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Abstract

The virgin acrylonitrile butadiene styrene (ABS), polycarbonate (PC) and polyoxy methylene (POM) available in a plastic
mix were separated from each other by a flotation technique with the aid of several depressants. Also, a Design-Expert® sta-
tistical software was used to predict plastics flotation using input data including conditioning time, flotation tank temperature
and pH and depressants concentration. It revealed that the flotation technique was effective for separation of studied plastics
by selected depressants. Understanding the adsorption—desorption phenomena and effective parameters on this process was
crucial to explain the activity and selectivity of a depressant on a plastic surface. The increasing conditioning time up to
15 min had adverse effect on the floatability of the all studied plastics conditioned with tannic acid (TA). TA and methyl
isobutyl carbinol (MIBC) had not any effect on floatability of PC and POM in all studied depressant concentrations. The
flotation of ABS reached to 85% for flotation tank pH of 6.5 with 15 min depressant conditioning at 35 °C as flotation tank
temperature. A complicate phenomenon involved and predominated in flotation of studied plastics. Proposed equations by

Design-Expert® predicted close plastic flotation values when compared with corresponding experimental values.

Keywords Depressant - Engineering plastic - Flotation - Plastics mix - Recycling

Introduction

The production and accumulation of the waste polymers
including plastics and rubbers is a serious concern for mod-
ern civilization. They threaten the human—environment and
ecosystem. This is due to long degradation period of the
most polymers [1]. Besides, from economic viewpoint, sub-
stitution virgin polymers with recycled polymers saves the
resources [2]. Normally, in waste streams, the plastics are
available as mixed. Because each polymer has own indi-
vidual properties and to re-using each polymer, they should
be separated from each other [3].

The most important separation techniques are electro-
static, density difference, optical, selective dissolution, and
new developed flotation. The electrostatic techniques [4—6]
separates the polymers based on their different electrical
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characteristics. The density separation is a low cost and
simple technique [7-9]. However, using aforementioned
techniques have been limited because available polymers
in waste streams have very close surface charging charac-
teristics and densities [3]. The selective polymer dissolu-
tion [10—12] is an expensive process. It is a discontinuous
technique and toxic organic solvents used in this technique
are harmful for human body.The optical techniques rely on
indirect sorting and need expensive equipment [13].The
flotation separation technique initially was used for min-
eral ore purification [14, 15] and then extended for plastic
separation [16]. In this technique, the hydrophilicity of the
plastic surface alters selectivity by various methods [3]. This
alteration changes the wettability of the selected polymer in
the used liquid media resulting in sinking or flotation of the
selected polymer. The polymer surface hydrophilicity can be
changed by three main methods, adsorption of wetting agent
(depressant) on polymer surface, the physical changing of
the media environmentand or physical amendment of the
polymer surface and chemical bonds between a chemical
agent and the polymer surface.Burat et al. [17] separated a
mix of PVC-PET with 96 and 99.7% using DIB and ELO as

@ Springer


http://orcid.org/0000-0002-2743-5739
http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-019-01467-2&domain=pdf

1710

Journal of Polymers and the Environment (2019) 27:1709-1720

depressant, respectively.In another attempt, Thongchai and
co-workers [18] recovered polyoxymethylene from a mix of
PVC-PET-POM by CaLS completely. They also recovered
PET with 98% purity from a mix of PET-PVC using the
same depressant. Kangal and colleagues [19] studied ona
mix of PET-HDPE. They found 100% recovery for HDPE
(floated) with the assistance of DIB as a depressant adsorp-
tion.Basarova et al. [20] studied on a mix of PC-PS-POM
using various depressants including CaLS, TA, Terpineol
and PDGE. Their outcomes showed POM floatedby CalLS
while all plastics floated by Terpineol. Other researchers
[21-25] also studied on separation of ABS, HIPS, PC, PVC
and PET using several depressants NaCMC, Quebracho,
SDS, SCMC, NP-7, DOP, DBS, DIB, LA and TX-100.
The most results showed proper separation of the selected
plastics in their mix’s.Also, a numerous researchers tried
to separate a mix of plastics by physical changing of the
media environment. Beckman et al. [26] separated a mix
of LDPE, HDPE, PP, PS and EPS by aid of CO2, a mix of
PVC,PET and EPS by SF6. Pascoe and colleagues [27] used
flame and oven thermos treatment on a PET-PVC system.
Wang and co-workers [28] recommended boiling treatment
for separation of ABS and PS. This strategy was observed
in other reports [29-33] using various media environment
physical conditions and or physical amendment of the poly-
mer surface.

A several researchers focused on polymer surface chemi-
cal modification for different plastics mixes [34—40]. In this
strategy, because of chemical bonds between the wetting
agent and polymer surface, the flotation is more stable. How-
ever, changing the composition of the polymer surface is
a drawback. The engineering polymers (plastics) have bet-
ter mechanical, dynamical and or thermal characteristics
when compared with traditional plastics [41]. Because they
are relatively expensive, the recycling of them has enough
profit for saving the resources. In recent years, among of
engineering plastics, the production of acrylonitrile butadi-
ene styrene (ABS), polycarbonate (PC) and Polyoxymeth-
ylene (POM) in waste streams increased remarkably.This
waste accumulation needs modern, cheap, safe and easy
technique for separation of mentioned plastics for return-
ing them in production cycle and re-using. The selected
plastics, ABS, PC and POM were categorized as engineer-
ing plastics. Because their densities were remarkably dif-
ferent with traditional available plastics in waste streams,
i.e., PE, PP, PVC and PS, they may be separated from the
aforementioned plastics by a density difference technique.
However, further separation by the latter technique is not
possible because selected engineering plastics have close
densities. The flotation technique was chosen to separate the
engineering plastics from each other. The authors already
studied [3] on the separation of a mixture of traditional
plastics, polystyrene (PS) polyethylene terephthalate (PET)
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and polyvinylchloride (PVC) using flotation technique with
depressant adsorption strategy. The used depressants were
polyethylene glycol (PEG), methyl cellulose (MC), poly-
vinyl alcohol (PVA), tannic acid (TA) and methyl isobutyl
carbinol (MIBC), individually or in combination with each
other. In this study, the same strategy with the same depres-
sants were used for the separation of a mixed selected engi-
neering plastics, PC, ABS and POM by flotation technique.
Subsequently, the results were reported and discussed. The
industrial and commercial application of this study was our
main goal. Hence, flotation agents with three crucial proper-
ties, i.e., cheap, safe and accessible in large scale in market
were chosen.

Experimental
Materials

Acrylonitrile butadiene styrene (ABS), polycarbonate (PC)
and polyoxymethylene (POM), commercial granule grade-
sprocured from local market. The used depressants charac-
teristics were mentioned elsewhere [3]. The used plastics
shape was sphere with average 4 mm diameter. However, for
better distinguishing, they had different colors. They care-
fully treated with de-ionized water and subsequently dried at
ambient temperature before preparing for flotation process.

Methods
Equipment and Testing Procedure

The used flotation equipment and procedure already
explained [3]. As mentioned, a glass made flotation tank
with dimensions of 20 cm (diameter) by 80 cm (height) was
employed for flotation tests. Each test was performed three
times and the median value was monitored. Figure 1 [3]
represents the flotation equipment. A circular air blowing
system with a 13 cm air distributor diameter and a flow rate
of 4 L/min was used to facilitate the flotation process. The
flotation time was about 2 min in all experiments depending
on the condition of flotation tank. The experiments were
repeated three times and the median values were reported.

Design of Experiment (DOE)

The design of experiments (DOE) is a suitable technique for
predicting a desired property as an output, with changing
selected input parameters [42]. A Design-Expert® statisti-
cal software was used to process the input data (condition-
ing time, flotation tank temperature and pH and depressants
concentration) and the outcome was the flotation % of the
selected plastics. The response surface methodology (RSM)
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Fig. 1 The flotation equipment and parts [3]

with D-Optimal method with aforementioned factors was
employed to process the data.

Results and Discussion

The selected depressants are environment friendly mate-
rials and because of their chemical structures, they may
adsorb on plastic surface and change the hydrophilicity of
the plastic surface temporary [3]. The chemical composition
of polymer surface is one of the major parameters affect-
ing polymer surface wettability and also the capacity for
depressant adsorption on the surface and consequent float
or sink of the plastic [43]. However, the reader should also
consider other effective parameters including, particle shape,
equivalent diameter and density, air or gas bubble coverage
on the particle surface and bubble diameter and flow rate
[44]. The surface energies of the POM, PC and ABS were
44.6, 42.9 and 42.7 mN/m, respectively. If the reader com-
pares the above mentioned values with the surface tension
(energy) of the water with the value of 72.0 mN/m, then it
was expected a weak wettability or large contact angles for
aforementioned plastics when they immerse in this liquid
media. However, because the densities of all plastics ranged
between 1.05 to 1.41 g/cm?® (density of pure water 1 g/cm?),
all of them were sunk at the bottom of flotation tank before
treatment with depressants.

The Effect of Depressant Concentration
on the Sink-Float Behavior of the Used Plastics

As observed from Figs. 2, 3, 4 the floatability of studied
plastics, ABS, POM, and PC was effected by used depres-
sants, TA, MC,PEG,PVA and MIBC. However, there
were some exceptions, i.e., TA and MIBC had not signifi-
cant effect on floatability of PC and POM in all studied
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Fig.2 The floatability (%) versus depressant concentration, 400, 800,
1200, 1600 and 2000 mg/L for TA and MC

depressant concentrations, respectively (Figs. 2, 4). In gen-
eral, the increasing of TA, PEG and MIBC concentration
was beneficial for studied plasticsflotation where for MC
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and PVA, it was improved or deteriorated depending on
the depressant concentration. Understanding the adsorp-
tion—desorption phenomena and effective parameters on
this process is crucial to explain the activity and selectivity
of a depressant on a plastic surface.For depressant adsorp-
tion—desorption process following aspects may be consid-
ered [45-47]. (a) The plastic surface (adsorbent) must have
effective and suitable sites for adsorption of the depres-
sant (adsorbate). However, the number of sites are limit
and depend on the characteristics of the adsorbent surface.
(b) Each site may adsorb only one adsorbate molecule but
the adsorbed molecules are not necessarily monolayer. (c)
The enthalpy of adsorption for sites may not be equivalent
(d) The enthalpy of adsorption depends on the degree of
depressant molecules coverage on the plastic surface. (e)
There are two competitive phenomenon, adsorption and
desorption of the adsorbate. However,at equilibrium, the
rates of adsorption and desorption are equal. (f) The rate of
adsorption is small because the activation energy is small,
i.e., 1 kcal/mol but it is reversible just unlike chemisorption.
(g) Thermodynamically and as a spontaneous phenomenon,
the Gibb’s free energy of the process should be negative.
The sign and value of Gibb’s free energy depends on the
sign and values of enthalpy and entropy variation of the sys-
tem during adsorption and or desorption. (h) The adsorbed
molecules have direct and indirect interaction on adjacent
molecules and also on other molecules which still have not
been adsorbed.

The main structure of TA includes hydroxyl and carboxyl
groups and also benzene ring. The availability of numerous
hydroxyl group in TA structure makes it capable for rapid
hydrolysis with water molecules (the TA solubility in water,
2850 g/L [3]). Also, existence of carbonate ester group in
PCshows the tendency of this plastic for water absorption.
It seemed,the interaction between the water molecules and
TA molecules were stronger when compared with the inter-
action between the TA and PC molecules because PC was
not floated by TA in none of studied concentrations (Fig. 2).
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POM showed 5% flotationfor TA concentration beyond of
1600 mg/L. However, ABS was floated up to 10% when TA
concentration reached to 1600 mg/L and then reduced to
5% because desorption process was speeded up. The reason
refers to aqueous boundary layer diffusion (ABLD) mecha-
nism and tendency of joining adsorbed TA molecules to TA
cluster in liquid media [48]. The floatability behavior of
studied plastics by MC and PVA had not any regular pattern
(Figs. 2, 3). When for some MC and PVA concentrations,
the floatability increased, for the rest MC and PVA concen-
trations, it was reduced. As an illustration, the floatability
of ABS for MC concentrations of 400 and 1600 mg/L were
65 and 70% while for 800, 1200 and 2000 mg/L, it was 55,
60 and 35%, respectively. As an another example, the flota-
tion %’s of POM for PVA concentrations of 400, 800, 1200,
1600 and 2000 mg/L were 80, 85, 70, 65 and 75%, respec-
tively. Here, at least three mechanisms involve in adsorp-
tion—desorption process. Tendency of depressant adsorption
on the plastic surface due to chemical structure similarity
(MC has oxygen and methyl groups in structure), competi-
tion between water molecules and depressant molecules for
adsorption on the solid surface and aqueous boundary layer
diffusion. The outcome was different flotationbehaviors for
used plastics for various depressant concentrations. Interest-
ingly, the PEG was remarkably effective on flotation of all
studied plastics (Fig. 3). With increasing PEG concentration
to 400 mg/L, the flotation of POM, ABS and PC reached to
the values of 80, 60 and 55%, respectively. Further increas-
ing of the PEG concentration had not sensitive benefit for
plastics flotation and the flotation % increased only 5 to
10%. Apparently, the chemical structure similarity (PEG has
ethyl group and oxygen atom in structure) was the predomi-
nant phenomenon for adsorption of PEG molecules on the
plastics surface.

MIBC is well known as a frother agent rather than
depressant and normally it uses in combination with other
agents. However, as observed from Fig. 4, it was ineffec-
tive for POM flotation but floated the ABS and PC, 65-70%
and 20-25%, respectively. MIBC is a small molecule with
hydroxyl group. It seemed the high hydrolysis capability of
MIBC along with faster adsorption of water molecules in
competition with MIBC molecules on the POM surface, was
the reason for negligible effect of this depressant on POM
flotation.

It was concluded with the exception of TA for PC and
MIBC for POM, the rest used depressants showed remark-
ably high flotation % values for all studied plastics.

The Effect of Temperature on the Sink-Float
Behavior of the Used Plastics

Table 1 depicts the effect of various flotation temperatures,
15, 25, 35, 45, and 55 °C on floatability of the POM, ABS
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Table 1 Effect of temperature on floatability % of studied plastics (continue)
Polymer Floatability % Tempera-
- - - ture (°C)
Tannic acid Methyl cellulose Polyethylene glycol Polyvinyl alcohol MIBC
(400 mg/L) (400 mg/L) (400 mg/L) (400 mg/L) (1 mL/L)
ABS 5 65 80 80 70 15
25 50 20 20 85 25
85 25 25 15 80 35
55 25 35 15 75 45
45 20 40 10 50 55
PC 0 50 80 60 20 15
0 20 10 5 75 25
65 15 15 70 35
45 10 25 0 25 45
30 0 45 0 20 55
POM 0 35 60 60 0 15
0 0 0 0 20 25
20 0 0 0 35 35
20 0 25 0 0 45
20 0 30 0 0 55
Polymer Floatability % Temperature (°C)
Tannic acid Methyl cellulose Polyethylene gly-  Polyvinyl alcohol ~ MIBC (3 mL/L)
(1600 mg/L) (1600 mg/L) col (1600 mg/L) (1600 mg/L)
ABS 10 70 90 65 65 15
25 55 25 45 85 25
30 50 20 25 80 35
25 65 55 15 80 45
10 60 60 10 55 55
PC 0 50 90 60 20 15
20 15 0 50 25
60 25 10 75 35
50 40 20 0 75 45
20 30 30 0 60 55
POM 5 20 70 55 0 15
0 0 25 30 25
30 10 0 45 35
20 20 5 0 40 45
15 25 10 0 20 55

The conditioning time and pH were 15 min and 6.5, respectively

and PC for studied depressants, TA, MC, PEG, PVA, and
MIBC. The depressant concentrations in these experiments
were 400 and 1600 mg/L (for MIBC, 1 and 3 ml/L) with
15 min conditioning time at a pH of 6.5.

The results showed for 400 mg/L. TA concentration,
increasing temperature from 15 to 25 °C had not any effect
on flotation of PC and POM. However, beyond this tem-
peratures, 20% and 30-65% flotation were observed for
POM and PC, respectively. Increasing temperature had not
any regular effect on flotation of ABS by this depressant. It

reached to 85% when temperature increased to 35 °C and
subsequently reduced to 45% at 55 °C. The effect of tem-
perature for 1600 mg/L TA concentration was remarkably
different. As observed, the flotation of all studied plastics
reached to a maximum value at 35 °C and gradually reduced
when temperature increased to 55 °C. For MC at 400 mg/L
concentration and for PVA for both 400 and 1600 mg/L con-
centrations, increasing temperature had adverse effect on all
plastics flotation. For example, the flotation values for MC
ranged 65-20%, 50-0% and 35-0% for ABS, PC and POM,
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Fig.5 The effect of liquid conditioning pH on the floatability % of
the ABS, PC and POM for TA and MC. The chemical agent concen-
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Fig.6 The effect of liquid conditioning pH on the floatability % of
the ABS, PC and POM for PEG and PVA. The chemical agent con-
centration was 800 mg/L at ambient temperature (25 °C) for 15 min
conditioning

respectively when temperature increased from 15 to 55 °C.
These values for PVA at 400 mg/L were 80-10%, 60-0%
and 60-0% and for 1600 mg/L, they ranged 65-10%, 60-0%
and 55-0% for the same plastics. However, for 1600 mg/L
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s concentrations. Interestingly, 90% recovery was seen for
ABS and PC using 1600 mg/L PEG concentration at 15 °C.
However, the other studies [49-51] showed increasing
the temperature in some cases was beneficial while in other
cases, it deteriorated the adsorption process. For spontane-
ous adsorption process, the sign of Gibbs free energy change
in the following equation must be negative [3]:
AGad = AHad - TASud (D
where AG,,, AH,;, AS,, and T were Gibbs free energy,
enthalpy and entropy changes of the system during adsorp-
tion and absolute temperature, respectively. The enthalpy
change is a temperature dependent thermodynamic prop-
erty. The sign of this property is negative for exothermic
processes while it is positive for endothermic ones. With
increasing the temperature, the values of this property
change and it’s sign may also change. In addition, the sign of
Eq. 1 also depends on the absolute temperature and entropy
change during the adsorption process. Normally, the entropy
change during adsorption is negative. Hence, the enthalpy
change sign is a crucial factor. If the sign of AG,; becomes
positive, then the adsorption process stops and the desorp-
tion process will be predominant phenomena. As a conclu-
sion and according with observed results, temperature had
different effects on flotation of studied plastics. Increasing
the temperature in some temperatures and for some depres-
sants and plastics improved adsorption process while for
other cases, it increased the desorption process.Our founds
were in conformity of other reports [49-51].

The Effect of pH on the Sink-Float Behavior
of the Used Plastics

Figures 5, 6, 7 represent the ABS, POM and PC flota-
tion versus liquid conditioning pH, 4.5, 6.5, 8.5 and 10.5
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for several studied depressants for 800 mg/L (for MIBC,
2 mL/L) depressant concentration with 15 min condition-
ing time at 25 °C. The selected conditions were favorable
from economic view point in related flotationindustry. As
observed, for TA and MIBC (Figs. 5, 7), up to pH of 6.5, the
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Fig. 10 The effect of conditioning time on the floatability % of the
ABS, PC and POM for MIBC. The chemical agent concentration was
2 mL/L at ambient temperature (25 °C) and a pH of 6.5

flotation of all plastics reduced with different rates. Increas-
ing pH beyond this value improved the flotation of studied
plastics to the values of 55, 50 and 45% (for TA) and 55, 75
and 60% (for MIBC) for POM,ABS and PC, respectively. It
was obvious that in acidic environment, the H* ion reacts
with OH group of the TA and MIBC and makes them inac-
tive for adsorption on plastic surface. However, for MC,
increasing the pH up to 8.5 was beneficial for flotation of
studied plastics. The flotation values ranged between 5-30%,
25-60% and 40-75% for POM, PC and POM, respectively.
For the PEG, it was not observed any regular trend for flo-
tation of plastics by increasing the pH values. The utmost
flotation values for POM, ABS and PC were 50, 85 and 55%.
Here, it seemed several mechanisms were simultaneously
involved in adsorption of depressant on the plastic surface.
Unlike of TA and MIBC, the flotation of conditioned plastics
with PVA increased up to pH of 6.5 and beyond this value,
it was reduced remarkably. The maximum flotation values
were 85, 55 and 50% for ABS, PC and POM at studied pH
values, respectively.

The Effect of Time on the Sink-Float Behavior
of the Used Plastics

Figures 8, 9, 10 show the effect of conditioning time, 5, 10,
15 and 30 min on the floatability of POM, PC and ABS for
the several studied depressants. The depressant concentra-
tion was kept at 800 mg/L (for MIBC, 2 ml/L) with 6.5
pH at 25 °C. Figure 8 shows increasing the conditioning
time up to 15 min had adverse effect on the floatability of
all studied plastics conditioned with TA. However, extra
increasing of the conditioning time improved this parame-
ter. It seemed, at initial stage of conditioning, rapid hydrol-
ysis of TA with water molecules controlled the process
and limited the adsorption of TA molecules on the plastics
surface. The increasing of the MC conditioning time had
not any remarkable effect on the floatability of the POM
and PC because, all active sites on aforementioned plastics
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Table 2 The floatability % for dual systems with differentdepressant ratios

Plastic Floatability %
0.8-0.2 (TA—PEG) 0.6-0.4 (TA—PEG) 0.5-0.5 (TA—PEG) 0.4-0.6 (TA—PEG) 0.2-0.8
(TA-
PEG)
ABS 15 25 15 15 30
PC 10 5 0 5
POM 10 10 5 0 5
Plastic Floatability %
0.8-0.2 (TA-PVA) 0.6-0.4 (TA-PVA) 0.5-0.5 (TA-PVA) 0.4-0.6 (TA-PVA) 0.2-0.8
(TA-
PVA)
ABS 5 5 5 20 5
PC 0 0
POM 0 0 25 30 10
Plastic Floatability %
0.8-0.2 (TA-MC) 0.6-0.4 (TA-MC) 0.5-0.5 (TA-MC) 0.4-0.6 (TA-MC) 0.2-0.8
(TA-
MC)
ABS 15 10 15 60 25
PC 0 15 20
POM 0 5 5 10 5

The conditioning time, temperature, pH and total depressant concentration were 15 min, 25 (°C), 6.5 and 800 mg/L, respectively

surface were covered by depressant after 5 and 10 min for
PC and POM, respectively.The same trend also observed
for PEG (Fig. 9). The studied plastics reached to ultimate
flotation after 5 min and increasing conditioning time to
30 min caused only 10% variation on this parameter. No
regular trends were observed for conditioning plastics with
PVA and MIBC at different conditioning times. Here, dif-
ferent parameters affected on adsorption—desorption pro-
cess as described already in text.

The Effect of Depressants Ratio on the Sink-Float
Behavior of the Used Plastics

Table 2 shows the effect of a dual mixing of the studied
depressants on the flotation of the ABS, PC, and POM.
The temperature, conditioning time, total depressant con-
centration and pH were kept as 25 °C, 15 min, 800 mg/L
and 6.5 with variable depressant ratios, respectively. The
depressant ratios in dual systems were 0.8-0.2, 0.6-0.4
and 0.5-0.5.As observed from Table 2 for TA-PEG dual
system, increasing the PEG ratio up to 0.4 increased the
ABS flotation to 25%. Further increasing caused flotation
reduction to 15%. Surprisingly, for PEG ratio of 0.8, the
flotation reached to a maximum value of 30%. For PC,
increasing PEG had adverse effect on floatability of this
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plastic. Although, the flotation was not exceeded than
10%. The same trend was also observed for POM with
increasing PEG in TA-PEG dual system. For TA-PVA
dual system, increasing PVA with the exception of 0.4-0.6
(TA-PVA) had not any remarkable effect on the floatabil-
ity of ABS. However, it was completely ineffective on flo-
tation of PC. Increasing PVA up to 0.6 increased the float-
ability of POM to 30% and beyond this value, it reduced
the flotation of this plastic to 10%. The dual system of
TA-MC showed efficient effect on floatability of ABS and
it reached the floatability of above mentioned plastic to
60% when the MC ratio in dual TA-MC system reached
to 0.6. However, this system was less effective on flota-
tion of PC and POM.It seemed, a complicate phenomenon
involves and predominates in flotation of studied plastics
for aforementioned dual systems.

Actual Versus Predicted Results by Design
of Experiment (DOE)

During the past years several number of excellent software
products to assist experimenters and researchers in the design
and analysis phases have appeared. Design-Expert® was
widely available general-purpose statistical software packages
that have excellent data analysis capabilities and it handles the
analysis of the experiments with both fixed and random factors.
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Fig. 11 The predicted values by Predicted vs. Actual
software versus actual values
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Table 3 Optimum studied parameters, vessel pH, conditioning time, ~ The used response surface methodology (RSM) is a useful tool
vessel temperature and MIBC concentration along with optimum for analysis of the data [53, 54]. As an illustration and based on
floatation % for studied plastics, ABS, PC and POM input data (conditioning time, flotation tank temperature and
Plastic  pH  t(min) Tempera- Concentra- Floatation %  pH and MIBC concentration), the software proposed following

ture (°C)  tion (mL/L) second order polynomials for predicting the individual plastic

ABS 68 163 79 1.94 26 flotation for conditioning plastics with MIBC:
PC 79 179 46 2.17 91 Flotation % (ABS) = 82.68 + 0.037 + 2.09¢ + 47.23C
POM 85 232 21 1.20 78

— 21.57pH + 0.03Tt + 0.09TC
+ 0.05TpH + 0.35¢tC + 0.55tpH
Design-Expert® is a package focused exclusively onexperi- + 1.88CpH — 6.69 x 107372

mental design which has many capabilities for construction
and evaluation of designs and extensive analysis features [52].

- 0.237 — 17.68C* + 0.54 pH

@

Fig. 12 The three-dimensional
(3D) response surfaces to
evaluate the interactive effect

of conditioning time (t) and
floatation vessel temperature (T)
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Fig. 13 The three-dimensional
(3D) response surfaces to
evaluate the interactive effect
of conditioning time (t) and
floatation vessel temperature
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Fig. 14 The three-dimensional
(3D) response surfaces to
evaluate the interactive effect %
of conditioning time (t) and
floatation vessel temperature (T)
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Flotation % (POM) = —41.91 + 2.31T — 1.02r + 41.80C
+ 2.50pH + 0.02Tt + 0.02TpH
+ 0.20tC + 0.23ipH + 0.83CpH
— 0.047% — 0.057 — 12.39C?
+ 0.54pH? (3)
Flotation % (PC) = —20.32 + 1.45T + 1.46r + 23.24C
+ 9.04pH + 0.015Tt + 0.06TC
+ 0.20¢C + 0.30tpH + 1.25CpH
— 0.027% — 0.14 — 9.08C?
- 1.01pH? )
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A: T(MIBC)

500 15.00

In the preceding equations, T and C refer to tempera-
ture (°C) and MIBC concentration (mL/L), while t and pH
are equal to conditioning time (min) and flotation vessel
pH.

Figure 11 illustrates and compares the predicted values
versus actual values for PC. As observed, the values were
close to each other. These observations proved the eligibil-
ity of the derived equations for predicting the flotation of
the studied plastics at different studied conditions.

To obtain the optimum floatation %, the Eqs. 2—4
should be differentiated with each independent variable
(parameter), i.e., T, C, t and pH. In total, twelve equations
(four from each equation) were derived and after solving
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the derived equations for aforementioned four independ-
ent variables, the optimum values were reported (Table 3).
By applying and inserting the obtained optimum param-
eters values in Eqs. 2—4, the optimum floatation %’s for
ABS, POM and PC were calculated as 96, 78 and 91%,
respectively.

Figures 12, 13, 14 illustrates three-dimensional (3D)
response surfaces to evaluate the interactive effect of dual
independent variables, i.e., conditioning time (t) and floata-
tion vessel temperature (T) on floatability % of the ABS,
PC and POM conditioned with MIBC, respectively. As
observed, for ABS (Fig. 12), the increasing the condition-
ing time caused the floatation % to reach to a maximum
value. Beyond this value, the floatation % reduced. The
reason refers to predominant phenomena, physical adsorp-
tion and desorption of MIBC molecules on ABS surface in
short and long conditioning times, respectively. However,
increasing temperature from 15 to 55 °C had positive effect
on floatability % of the ABS. It was predicted, because
increasing the temperature improves the adsorption process
normally [47]. The same trends were observed for PC and
POM when conditioning time increased from 5 to 30 min
(Figs. 13, 14). However, increasing the temperature was
beneficial for the floatation of the aforementioned plastics
up to 40 °C. Apparently, increasing temperature beyond
this value speeded up the desorption process of the MIBC
from plastic surface.

Concluding Remarks

e The flotation technique was effective for separation of
ABS, PC and POM by selected depressants.

e Understanding the adsorption—desorption phenomena
and effective parameters on this process is crucial to
explain the activity and selectivity of a depressant on a
plastic surface.

e TA and MIBC had not any effect on floatability of PC
and POM in all studied depressant concentrations.

e The floatability behavior of studied plastics by MC and
PVA had not any regular pattern with depressants con-
centration variation.

e For MC at 400 mg/L concentration and for PVA for both
400 and 1600 mg/L concentrations, increasing tempera-
ture had adverse effect on all studied plastics flotation.

e Unlike of TA and MIBC, the flotation of conditioned
plastics with PVA increased up to pH of 6.5 and beyond
this value, it was reduced remarkably.

e The increasing conditioning time up to 15 min had
adverse effect on the floatability of the all studied plastics
conditioned with TA.

e A complicate phenomenon involves and predominates in
flotation of studied plastics for selected dual systems.

e Proposed equations by Design-Expert® predict close
plastic flotation values when compared with correspond-
ing experimental ones.

e All experiments were performed on virgin plastics. Fur-
ther investigation will be required for real available plas-
tics in waste streams.
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