 
plastics with a more regular shape (PMMA and PVC-D) is 
more influenced by the particles size. The decrease of the 
floatability of plastics with the increasing particles size, 
mainly plastics with a regular shape, is a consequence of 
the greater weight of the coarse particles, which require a 
larger number of air bubble carriers in order to float, that 
is, to form particle-bubbles aggregates with a density lower 
than the density of the water.

Considering the plastic particles weight, the density of 
the particle-bubbles aggregates of the six plastics has the 
order followed in Table 1. Also, in Table 1 it is presented 
the order of contact angle of the six plastics and the order 

of floatability in the presence of the saponin, sodium 
lignosulfonate and tannic acid[22] for the finer and coarser 
fractions. In the presence of saponin, for the finer fraction, 
PVC-M has the lowest floatability as consequence of its 
lower contact angle. On the contrary, PMMA has the greatest 
floatability as consequence of its greater contact angle. 
Since for the finer fraction the particles are lightweight, the 
floatability is mainly affected by hydrophobicity. For the 
coarser fraction, the greatest floatability of PET-D can result 
from the lower weight of the particle-bubbles aggregates, 
therefore, they require the attachment of less air bubbles to 
float, whereas the lowest floatability of PVC-M can result 
from the greatest weight of the particle-bubbles aggregates 
or the lowest contact angle. For the coarser fraction, the low 
floatability of PVC-D and PMMA can result from the high 
density of the particle-bubbles aggregates.

In the presence of sodium lignosulfonate, for the finer 
fraction, PVC-M has once again the lowest floatability as 
consequence of its lower contact angle; PMMA has the 
greatest floatability as consequence of its greater contact 
angle. For the coarser fraction, the greatest floatability 
of PET-D can result from the lower weight of the PET-D 

Figure 5. Influence of sodium lignosulfonate concentration and particle size on the floatability of six plastics (with standard errors less 
than 1.62) (MIBC: 30 × 10-3 g/L).
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particles, whereas the low floatability of PVC-D can result 
from the higher weight of the PVC-D.

In the presence of tannic acid, for the finer fraction, 
PET-D has the lowest floatability as consequence of its 
lower contact angle[22]. For the coarser fraction, the lowest 
floatability of PVC-M and PMMA can result from the highest 
weight of the particles, whereas the greatest floatability of 
PS can result from the greater contact angle or from the 
lower density of the particle-bubble aggregates.

It is verified that the plastics floatability depends on 
their hydrophobicity (contact angle) and particle weight 
(size, shape and density). Plastics with larger contact angle, 
lower density, smaller size and lamellar shape, have achieved 
higher floatability. In the presence of the three agents and for 
finer particles, the floatability order is similar to the contact 
angle order, and for the coarser fraction, the floatability 
order is similar to the density order. For the finer fraction, 
the influence of hydrophobicity (contact angle) is stronger, 
whereas for the coarser fraction, the influence of particle 
weight is stronger.

3.4 Separation of bi-component mixtures of plastics

In the presence of saponin or sodium lignosulfonate, 
PVC-M has lower floatability than the others plastics. So, in 
the presence of saponin or sodium lignosulfonate, further 
flotation tests were developed using bi-component plastic 
mixtures of PVC-M and other plastic in equal proportions, to 
obtain a selective separation of PVC-M. For saponin flotation 
tests, the concentration of 10 mg/L was used, because it led 
to the largest difference in floatability between PVC-M and 
the other plastics. Sodium lignosulfonate concentration of 
100 mg/L led to the best separation for PVC-M/PS, whereas 
concentration of 300 mg/L led to the best separation for 
PVC-M//PMMA, PVC-M/PET-S and PVC-M/PET-D.

Saponin led to a better separation of the PVC-M/PS mixture 
than sodium lignosulfonate (Table 2 and 3). However, sodium 
lignosulfonate led to a better separation of PVC-M/PMMA, 
PVC-M/PET-S and PVC-M/PET-D than saponin. The best 
results were obtained in the PVC-M/PMMA and PVC-M/PET-D 
mixtures separation with sodium lignosulfonate, having the 
highest separation efficiency (near 70%) (Table 3).

The worst results were obtained in the PVC-M/PET-S 
mixture with saponin, having the lowest separation efficiency 
(53.2%). The separation efficiency of PVC-M/PS mixture 
with saponin and sodium lignosulfonate is worse than that 
observed by Pita and Castilho[22] who used tannic acid and 
verified a separation efficiency of PVC-M/PS mixture in 
the presence of tannic acid of 94.5%.

The influence of the particle size in the separation 
of PVC-M and other plastics with saponin and sodium 
lignosulfonate was also analyzed (Table 4 and 5). In the 
presence of saponin, the separation of the four mixtures 
presented the worst results for the finer particles. However, 
in the presence of sodium lignosulfonate, PVC-M/PMMA 
and PVC-M/PET-S mixtures presented the worst results 
for the coarser particles.

The PVC-M/PMMA mixture in the presence of sodium 
lignosulfonate was the one that led to the best results (Table 5). 
For the +1.4-2 mm fraction, the separation efficiency was 
maximum (96.5%), where the PVC-M recovery in the 
non-floated was 96.9% with a grade of 99.6% and the PMMA 
recovery in the floated was 99.6% with a grade of 97.0%.

In the presence of saponin, for the finer fraction, the 
separation efficiency order of the four plastic mixtures 
(PVC-M/PET-S < PVC-M/PET-D ≈ PVC-M/PMMA 
≈ PVC-M/PS) is similar to the contact angle order 
(PVC-M < PET-D < PS ≈ PET-S < PMMA). For the coarser 
fraction, the separation efficiency order of the five plastic 

Table 1. Ranking of the six plastics in the finer and coarser fractions: density of particle-bubbles aggregates; contact angle and floatability 
in the presence of the three wetting agents.

Particle-bubble aggregates density Ascendant order of the six plastic
1/1.4 mm PS < PET-D ≈ PMMA < PVC-D < PET-S ≈ PVC-M
4/5.6 mm PS < PET-D < PET-S < PVC-M ≈ PMMA ≈ PVC-D

Saponin (10 mg/L)
Contact angle PVC-M < PET-D < PVC-D < PS ≈ PET-S < PMMA

Experimental floatability
1/1.4 mm PVC-M< PET-S < PVC-D < PET-D < PS < PMMA
4/5.6 mm PVC-M ≈ PVC-D < PMMA < PET-S < PS < PET-D

Sodium lignosulfonate (300 mg/L)
Contact angle PVC-M < PS < PET-D < PET-S < PVC-D < PMMA

Experimental floatability
1/1.4 mm PVC-M < PVC-D < PS < PET-D < PET-S < PMMA
4/5.6 mm PVC-M ≈ PVC-D < PS < PMMA < PET-S < PET-D

Tannic acid (3 mg/L)[22]

Contact angle PET-D < PVC-M < PMMA < PVC-D < PET-S < PS
Experimental floatability

1/1.4 mm PET-D < PVC-M < PET-S < PVC-D < PMMA < PS
4/5.6 mm PVC-M ≈ PMMA < PVC-D ≈ PET-S < PET-D < PS
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Table 2. Results of the flotation tests on the mixtures of PVC-M with PS, PMMA, PET-S and PET-D in the presence of saponin (average 
and standard error of three samples).

Plastic Mixtures Products
Recovery (%) Grade (%) Separation Efficiency 

PVC-M OP* PVC-M OP* (SE) (%)
PVC-M/PS Non-Floated 72.8 (1.15) 3.3 (0.45) 95.7 4.3 69.5

Floated 27.2 96.7 21.9 78.1
PVC-M/PMMA Non-Floated 72.1 (1.07) 11.5 (0.78) 86.2 13.8 60.6

Floated 27.9 88.56 24.0 76.0
PVC-M/PET-S Non-Floated 71.7 (0.88) 18.5 (0.95) 79.5 20.5 53.2

Floated 28.3 81.5 25.8 74.2
PVC-M/PET-D Non-Floated 71.9 (0.97) 6.0 (0.64) 92.23 7.7 65.9

Floated 28.1 94.0 23.0 77.0
OP* denotes the other plastics, namely PS, PMMA, PET-S or PET-D.

Table 3. Results of the flotation tests on the mixtures of PVC-M with PS, PMMA, PET-S and PET-D in the presence of sodium lignosulfonate 
(average and standard error of three samples).

Plastic Mixtures Products
Recovery (%) Grade (%) Separation Efficiency

PVC-M OP* PVC-M OP* (SE) (%)
PVC-M/PS Non-Floated 77.4 (1.21) 18.3 (1.02) 80.9 19.1 59.1

Floated 22.7 81.7 21.7 78.3
PVC-M/PMMA Non-Floated 97.1 (1.32) 25.7 (1.26) 79.1 20.9 71.4

Floated 2.9 74.3 3.7 96.3
PVC-M/PET-S Non-Floated 97.6 (0.98) 37.3 (1.12) 72.4 27.7 60.3

Floated 2.4 62.7 3.7 96.3
PVC-M/PET-D Non-Floated 97.0 (1.07) 27.3 (1.15) 78.0 22.0 69.7

Floated 3.1 72.7 4.0 96.07
OP* denotes the other plastics, namely PS, PMMA, PET-S or PET-D.

Table 4. Influence of the particle size in the recovery and grade of the non-floated (concentrated of PVC-M) and floated products, in the 
separation of bi-component mixtures in the presence of saponin.

Size fraction 
(mm)

Non-Floated Floated Separation 
efficiency PVC-M PVC-M PS PS

Recovery (%) Grade (%) Recovery (%) Grade (%) (SE) (%)
PVC-M/PS +1-1.4 46.4 100.0 100.0 65.1 46.4

+1.4-2 61.9 100.0 100.0 72.4 61.9
+2-/2.8 77.5 96.7 97.3 81.2 74.8
+2.8-4 86.6 94.8 95.3 87.6 81.8
+4-5.6 91.9 91.0 90.9 91.8 82.8

PVC-M PVC-M PMMA PMMA SE (%)
Recovery (%) Grade (%) Recovery (%) Grade (%)

PVC-M/PMMA +1-1.4 45.6 100.0 100.0 64.8 45.6
+1.4-2 63.5 99.2 99.5 73.2 63.0
+2-/2.8 75.2 97.0 97.7 79.7 72.9
+2.8-4 85.9 86.5 86.5 86.0 72.5
+4-5.6 90.3 68.6 58.6 85.8 48.9

PVC-M PVC-M PET-S PET-S SE (%)
Recovery (%) Grade (%) Recovery (%) Grade (%)

PVC-M/PET-S +1-1.4 44.4 90.8 95.5 63.2 39.9
+1.4-2 59.8 87.9 91.7 69.5 51.5
+2-/2.8 76.7 78.9 79.4 77.3 56.1
+2.8-4 86.6 76.0 72.6 84.4 59.2
+4-5.6 91.2 74.1 68.1 88.5 59.3

PVC-M PVC-M PET-D PET-D SE (%)
Recovery (%) Grade (%) Recovery (%) Grade (%)

PVC-M/PET-D +1-1.4 47.2 96.4 98.2 65.0 45.4
+1.4-2 61.0 94.9 96.7 71.3 57.7
+2-/2.8 74.4 92.9 94.3 78.6 68.7
+2.8-4 86.5 91.1 91.5 87.1 78.0
+4-5.6 90.6 89.2 89.0 90.4 79.6
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mixtures (PVC-M/PMMA < PVC-M/PET-S ≈ PVC-M/PET-D 
< PVC-M/PS) is similar to the order of the bubble-particle 
aggregates density (PS < PET-D, < PET-S < PMMA ≈ PVC-M).

In the presence of sodium lignosulfonate, for the 
finer fraction, the separation efficiency order of the four 
plastic mixtures (PVC-M/PS < PVC-M/PET-D ≈ PVC-M/
PET-S < PVC-M/PMMA) is similar to the contact angle 
order (PVC-M < PS < PET-D < PET-S < PMMA). For 
the coarser fraction, the separation efficiency order of the 
four plastic mixtures (PVC-M/PMMA < PVC-M/PET-S ≈ 
PVC-M/PS < PVC-M/PET-D) is similar to the order of the 
bubble-particle aggregates density (PS < PET-D, < PET-S 
< PMMA ≈ PVC-M).

So, in the presence of saponin or sodium lignosulfonate, 
for the fine particles, the separation is mainly influenced by 
hydrophobicity difference, and for the coarse particles, the 
flotation is mainly influenced by the bubble-particle aggregates 
density and to a lesser extent by the hydrophobicity difference.

4. Conclusions

The six plastics are naturally floatable in the absence of 
a wetting agent. Thus, to separate plastic mixtures by froth 
flotation, saponin and sodium lignosulfonate have been tested 
to render one component of the mixture more hydrophilic. 
Contact angle and floatability of the six plastics decreased 

with the increase of the saponin and sodium lignosulfonate 
concentration.

In the presence of the two agents, plastic floatability 
is not only dominated by hydrophobicity/wettability but 
also by particle weight (size, shape and density). Flotation 
recovery decreased with the increase of the particle size, 
an influence that was more noted in the plastics with more 
spherical shapes (PMMA and PVC-D). For fine particles, the 
floatability was mainly influenced by the hydrophobicity, and 
for coarse particles the floatability was strongly influenced 
by the weight of the particles.

In the presence of saponin or sodium lignosulfonate, 
PVC-M is the plastic with lower floatability. For separation 
of the PVC-M mixture with PS, saponin led to better results 
than sodium lignosulfonate, but for separation of PVC-M 
mixture with the other three plastics, sodium lignosulfonate 
led to better results than saponin. The best results were 
obtained in the PVC-M/PMMA mixture with sodium 
lignosulfonate, having the highest separation efficiency 
(71.4%). For the +1.4-2 mm fraction the separation efficiency 
was the maximum (96.5%).

Separation efficiency of plastic mixtures changes 
according to the mixture and also depends on the size, shape 
and density of the particles. Separation quality improves 
when the most hydrophobic plastic has lower density, 
lamellar shape and smaller size.

Table 5. Influence of the particle size in the recovery and grade of the non-floated (concentrated of PVC-M) and floated products, in the 
separation of bi-component mixtures in the presence of sodium lignosulfonate.

Size fraction 
(mm)

Non-Floated Floated Separation 
efficiency PVC-M PVC-M PS PS

Recovery (%) Grade (%) Recovery (%) Grade (%) (SE) (%)
PVC-M/PS +1-1.4 39.7 98.0 99.2 62.2 38.9

+1.4-2 62.6 97.5 98.4 72.4 61.0
+2-/2.8 87.3 90.9 91.3 87.8 78.6
+2.8-4 97.8 78.6 73.4 97.1 71.2
+4-5.6 99.5 65.0 46.3 98.9 45.8

PVC-M PVC-M PMMA PMMA
SE (%)

Recovery (%) Grade (%) Recovery (%) Grade (%)
PVC-M/PMMA +1-1.4 88.9 100.0 100.0 90.0 88.9

+1.4-2 96.9 99.6 99.6 97.0 96.5
+2-/2.8 99.8 91.9 91.2 99.8 91.0
+2.8-4 100.0 71.1 59.4 100.0 59.4
+4-5.6 100.0 56.0 21.3 100.0 21.3

PVC-M PVC-M PET-S PET-S
SE (%)

Recovery (%) Grade (%) Recovery (%) Grade (%)
PVC-M/PET-S +1-1.4 90.2 86.0 85.3 89.7 75.5

+1.4-2 97.8 78.5 73.2 97.1 71.0
+2-/2.8 100.0 71.0 59.2 100.0 59.2
+2.8-4 100.0 66.9 50.4 100.0 50.4
+4-5.6 100.0 64.7 45.4 100.0 45.4

PVC-M PVC-M PET-D PET-D
SE (%)

Recovery (%) Grade (%) Recovery (%) Grade (%)
PVC-M/PET-D +1-1.4 89.3 81.2 79.4 88.1 68.7

+1.4-2 95.5 79.4 75.2 94.3 70.7
+2-/2.8 100.0 77.6 71.1 100.0 71.1
+2.8-4 100.0 76.9 69.9 100.0 69.9
+4-5.6 100.0 75.8 68.0 100.0 68.0
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