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Abstract
As environmental regulations are becoming stricter, new techniques must be developed for the removal of trace concentra-
tions of heavy metals from mineral processing effluents. Foam separation techniques are an interesting alternative to more 
conventional processes such as ion exchange because of their efficiency to treat dilute aqueous streams. In this paper, the 
simultaneous removal of  Cd2+,  Mn2+, and  Zn2+ from dilute aqueous solutions was investigated by using sodium dodecyl 
sulfate as collector and triethylenetetramine as auxiliary ligand via a series of batch-mode flotation experiments. Experimental 
results showed that  Cd2+,  Mn2+, and  Zn2+ can be completely removed in one step under the following conditions: pH 9.50, 
flotation time = 120 min, auxiliary concentration 0.1 mmol  L−1, collector-to-metals molar ratio 2:1, ethanol concentration 
0.5% (v/v),  and a nitrogen gas flowrate set at 25 mL min−1. An excess in auxiliary ligand concentration yielded to low 
removal efficiency. The modeled speciation of the examined system suggested that the metals are separated from the bulk 
solution to the foam phase via a combination of ion flotation and precipitate flotation.
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Introduction

Over the last decade, the legislative environmental frame-
work has become stricter within the mineral processing 
industry, particularly in the case of management of mine 
or industrial waters, such as acid mine drainage, seepage 
mine waters, or process effluents. Conventional techniques 
for detoxifying aqueous effluents, such as chemical pre-
cipitation, ion exchange, adsorption, reverse osmosis, and 
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membrane filtration, might not sufficiently be compliant with 
the threshold values of heavy metals for the safe disposal of 
industrial waters, as set by environmental legislations [1–3]. 
Therefore, extra post-treatment steps would be required for 
the removal of trace concentrations of heavy metals from 
dilute effluents.

Foam or adsorptive bubble separation techniques are 
promising for treating efficiently dilute wastewaters [4–7]. 
Ion and precipitate flotations are classified among these 
techniques and involve the metal extraction or removal 
from a dilute aqueous solution to a foam phase by adding 
surfactants (collectors), while nitrogen gas or air is bubbled 
through from the bottom [8, 9]. In ion flotation, the targeted 
metal ions (colligends) are adsorbed or adhered to the inter-
face of the dispersed bubbles by interacting with the oppo-
site charge collectors’ hydrophilic functional groups. They 
form insoluble precipitates (sublates) or soluble complexes, 
which are concentrated in a stable foam phase as the bubbles 
ascend to the surface of the solution [10–12]. In precipitate 
flotation, metal ions first are precipitated and then assisted 
by the surfactants to be separated from the bulk solution to 
the foam phase [13–15].

The advantages of foam separation techniques are their 
simplicity, relatively small space requirements, good recov-
ery yields, and suitable for treating dilute aqueous solu-
tions with low metal concentrations [16–18]. On the other 
hand, they are not suitable for concentrated solutions and 
the handling of chemicals and the generated foam might be 
difficult in larger scale. Additionally, some of the commer-
cial available surfactants and the chemicals used might be 
expensive and/ or toxic [19, 20]. Nevertheless, laboratory 
studies showed that the regeneration of the chemicals used 
in foam separation techniques is possible, which can make 
them more attractive from an economical and environmental 
point of view [19, 21, 22]. To the best of our knowledge, 
only ion flotation has been employed so far on industrial 
scale for the purification of wastewater from textiles and 
for the recovery of tungsten and molybdenum from smelter 
wastewater [20]. Hence, studies should be extended at pilot 
plant scale, with realistic conditions, in order to assess the 
overall efficiency and estimate the costs [19].

For these reasons, there is a strong research interest in 
developing foam separation techniques for removing trace 
concentrations of heavy metals from dilute aqueous solu-
tions. Several researchers have investigated the removal of 
cadmium  (Cd2+) and zinc  (Zn2+), from single- or multi-ele-
ment solutions, via ion flotation or precipitate flotation by 
using either anionic or cationic surfactants as collectors and 
obtained high removal efficiencies [23–27]. Additionally, 
the removal of  Cd2+,  Zn2+, and manganese  (Mn2+), from 
single- or multi-element solutions, via ion flotation by using 
collectors in combination with chelating ligands or chelat-
ing surfactants has been reported in several studies too [27, 

28]. Thermodynamic calculations suggested that chelating 
ligands or chelating surfactants can enhance the efficiency 
and selectivity of ion flotation, since the overall Gibbs free 
energy for adsorption (ΔGads) is more negative in a system 
that is chelated compared to one that it is not [29–32].

Cd2+,  Zn2+, and  Mn2+ are heavy metals that may occur 
in dilute mining effluents, such as mine waste piles run off 
waters [33]. The contamination of surface or underground 
waters from these heavy metals can potentially pose a threat 
to human life even at low concentrations [34–36].

However, a simultaneous removal (co-flotation) of  Cd2+, 
 Zn2+, and  Mn2+ has not been investigated yet either in che-
lated or in non-chelated flotation systems. Hence, the objec-
tive of this paper is to determine the optimum conditions for 
the co-flotation of  Cd2+,  Zn2+, and  Mn2+ in one step, from 
dilute aqueous synthetic solutions at laboratory scale condi-
tions. The anionic surfactant sodium dodecyl sulfate (SDS) 
was selected as collector and triethylenetetramine (Trien) as 
auxiliary ligand. Trien is a neutral chelating ligand, capable 
of chelating transition metal ions as metal–Trien complexes. 
It has been proven as an efficient auxiliary ligand for the ion 
flotation of copper and nickel [37].

Materials and Methods

Materials

Sodium dodecyl sulfate (≥ 95%) was purchased from TCI 
N.V. (Haven, Belgium). Triethylenetetramine hydrate (98%) 
and isopropanol (≥ 99.8%, p.a.) were obtained from Sigma-
Aldrich (Overijse, Belgium). Cadmium chloride anhy-
drous (99%), manganese(II) chloride anhydrous (97%), and 
ethanol (EtOH, 99.8 + %, absolute) were purchased from 
Acros Organics (Geel, Belgium). Zinc chloride anhydrous 
(99.99%), nitric acid (65% a.r.), cadmium standard (1000 mg 
 L−1 in 2–5%  HNO3), zinc standard (1000 mg  L−1 in 2–5% 
 HNO3), manganese standard (1000 mg  L−1 in 2–5%  HNO3), 
and dysprosium standard (1000 mg  L−1 in 2–5%  HNO3) 
were supplied by ChemLab (Zedelgem, Belgium). Sodium 
hydroxide pearls (a.r.) were purchased from Fisher Scien-
tific (Thermo Fisher Scientific, Loughborough, United King-
dom). All reagents were used without further purification. 
Ultrapure water (Milli- Q water resistivity 18.2 MΩ cm) was 
obtained from a Millipore device and used for the prepara-
tion of stock and flotation solutions.

Calculations with OLI Studio

The speciation of the metal ions in these solutions was mod-
eled using the software OLI Studio: Stream Analyzer version 
9.6.2 using the Mixed Solvent Electrolyte (MSE) database 
(OLI Systems Inc., USA).



80 Journal of Sustainable Metallurgy (2021) 7:78–86

1 3

Analytical Methods

Metal concentrations in the bulk solution before and after 
the flotation experiments were determined by induc-
tively coupled plasma—optical emission spectroscopy 
(ICP-OES) using an Optima 8300 (Perkin-Elmer) spec-
trometer equipped with an axial/radial dual plasma view, 
a GemTip Cross-Flow II nebulizer, a Scott double pass 
with inert Ryton spray chamber, and a demountable one-
piece Hybrid XLT ceramic torch with a sapphire injec-
tor (2.0 mm internal diameter). Dilutions were done with 
2 wt%  HNO3 solutions and all ICP-OES samples were 
measured in triplicate. Samples were 10 times diluted and 
dysprosium was used as internal standard. K100C tensi-
ometer (Krüss) was used for the measurement of the equi-
librium surface tensions of the solutions via a plate made 
of roughened platinum (Wilhelmy plate method) based on 
the following equation:

where γ is the surface tension (mN  m−1), F is the force (mN) 
measured by the sensor when the plate attaches the surface 
of the solution, L is the wetted length of the plate (mm), and 
θ is the contact angle (°). Surface tensions measurements 
were carried out in 100-mL glass vessels (Krüss SV20, 
70 mm internal diameter) at room temperature, contain-
ing approximately 80 mL of flotation solutions. Prior to the 
measurements, the surface tension of water was measured as 
a reference. Between the measurements, the platinum plate 
was cleaned with isopropanol followed by heating with a 
Bunsen burner and the vessels were cleaned with nitric acid 
and ultrapure water. The pH of the solutions was measured 
with a Mettler-Toledo pH meter SevenCompact pH/ ion 
S220 after calibration with standard buffer solutions of pH 
1, 4, 7, and 12.

Experimental Methods

Flotation experiments were carried out in a home-built 
lab scale setup, which was a glass column of 45 cm in 
height and an internal diameter of 4.5 cm (Fig. 1). The 
column was equipped with an adjustable bubble generation 
mechanism of D4 porous size (~ 10–15 mm), a sampling 
port, and a port for collecting the foam. The whole setup 
was connected through a tube to a flowmeter rotameter 
for controlling the nitrogen gas introduced to the column. 
Flotation solutions of 300 mL volume were prepared in 
beaker by adding the appropriate amounts of collector, 
auxiliary ligand, and metal ions from the stock solutions. 
The solutions were stirred for 10 min on a magnetic stirrer 

(1)� =
F

Lcos�
(IKA RCT Basic) with a 20 × 10 mm magnetic stirring bar 
at low speed (200 rpm), in order to avoid the generation 
of foam and subsequently the pH was adjusted by using 
either 0.1 mol  L−1 of  HNO3 or 0.1 mol  L−1 of NaOH. The 
solution was then poured slowly in the flotation column 
by using a funnel; nitrogen gas was bubbled through the 
solution from the bottom. Aliquots of approximately 3 mL 
were withdrawn for ICP-OES analyses from the bulk solu-
tion before and after the flotation experiments. The effi-
ciency of flotation results was expressed as the removal 
percent (Re%) according to the following equation:

where Ci and Cr are the initial and residual metal ion con-
centration of the bulk solution (mmol  L−1), respectively. The 
initial concentration of metal ions was the same for all the 
investigated conditions (0.1 mmol  L−1). All experiments 
were carried out at room temperature (± 25 °C) and in dupli-
cate. Data in Figs. 3, 4, 5, 6, 7, 8, and 9 represent averaged 
values. After every experiment, the flotation column was 
cleaned thoroughly with 1 mol  L−1  HNO3 and rinsed five 
times with demineralized water.

Results and Discussion

Species Distribution Diagram Calculation

In order to elucidate the chelation mechanism of the auxil-
iary ligand to the targeted metal ions, the species distribu-
tion diagram of the  Cd2+–  Mn2+–  Zn2+– Trien system, at 
stoichiometric conditions, was calculated as function of the 
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i
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)

⋅ 100
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Fig. 1  Lab setup used for the flotation experiments: (1) bubble gen-
eration mechanism, (2) sampling port, (3) foam port
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pH by using OLI Systems software and is shown in Fig. 2. 
For its calculation, literature values of the equilibrium con-
stants of triethylenetetramine for dissociation and formation 
of metal–Trien complexes were imported in the database of 
the software package [37, 38]. The hydrolysis constants of 
the examined metal ions were already available in the OLI 
Systems database.

As shown in Fig. 2, at pH < 5, the predominant species 
are the protonated forms of Trien, i.e.,  [H4(Trien)]4+ and 
 [H3(Trien)]3+ (curves 1 and 2). Metal ions occur as free 

 Cd2+,  Mn2+, and  Zn2+ (curves 3, 4, and 5, respectively), but 
in lower concentrations (0.1 mmol  L−1) compared to the 
protonated forms of the auxiliary ligand (0.4 mmol  L−1). 
At pH values between 5 and 8, Trien is deprotonating to 
 [H2(Trien)]2+ (curve 8) and chelating with zinc and cadmium 
by forming the complexes [Zn(Trien)]2+ and [Cd(Trien)]2+ 
(curves 6 and 7, respectively), while manganese is still 

Fig. 2  Species distribution plot of  Cd2+ − Mn2+ − Zn2+ − Trien 
system as a function of pH. Solution composition: 
 [Cd2+] = [Mn2+] = [Zn2+] = 0.1  mmol  L−1 and [Trien] = 0.4  mmol 
 L−1. (1)  [H4(Trien)]4+, (2)  [H3(Trien)]3+, (3)  Cd2+, (4)  Zn2+, (5) 
 Mn2+, (6) [Cd(Trien])2+, (7) [Zn(Trien)]2+, (8)  [H2(Trien)]2+, (9) 
[H(Trien)]+, (10) [Mn(Trien)]2+, (11) [Cd(Trien)2]2+, (12) Mn(OH)2, 
(13) Cd(OH)2

Fig. 3  Effect of pH on the removal of metal ions from solution. 
Experimental conditions:  [Cd2+]i = [Mn2+]i = [Zn2+]i = 0.1 mmol  L−1, 
 [SDS]i = 0.6 mmol  L−1, [Trien] = 0.4 mmol  L−1, ethanol = 0.5% (v/v), 
flowrate = 35 mL min−1, time = 3 h

Fig. 4  Effect of flotation time on the removal of metal ions from solu-
tion. Experimental conditions:  [Cd2+]i = [Mn2+]i = [Zn2+]i = 0.1 mmol 
 L−1,  [SDS]i = 0.6 mmol  L−1,  [Trien]i = 0.4 mmol  L−1, ethanol = 0.5% 
(v/v), pH 9.50, flowrate = 35 mL min−1

Fig. 5  Effect of the concentration of the auxiliary ligand triethyl-
enetetraamine (Trien) on the removal of metal ions from solution. 
Experimental conditions:  [Cd2+]i = [Mn2+]i = [Zn2+]i = 0.1  mmol 
 L−1,  [SDS]i = 0.6  mmol  L−1, ethanol = 0.5% (v/v), pH 9.50, flow-
rate = 35 mL min−1
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present as free  Mn2+ (curve 5). At pH 8−9.50, the targeted 
metals are chelated by Trien as [Cd(Trien)]2+, [Zn(Trien)]2+, 
and [Mn(Trien)]2+ complexes, respectively (curves 6, 7, and 
10). The monoprotonated [H(Trien)]+ species (curve 9) is 
also occurring at the same pH range. Above pH 10, the insol-
uble Mn(OH)2 and Cd(OH)2 species started to form (curves 
12 and 13, respectively). Based on the above species dis-
tribution simulation, it can be concluded that at pH < 9.50, 
the targeted metal ions occur as positively charged species, 
which favors their floatability with an anionic collector like 
SDS.

Effect of the pH

The speciation of the targeted metal ions is influenced by the 
pH and affects in turn the interactions of the metals them-
selves with the functional group of the collector and the 
desired efficiency. Therefore, the pH of the solution should 
be carefully controlled. To study the effect of pH on the 
removal of  Cd2+,  Mn2+, and  Zn2+ at the examined condi-
tions ([SDS] = 0.6 mmol  L−1, [Trien] = 0.4 mmol  L−1, and 
 [Cd2+]i = [Mn2+]i = [Zn2+]i = 0.1 mmol  L−1, ethanol = 0.5% 

Fig. 6  Surface tension of the SDS−-Trien−Cd−Mn−Zn solutions 
at various triethylenetetraamine (Trien) concentrations. Experi-
mental conditions:  [Cd2+]i = [Mn2+]i = [Zn2+]i = 0.1  mmol  L−1, 
 [SDS]i = 0.6 mmol  L−1, ethanol = 0.5% (v/v), pH = 9.50, T = 24.6 °C

Fig. 7  Effect of SDS concentration on the removal of 
metal ions from solution. Experimental conditions: 
 [Cd2+]i = [Mn2+]i = [Zn2+]i = 0.1  mmol  L−1,  [Trien]i = 0.1  mmol  L−1, 
ethanol = 0.5% (v/v), pH = 9.50, flowrate = 35 mL min−1

Fig. 8  Effect of the concentration of the polar solvent (etha-
nol, EtOH) on the removal of metal ions from solution, Experi-
mental conditions:[Cd2+]i = [Mn2+]i = [Zn2+]i = 0.1  mmol  L−1, 
 [SDS]i = 0.6  mmol  L−1,  [Trien]i = 0.1  mmol  L−1, pH = 9.50, flow-
rate = 35 mL min−1

Fig. 9  Effect of flowrate on the removal of metal ions from 
solution and on the water losses. Experimental conditions: 
 [Cd2+]i = [Mn2+]i = [Zn2+]i = 0.1  mmol  L−1,  [SDS]i = 0.6  mmol  L−1, 
 [Trien]i = 0.1 mmol  L−1, pH = 9.50
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(v/v) and a gas flowrate set at 35 mL min−1), a series of 
tests was carried out at pH values varying from 2.50 to 9.50 
(Fig. 3). The experimental results showed that the removal 
efficiency of all metals was increased with an increase in pH. 
The highest removal rates for  Cd2+ (99.2%),  Mn2+ (88.1%), 
and  Zn2+ (80.2%) were observed at pH 9.50, which was 
selected for the subsequent experiments. This trend cor-
related well with the calculated species distribution plot 
(Fig. 2), since at pH < 6, the fractions  [H4(Trien)]4+ and 
 [H3(Trien)]3+ were the predominant species of the examined 
system and none of the metals was removed. At pH > 6, the 
ligand started to get deprotonated and the removal efficiency 
increased. At pH 9.50, where the maximum metal removal 
was achieved, the targeted metals were completely chelated 
by Trien as metal–Trien complexes.

Effect of the Flotation Time

The time that is required to remove heavy metals is another 
important parameter because it indicates how fast large vol-
umes of dilute effluents can be treated. In foam separation, 
this time depends on the chemistry of the examined system 
and can vary from a few minutes to a couple of hours [11, 
17–19]. By keeping the other conditions constant (flow-
rate and concentration of metal ions, surfactant, auxiliary 
ligand, and ethanol) and at pH 9.50, the effect of flotation 
time was investigated (Fig. 4). The maximum removal of 
 Cd2+ (98.8%) was obtained during the first 60 min, while at 
the same time there was steep increase in the removal rates 
of  Mn2+and  Zn2+ (68.9% and 59.5%, respectively) and a 
plateau was reached after 120 min of flotation time (78.2% 
and 71.0%, respectively). Therefore, 120 min was necessary 
to achieve the simultaneous removal of the tested metal ions 
under the investigated conditions.

Effect of the Auxiliary Ligand Concentration

As mentioned in the introduction, it has been thermo-
dynamically proven that the use of chelating agents as 
auxiliary ligands or chelating surfactants as collectors 
can enhance the efficiency or even the selectivity. Thus, 
it would be anticipated that an increase in the amount of 
Trien concentration as auxiliary ligand could potentially 
increase the removal efficiency. The effect of the auxiliary 
ligand (Trien) concentration on the removal efficiency of 
metal ions is presented in Fig. 5. Contrary to the expecta-
tions, the increase in Trien concentration yielded to low 
removal efficiencies for all the targeted metal ions. In par-
ticular, nearly quantitative (100%) removal efficiencies 
were achieved for  Cd2+ (99.3%),  Mn2+ (98.7%), and  Zn2+ 
(98.9%) with low concentration of the Trien (0.1 mmol 

 L−1). At the higher concentrations of Trien, the float-
ability of  Mn2+ and  Zn2+ gradually decreased, reaching 
a minimum value of 4.2% and 1.5%, accordingly. The 
removal rate of  Cd2+ remained constant at its maximum 
value (above 99%) for Trien concentrations 0.1–0.8 mmol 
 L−1. However, it significantly decreased to 1.2%, when 
the Trien concentration was 1.0 mmol  L−1. It is apparent 
from Fig. 5, the importance of the auxiliary ligand to the 
examined system. The addition of 0.1 mmol  L−1 Trien 
increased the removal efficiencies of  Cd2+  Mn2+ and  Zn2+ 
from 67.0%, 53.8% and 78.9% to almost 100%.

Interestingly, the surface tension of the examined sys-
tem showed a dependency on the concentration of the 
auxiliary ligand (Fig. 6). More specifically, for Trien con-
centrations between 0.1 and 0.4 mmol  L−1, the surface ten-
sions decreased progressively from 37.2 mN  m−1 to 30.2 
mN  m−1 and remained stable (at around 29.5 mN  m−1) 
for concentrations above 0.6 mmol  L−1. This decrease in 
surface tension of the solution for various Trien concentra-
tions indicated the presence of a more surface-active spe-
cies, which was adsorbed favorably to the gas/ liquid inter-
face and competed with the targeted metal ions. Based on 
the simulation of the species in the studied system (Fig. 2) 
at pH 9.50, the monoprotonated Trien species [H(Trien)]+ 
was still present in the solution. At higher concentrations 
of the auxiliary ligand, the [H(Trien)]+ was the predomi-
nant species, which most probably lowered the surface 
tension of the solution and it was concentrated to the foam 
phase due to interactions with the hydrophilic functional 
group of SDS. Hence, an excess of auxiliary ligand con-
centration should be avoided because it probably promotes 
the floatability of the [H(Trien)]+ species. A concentra-
tion of 0.1 mmol  L−1 was found to be the optimum for the 
simultaneous flotation of the investigated metals.

Effect of the Collector Concentration

The effect of the concentration of the collector on the flo-
tation efficiency of the targeted metals (Fig. 7) was inves-
tigated under optimized flotation time (Fig. 5) and con-
centration of the auxiliary ligand (Fig. 6).  Cd2+ was most 
efficiently removed (86%), for SDS-to-metals molar ratio 
1:2 (SDS:Mtotal), followed by  Zn2+ (76%) and  Mn2+ (29%). 
By increasing SDS:Mtotal ratio, the removal efficiencies 
also increased, reaching an optimum value close to 100% 
at a SDS:Mtotal ratio of 2:1. At higher SDS concentrations, 
no major differences were observed for the removal rates 
and therefore the selected optimum SDS concentration was 
0.6 mmol  L−1.
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Effect of Polar Solvent Concentration and Nitrogen 
Gas Flowrate

The addition of a frother (polar solvent) in foam separation 
techniques reduces the bubbles size, which prevents their coa-
lescence and leads consequently to more stable foam layers 
on the surface [35]. The effect of the ethanol concentration, 
as polar solvent, at pH 9.50, SDS:Mtotal ratio 2:1, Trien con-
centration of 0.1 mmol  L−1, and 120 min of flotation time, is 
presented in Fig. 8. The change in the concentration of etha-
nol in the solution (0.0, 0.5, 3.0, and 5%, v/v) did not affect 
the removal rates of the targeted metal ions. However, visual 
observations during the experiments showed that the gener-
ated bubbles were dispersed better within the column and the 
generated foam was more stable in the presence of ethanol 
compared to a system without ethanol. Thus, for next studied 
parameter, 0.5% (v/v) of ethanol as frother was used.

Low aeration rates ensure small bubble size and large gas/ 
liquid interfaces, and they prevent the formation of turbulence 
flow. The combination with the addition of a polar solvent pro-
motes the formation of a stable foam, which can be easily sepa-
rated from the bulk solution [39]. The examined nitrogen gas 
flowrate values (25–100 mL min−1) did not significantly affect 
the removal efficiencies (Fig. 9). Nevertheless, the increase of 
the gas flowrate was proportional to the water loss. In particu-
lar, for low flowrates, i.e., 25 and 35 mL  min−1 , the water loss 
could be kept low, at 16.7% and 20.1%, respectively. However, 
for flowrates of 50, 80, and 100 mL min−1, water loss was 
dramatically increased between 61.7% and above 80%. As a 
result, a flowrate of 25 mL min−1 was considered as optimum 
value.

Proposed Foam Separation Mechanism

In order to unravel the foam separation mechanism, the spe-
cies distribution plot was recalculated for the optimized con-
ditions of the examined system ([Trien] = [Cd2+] = [Mn2+] = 
[Zn2+] = 0.1 mmol  L−1). As presented in Fig. 10, at pH 9.50, 
the targeted metals were present as the [Cd(Trien)]2+ complex 
(curve 5), free  Mn2+ (curve 4), and Zn(OH)2 precipitate (curve 
6). It can thus be assumed that  Cd2+ was concentrated to the 
foam phase as the [Cd(Trien)]2+ complex due to hydrophobic 
interactions with the hydrophilic head group of the collector 
 (DS−),  Mn2+ as Mn(DS)2 sublate, while  Zn2+ was carried out 
as Zn(OH)2 precipitate [37]. As a consequence, the foam sepa-
ration mechanism involved a combination of ion flotation and 
precipitate flotation.

Conclusions

The optimum conditions for the removal of  Cd2+,  Mn2+, and 
 Zn2+ from dilute aqueous solutions were studied by foam 
separation, using the anionic surfactant SDS as collector 
in combination with Trien as auxiliary ligand. The most 
crucial parameters of foam separation techniques, i.e., pH, 
flotation time, auxiliary ligand concentration, molar ratio 
of the surfactant to metal ions, polar solvent concentration, 
and flowrate, were investigated via a series of batch-mode 
experiments, in a laboratory-scale flotation column setup. 
Experimental results showed that  Cd2+,  Mn2+, and  Zn2+ 
can be completely removed in one step at pH 9.50, flota-
tion time = 120 min, Trien concentration = 0.1 mmol  L−1, 
SDS:Mtotal ratio 2:1, ethanol concentration = 0.5% (v/v), and 
a nitrogen gas flowrate set at 25 mL min−1. The increase 
in Trien concentration decreased the removal efficiency of 
the targeted colligends and the surface tension of the solu-
tion, probably due to an excess in the concentration of more 
surface-active Trien species. The calculated species distri-
bution diagram of the examined system for the optimized 
conditions suggested that the targeted metals were concen-
trated to the foam phase by interacting with the hydrophilic 
group of the collector  (DS−) either as metal–Trien com-
plexes or as sublates or carried out as metal hydroxides. 
The residual metal ion concentrations obtained under the 
optimal operating conditions were 0.003 mg  L−1 for  Cd2+, 
0.001 mg  L−1 for  Mn2+, and 0.004 mg  L−1 for  Zn2+, which 
are below the median threshold values for drinking water 
 ([Cd2+] = 0.005 mg  L−1,  [Mn2+] = 0.1 mg  L−1,  [Zn2+] = 5 mg 
 L−1) [40]. These results show great promise for treating 

Fig. 10  Species distribution plot of the  Cd2+ − Mn2+ − Zn2+ −    Trien 
system as a function of the pH: (1)  Zn2+, (2) [Zn(Trien)]2+, (3)  Cd2+, 
(4)  Mn2+, (5) [Cd(Trien)]2+, (6) Zn(OH)2, (7) Mn(OH)2. Experi-
mental conditions:  [Cd2+] = [Mn2+] = [Zn2+] = 0.1  mmol  L−1 and 
[Trien] = 0.1 mmol  L−1
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dilute mine waters or industrial effluents containing traces 
of cadmium, zinc, and manganese. Nevertheless, in order 
to assess the efficiency and the environmental performance 
of the method, the regeneration of the surfactant and the 
auxiliary ligand should be investigated. Since these results 
were obtained under laboratory conditions, studies should be 
also extended at a pilot scale and on realistic conditions so as 
to get operating parameters and estimate the general costs.
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