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 i g  h  l  i g  h  t  s

Sugar  based  chelating  surfactants  are
used  for  metal  recovery  from  water
phases.
Relations  between  surfactant  struc-
tures  and  interfacial  properties  are
studied.
Flotation  concerns  Fe(III),  Cu(II),
Cr(III), Cd(II),  Zn(II),  Ni(II)  and  As(III)
ions.
Different  parameters  are  modulated
for flotation  experiments  with  Fe(III).
Species  distribution  diagrams  for
surfactant-Fe(III)  are  studied.
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a  b  s  t r  a  c  t

Derivatives  of  octyl  glucoside  modified  by the  introduction  of  a chemical  function  (carboxylic  acid,
hydroxamic  acid)  able  to  enhance  the  complexing  properties  of the  surfactants  toward  metallic  cations
have been  used  as  flotation  collectors  to remove  various  metallic  cations  from  a water  phase.  Flota-
tion  experiments  at the  laboratory  scale  were  performed  on Fe(III),  Cu(II),  Cr(III),  Cd(II),  Zn(II),  Ni(II)  and
As(III)  aqueous  solutions.  The  most  interesting  results  were  obtained  in the extraction  of  Fe(III)  and  Cu(II).
Interfacial properties  were  studied,  and  the  effect  of  the polar  head structure  and  anomeric  configura-
tion  was  analyzed.  Structural  variations  have  an  influence  on  the  efficiency  and  the foaming  ability  of
these  compounds.  The  introduction  of  a chelating  functionality  preserves  the  interfacial  performances
nterfacial properties
lotation
on extraction, Iron(III) complexes

of  these  surfactants.  Complexes  equilibrium  constants  and  species  distribution  diagrams  for  Fe(III)  and
the best  flotation  agents  2a  and  2b were  determined  from  multi-wavelength  spectrophotometric  pH
titration.  Both  compounds  showed  analogous  values  for  log �1, log  �2 and  log  �3. The  bidentanted  Fe(III)-
hydroxamate  species  (2:1  surfactant-metal  ratio)  reached  a maximum  concentration  in the  pH  range  of
5.5-6.5.  At this  pH,  the  best  results  in  the  flotation  experiments  were  obtained  for  both  compounds.

©  2014  Elsevier  B.V.  All  rights  reserved.
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1. Introduction
Metals and heavy metals are nowadays considered as a problem
of public health since they are very toxic and dangerous depend-
ing on their concentration [1]. Although they can be of natural
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ccurrence (volcano is one of the main natural sources of con-
entrated metals in the environment), pollution by metals and
specially by heavy metals, results mainly from human activities
ore extraction, mine wastes and oxidation of mineral sulphurs,

etallurgy [2], domestic wastes, transports [3], agriculture, mud
rom refining station for water, hunting. . .). Their harmfulness is
rovided by their accumulation or bioaccumulation in the soils [4]
nd water [5] and then transferred in plants and animals [6]. Some
f them are necessary to the organisms in small amounts (Ni, Cu,
n) while others are toxic (Hg, Pb) even in small quantities [7].
he World Health Organization considers that Cd, Pb, Hg and As as
ritical pollutants. Fe is also considered as toxic in some human dis-
rders [8a] or as a nutrient disorder affecting the growth of some
ice species [8b].

Remediation of polluted soils and water is a technological prob-
em, and numerous technologies can be employed depending on
he pollutant and the polluted material. Among the different treat-

ents of the pollution, biological and chemical methods have been
eveloped. The most used biological treatment is phytoremedia-
ion [9] which is the absorption of the metal by a plant organism
hat needs it. Biosorption of heavy metals by metabolically inactive
on-living biomass of microbial or plant origin is an alternative
echnology [10]. A wide range of chemical treatments is possible.
ome technologies to remove soil pollution consist in the transfer
rom soil to water by solubilisation. This can be done by acidification
nd/or by the use of a chelating agent like ethylenediaminetetra-
cetic acid (EDTA). To remove a metal from water, a precipitation
an be effected after an oxidation or a pH change. Other technolo-
ies are flocculation [11], ion exchange [12], reverse osmosis with

 membrane [13], electroremediation [14] and flotation [15,16]. In
otation, metallic pollutants of an aqueous phase are eliminated by
ddition of surfactants. After complexation of the metal by the sur-
actant, air is bubbled to make foam rich in metallic particle which
s removed from water (Fig. 1).

Ion flotation may  be useful, for example, for separating ions of
alue from a process solution, or for detoxifying waste solutions
rior to discharge. Surfactants bearing a complexing functional-

ty like EDTA, amidoxime or hydroxamic acid have been prepared
nd employed in flotation experiments [17]. Collecting agents must
isplay three properties: being able to chelate the metallic particle,
eing able to foam and being safe for the environment.

Alkyl glycosides are monomeric non-ionic surfactants. In indus-
rial scale, they are prepared from fatty alcohols and carbohydrates
nd they are gradually replacing other known non-ionic surfac-
ants derived from petrochemical industry. Due to their excellent
iodegradability and the absence of toxic effects, food elaboration,
olymer manufacture, and solubilization of biological membranes
re some of the wide spectrum of their applications [18]. Differ-
nt sugar-based surfactants have been described in the literature
19]. The carbohydrate polar head has multiple hydroxyl groups
ith defined orientation, allowing the formation of strong coop-

rative hydrogen bonds between the surfactant molecules. This

act, together with the hydrophobic interaction between the long
ydrocarbon chains, leads to spontaneous association in water
20]. Sugar based surfactants are compatible with the three prop-
rties required, a sugar moiety can chelate cationic species with

Fig. 1. Schematic representation
chem. Eng. Aspects 480 (2015) 439–448

hydroxyl groups, they can be good foaming agents and are eas-
ily biodegradable. Moreover, alkyl glycosides are easily prepared
from renewable raw materials: carbohydrates and fatty alcohols.
The synthesis of sugar-based surfactants bearing an additional
chelating function would improve the efficiency of the flotation
process.

In previous works in our laboratories, the synthesis of a new type
of surfactants and the determination of their interfacial and flota-
tion properties with Fe(III) have been described [21]. Carboxylic
and hydroxamic acids have been chosen for their known prop-
erties as metal collectors. These functionalities were obtained by
oxidation of the primary alcohol of the sugar and coupling with
hydroxylamine, glycine, aspartic acid and glutamic acid. In this
paper, we  report on the use of octyl glucoside based surfactants
modified with carboxylic or hydroxamic acid group as collecting
agents in flotation experiments to extract metallic cations (Fe(III),
Cu(II), Cr(III), Cd(II), Zn(II), Ni(II) and As(III)) from aqueous solu-
tions. The influence of structural features on the behaviour of this
chelating surfactants is analyzed through changes in interfacial
properties: CMC, the critical micellar concentration; � m, the sur-
face excess concentration at surface saturation, a useful measure of
the effectiveness of adsorption; am

s, the area per molecule at the
interface at surface saturation; �G◦

mic, the standard free energy of
micellisation; �G◦

ads, the standard free energy of adsorption; pC20,
the negative logarithm of the bulk liquid phase concentration of
surfactant required to depress the surface tension of the solvent by
20 mN/m,  a good measure of the efficiency of the adsorption of the
surfactant; and the CMC/C20 ratio, a convenient way  of measuring
the relative effects of structural factors on the micellisation and the
adsorption processes. To better understand the extraction process,
we analyzed the complexation for the best extraction experiments
i.e. for compounds 2a and 2b and Fe(III). Complexes equilibrium
constants for compounds 2a and 2b and Fe(III) were determined
by multi-wavelength spectrophotometric pH titration. The species
distribution diagrams allowed identifying the predominant species
and the pH conditions for maximum efficiency in metal removal.

2. Materials and methods

2.1. Surfactants and other reagents

The synthesis and the characterization of the surfactants (Fig. 2)
have been previously reported [21]. All the reagents used were
analytical grade and were purchased from Merck.

2.2. Flotation experiments

Flotation experiments were performed with aqueous solutions
containing the studied metal using a device reported previously
(Fig. 3) [21a]. A 0.35 mM solution of the corresponding metal (FeCl3,
CuCl2, CrCl3, CdCl2, NiCl2, AsCl3) in milli-Q water (solution 1). Sep-
arately, a 1.75 mM solution of the surfactant (solution 2) in milli-Q

water was prepared. For the flotation experiment, 10 mL  of the solu-
tion 1 and 10 mL  of the solution 2 were mixed, corresponding to a
5.0 ligand/metal ratio. 4 mL  of this solution were introduced in the
flotation column. Air was  bubbled from the bottom of the column

 of the flotation procedure.
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Fig. 2. Chelatin

or 2 min. The foam produced was recovered through the lateral
ube. At the end of the experience, the concentration in metal of
ach phase (foam phase and residual liquid phase) was determined.
lotation experiments were performed in triplicates.

.3. Analysis of the metallic cation concentrations

The metal concentration in both the extracted foam (Cmetal
oam) and the residual liquid (Cmetal liquid) in the column after
otation was quantified by inductively-coupled plasma-atomic
mission spectrometry (ICP) in a Perkin–Elmer Optima 2000 Dual
iew, using the following conditions: Ar flux plasma 15 L min−1,
ebulization 0.5 L min−1, auxiliary 0.7 L min−1, RF 1500 W,  wave-
engths (Fe) 239.562 and 259.393 nm,  (Cd) 228.802 nm,  (Cr)
67.176 nm,  (Cu) 327.393 nm,  (Zn) 213.857 nm, (Ni) 341.476 nm,
As) 189.053 nm and (Y) 371.030 nm.  A matrix effect being

Fig. 3. Flotation device.
H

ctants studied.

observed for the surfactant, the determination was performed
using the method of measured additions and/or internal standard
(yttrium). Extraction coefficients (EC) of the tested compounds
were expressed as the concentration ratio of metal in the foam and
in the liquid phase after the flotation experiment, see Eq. (1).

EC = [metal]foam

[metal]liquid
(1)

2.4. Surfactants interfacial properties

Air-water surface tensions (�) were measured at 25 ◦C in a spe-
cially adapted tensiometer based on the bubble pressure method
[22,23] and plotted vs. log C to get critical micellar concentrations
(CMC). CMC  measures were performed in milli-Q water. Calibra-
tion was performed against a range of standard liquids; excellent
agreement with the literature values was found [23]. For some
derivatives, their low solubility in water did not allow us to deter-
mine the CMC  in this solvent, and the measure was done in a 8:2
water-ethyleneglycol mixture, as indicated in Table 1.

�G0
ad = −RT ln C�

55.5
− �as

m (2)

�G0
mic = RT ln

(
CMC

55.5

)
(3)
Other interfacial properties were calculated according to known
methods [24]. For example, �G◦

ads and �G◦
mic were calculated

using Eqs. (2) and (3):
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Table 1
n-Octyl d-Glucopyranosiduronic acid derivatives.

Compound �CMC

(mN/m)
CMC/C20

1a 29.5 ± 0.7 4.5 ± 0.6
1b  31.3 ± 0.7 2.7 ± 0.3
2a  36.6 ± 0.7 4.3 ± 1.4
2b  32.9 ± 0.7 3.9 ± 0.5
3a  34.8 ± 0.7 4.6 ± 0.8
3b  34.8 ± 0.7 1.9 ± 0.1
4a  37.0 ± 0.7 2.7 ± 0.3
4b  34.1 ± 0.7 1.9 ± 0.2
5a  38.4 ± 0.7 2.5 ± 0.3
5b  38.4 ± 0.7 3.3 ± 0.2
6aa 45.4 ± 0.7 1.1 ± 0.2
6b  n.d. n.d.
7a 32.7 ± 0.7 2.9 ± 0.9
7b  39.8 ± 0.7 2.6 ± 0.2
8a  40.5 ± 0.7 3.2 ± 0.4
8aa 46.2 ± 0.7 1.1 ± 0.1
8ba 44.8 ± 0.7 1.2 ± 0.2
Octyl �-d-glucopyranoside 36.4 ± 0.7 –

b
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CMC  were determined by extrapolation of surface tension
a Determined in 8/2 water–ethyleneglycol. n.d. = not determined due to insolu-
ility.

.5. Spectrophotometric studies of complexes, constants
etermination

UV–Vis spectra were recorded with an Agilent 8453 Diode Array
pectrophotometer in a quartz cell in the region 300–800 nm.
H values were recorded with a Hanna pH210 potentiome-
er (Hanna Instrument). Acid dissociation constants of 2a and
b were determined by potentiometric pH titration. Stability
onstants of the complexes Fe-2a and Fe-2b were determined
rom multi-wavelength spectrophotometric pH titration data using
issociation constants previously calculated. The refinement of
hermodynamic constants were performed in PKFIT [25] computer
rogram running in Matlab 7.1 (R14). The experimental setup is
hown in Fig. 4.

A 100 mL  beaker was filled with 50 mL  of a 0.5 mM Fe(III) and

 mM surfactant solution. An aliquot of HCl 0.1 M was  added to
each a suitable pH to start titration (around 2). KNO3 was added
o a final concentration of 0.1 M to maintain the ionic strength

Fig. 4. Potentiometr
chem. Eng. Aspects 480 (2015) 439–448

constant during titration. Suitable aliquots of 0.1 M (or 0.01 M)  KOH
were added to cause a change in pH of about 0.2 units by addi-
tion. UV–Vis spectra and pH were recorded after the time needed
to assure a stable pH measure (around 2 min). The procedure was
repeated to cover all pH range. Using a peristaltic pump Gilson Min-
Pulse3 the liquid was continuously delivered to a flow cell placed
in a diode array spectrometer and then back to the beaker. A glass
pH electrode was placed into the beaker to record the pH. Liquid
handling was  done using PTFE tubing 0.75 mm ID. The procedure
was repeated to cover all pH range. Raw data were smoothed by a
Savitzky-Golay filter (11 points) [26].

3. Results and discussion

3.1. Surfactants structure

The chelating surfactants (Fig. 2) possess an octyl chain as
lipophilic moiety, whereas the sugar backbone constitutes the polar
head. While the hydroxyl groups of the polar head can chelate
cationic species, additional complexing functionalities like car-
boxylic acid or hydroxamic acid would reinforce this property.
Monocarboxylic acids or monohydroxamic acids were obtained
from octyl glucoside (compounds 1a-b and 2a-b) or from further
coupling to glycine (compounds 3a-b and 4a-b). Dicarboxylic acids
and dihydroxamic acids were obtained after coupling to aspartic
acid (compound 5a-b and 6a-b) or glutamic acid (compounds 7a-b
and 8a-b).

3.2. Determination of interfacial properties

Interfacial properties are important parameters for flotation
applications. The floatability of chelating surfactant-metal com-
plexes depends on both chelating properties and the interfacial
behaviour, because stable foam is required for efficient metal
removal.
vs log(concentration) curves. All compounds showed the typical
graphics, with an abrupt change in slope at the zone corresponding
to CMC. Plots of � vs log C for compounds 1–8 are shown (Fig. 5).

ic pH titrator.
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b,  4a and 4b.  (c) Compounds 5a,  5b, 6a* and 7a.  (d) Compounds 7b,  8a and 8b*.

The CMC  values and other interfacial properties were calculated
rom these plots. From the analysis of the CMC and of the surface
ension at CMC  (�cmc) values [21b], we concluded on the ability of
he surfactants 1–8 to make foam. In the present article we  analyze
ey parameters as �cmc and CMC/C20 (Table 1). The complete data
nd their analysis are shown in Table S1 (Supplementary Content).

The surface tension at CMC  (�CMC) is a useful measure of the
ffectiveness of the surfactants to reduce the surface tension of
he solvent and it is the lowest value of surface tension that the
urfactant-solvent system can reach. A low surface tension at CMC
ould favour foaming properties. Values are about the same mag-
itude than octyl �-d-glucopyranoside. Compound 1a is the most
ffective surfactant (�CMC = 29.5 mN  m−1) and compound 8a has the
ighest �CMC value (40.5 mN  m−1) being the least effective one in
ater (Fig. 6).

It is also interesting to compare the CMC/C20 ratio. A higher
MC/C20 ratio indicates that the hydrophobic groups are less suit-
ble oriented to accommodate themselves in the internal part of
he micelles. In general, for all type of surfactants the adsorption

n the surface of aqueous solutions is preferred over the forma-
ion of micelles [27]. The larger CMC/C20 values indicate a greater
reference of the surfactant to be adsorbed at the water–air inter-
ace relative to their preference to form micelles. The surfactants

Fig. 6. Surface tension (�CMC in mN m−1 10−1) and CMC/C20 for comp
) in 8:2 water-ethylenglycol. (a) Compounds 1a,  1b,  2a and 2b.  (b) Compounds 3a,

showing the best properties are compounds 1a,  2a,  2b and 3a. For
mono-carboxylate or mono-hydroxamate compounds, CMC/C20
values of �-compounds (1a–4a)  are higher than those of �-anomers
(1b–4b). Therefore, the adsorption process is more favoured over
the micellisation in compounds bearing axial octyl chains. For
di-carboxylate or di-hydroxamate derivatives, however, no corre-
lation can be found, and differences fall into the experimental error.

As the �CMC values of compounds 1a,  2a,  2b and 3a are
about the same magnitude or lower than the one of octyl �-d-
glucopyranoside, we could conclude that the two  most efficient and
interesting surfactants bearing a carboxylic group are compounds
1a and 3a;  and the two most efficient and interesting surfactants
bearing a hydroxamic group are compounds 2a and 2b.

3.3. Extraction of metallic cations from water phases by flotation

Flotation experiments were performed with the device shown
in Fig. 3. Briefly, a solution containing the metallic pollutant and 5
equivalents of surfactant was  poured in the flotation column and air

bubbling was introduced from the bottom during 2 min. The foam
formed was recovered by the lateral tube. This duration is sufficient
to examine the expected concentration of the metal on the recov-
ered foam. Metal concentration in both the foam and the remaining

ounds 1 glucoside octyl �-d-glucopyranoside (AOG) in water.
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Table 2
Extraction coefficient ([Mn+]foam/[Mn+]liquid] of metal recovery from water solutions by chelating surfactants in flotation experiments.

Compound Fe(III) Cu(II) Cr(III) Cd(II) Zn(II) Ni(II) As(III)

1a 1.20 ± 0.05 1.0 ± 0.1 0.8 ± 0.2 1.00 ± 0.08 0.9 ± 0.1 0.82 ± 0.02 n.d.
1b  0.9 ± 0.2 0.70 ± 0.03 0.3 ± 0.2 1.03 ± 0.04 0.92 ± 0.08 0.90 ± 0.03 n.d.
2a  2.3 ± 0.4 2.4 ± 0.3 0.8 ± 0.2 1.01 ± 0.04 1.03 ± 0.05 0.98 ± 0.07 1.01 ± 0.04
2b  3.2 ± 0.3 1.6 ± 0.4 1.1 ± 0.6 1.00 ± 0.05 1.1 ± 0.1 1.0 ± 0.1 1.1 ± 0.1
3a  2.7 ± 0.5 1.00 ± 0.08 1.03 ± 0.07 1.0 ± 0.1 1.09 ± 0.08 1.03 ± 0.05 1.01 ± 0.01
3b  1.7 ± 0.3 1.2 ± 0.4 1.01 ± 0.02 1.05 ± 0.05 1.1 ± 0.1 1.02 ± 0.01 0.98 ± 0.03
4a  1.8 ± 0.6 0.96 ± 0.08 1.05 ± 0.05 0.97 ± 0.03 1.1 ± 0.1 1.05 ± 0.04 1.0 ± 0.1
4b  2.1 ± 0.1 1.1 ± 0.2 0.96 ± 0.05 1.0 ± 0.1 1.22 ± 0.08 1.06 ± 0.07 1.0 ± 0.1
5a  2.2 ± 0.5 1.1 ± 0.3 1.04 ± 0.01 1.02 ± 0.04 0.84 ± 0.08 1.1 ± 0.2 1.0 ± 0.1
6a  1.8 ± 0.6 1.0 ± 0.1 1.08 ± 0.03 1.02 ± 0.06 1.06 ± 0.07 1.3 ± 0.1 1.00 ± 0.05
7a  1.8 ± 0.7 1.0 ± 0.2 1.03 ± 0.02 1.0 ± 0.1 1.0 ± 0.1 1.13 ± 0.08 0.98 ± 0.01
7b  1.0 ± 0.1 1.1 ± 0.2 n.d. n.d. 1.0 ± 0.1 n.d. n.d.
8a  2.0 ± 0.5 1.0 ± 0.1 1.1 ± 0.3 1.02 ± 0.07 1.0 ± 0.1 1.14 ± 0.05 1.02 ± 0.03
8b  1.2 ± 0.5 1.0 ± 0.2 1.0 ± 0.1 1.00 ± 0.03 1.01 ± 0.08 1.07 ± 0.04 1.01 ± 0.01

n coefficient of Fe(III) for compounds 1–8.
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Table 3
Extraction coefficient of Fe(III) recovery from water solutions by 2a and 2b.

Compound 2a 2b 2a + 2b(1:1)

[Fe(III)]foam
Fig. 7. CMC/C20 (×10) and extractio

iquid in the column after flotation were quantified by ICP. The
esults obtained for our chelating surfactants are summarised in
able 2 for Fe(III), Cu(II), Cr(III), Cd(II), Zn(II), Ni(II) and As(III). They
re expressed as the concentration ratio of metal in the foam and
n the liquid phase after the flotation experiment.

Some interesting findings can be noted from the results shown
n Table 2. Almost all surfactants displayed very good Fe(III) recov-
ries, the best performances were observed for compounds 2a,  2b,
a,  and 5a (ratios 2.3, 3.2, 2.7 and 2.2, respectively). It is interesting
o note that dicarboxylic and dihydroxamic acids did not present
ny improvement respect to compounds bearing only one func-
ion. Most of the compounds tested were not efficient for Cu(II)
ecovery, except 2a and 2b (ratios 2.4 and 1.6, respectively). Again,
o improvement was observed for divalent compounds. All com-
ounds showed poor performance extraction for Cr(III), Cd(II) and
s(III) with no improved concentration of the metal in the foam
hase. On the other hand, compound 6a with aspartic dihydroxa-
ate as polar head displayed a slightly improved performance of
i(II) extraction (ratio 1.3) and compound 4b with a glycine hydrox-
mate poorly extract Zn(II) (ration 1.22). From these results, the
implest hydroxamate 2b followed by 3a and 2a would be the best
hoice for collecting Fe(III) whereas 2a followed by 2b would be the
est choice for collecting Cu(II). A trend can be observed between
he extraction coefficient of Fe(III) and the CMC/C20 parameter
Fig. 7).

A higher CMC/C20 parameter is favourable to the extraction of
e(III). The greater preference of the surfactant to be adsorbed at
he water–air interface relative to their preference to form micelles
hould be of importance in the extraction process.
.3.1. Effect of a mixture of anomers on the extraction coefficient
To envisage a large scale synthesis and industrial applications,

t is important to work with the mixture of anomers as their chro-
atographic separation is difficult. Then we studied the extraction
[Fe(III)]liquid
2.3 ± 0.4 3.2 ± 0.3 4.0 ± 0.6

of Fe(III) by compounds 2a and 2b (our best flotation results). Sur-
prisingly, a synergistic effect was  observed (Table 3) for compounds
2a and 2b, as a 1:1 mixture of both compounds allowed to reach a
concentration ratio (foam/liquid) of 4.0 for Fe(III).

As the predominant species are FeL2
+ (see section 3.4), the

ternary complex FeL�L�
+ would favour the extraction through a

better accommodation of the alkyl chains.

3.3.2. Effect of the foaming properties on the extraction coefficient
Regarding foaming properties, foaming formation and foam

stability have been considered qualitatively based on empirical
observation during flotation experiments. The influence of foam-
ing performances on metal removal during flotation experiments
is more evident for some examples shown in Table 4.

Some surfactants, as compounds 1b and 7b are showed poor
foaming properties in presence of either Fe(III) or Cu(II), whereas
2b displayed very good foam formation whatever the metal to be
considered. On the other hand, foaming properties of compound
8a changed from good (for Fe(III)) to poor (for Cu(II)), and this
behaviour can be correlated with the differences observed in metal
recovery. Most of the time, a good extraction coefficient is cor-
related to good foaming properties. But formation of foam does
not necessarily implicate concentration of the metal in the foam

as it is shown for the diad 1a-Cu(II). It seems that the metal-
surfactant complex has to be adsorbed at the water-air interface
to be extracted efficiently.
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Table  4
Foaming properties of chelating surfactants–metal diades.

Compound Fe(III) Cu(II)

[Fe(III)]foam
[Fe(III)]liquid

Foaming Stability
[Cu(II)]foam
[Cu(II)]liquid

Foaming Stability

1a 1.2 + + 1.0 ++ ++
1b  0.9 − − 0.7 − −

++ 
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2b  3.2 ++++ ++
7b  1.0 + − 

8a  2.0 +++ ++

.3.3. Effect of a mixture of metallic cations on the extraction
oefficient

Moreover, the foaming/extracting properties of these chelating
urfactants for a particular metal seem to be influenced by the
resence of other metals. Significant differences were observed on
otation experiments using compound 2a with a solution contain-

ng several metals (Table 5), when compared to the results obtained
ith the same compound but using a single metal.

Using a solution containing a mixture of Fe(III), Cu(II), Cr(III) and
d(II) (5 ppm each), a preferential extraction of Cu(II) was observed,
ith a concomitant diminution of Fe(III). No changes were observed
ith Cr(III) and Cd(II). This interesting result is important to be

aken into account considering that in polluted wastewater metallic
ations appear generally as complex mixtures. This result is difficult
o analyse, probably due to the complexity of the equilibriums and
xtraction process. Each metal is in competition to form metal-
urfactant complexes and each complex can be extracted with the
elp of the foam generated by other complexes.

.3.4. Effect of pH on the extraction coefficient
The removal efficiency of metals from wastewater can be influ-

nced by experimental conditions such as operating parameters,
hysical, chemical and biological factors [28]. pH is a factor which
an modify the ionic or neutral state of the ligand and the com-
osition of metallic species. As a first approach, all the flotation
xperiments have been conducted without pH control to have a
eneral view on the flotation properties. However, depending on
he nature and concentration of the ligand or of the metal a pH

odification can be induced leading to differences in the flotation
esults. For instance, in the case of Fe(III), Fe3+ is the major specie
nly at pH < 2. At higher pH, several hydroxyl species can succes-
ively be formed as the pH is increased (FeOH2+, FeOH2

+, “Fe(OH)3”,
e(OH)4

− or even polynuclear hydroxyl species). “Fe(OH)3” denotes
he inorganic polymerization giving dimers and oligomers result-
ng from olation or oxolation condensations [29]. Such olation and
xolation reactions can thus be responsible of the formation of pre-
ipitates and lower the concentration of soluble Fe(III) species. The
xtraction of a metal by flotation, notably the pH thus needs to be
ptimized for each ligand-metal system. Therefore, pH will influ-
nce the complexes formation [30] and their extraction. Extraction
oefficients were determined at three pH for the diads 2a-Fe(III)
nd 2b-Fe(III). Acid dissociation constants of 2a and 2b were deter-
ined by potentiometric pH titration.

L�L− + H+ pKa(2a) = 9.3 ± 0.2, pKa(2b) = 9.5 ± 0.2
here HL = hydroxamic acid and L− = hydroxamate anion.
Ion flotation experiments for Fe(III) and compounds 2a and

b were conducted at pH 3.0, 6.0 and 11.0 (Table 6). Maximum

able 5
xtraction coefficient of one metal solutions vs mixture of metals.

Compound 2a Fe(III) Cu(II) Cr(III) Cd(II)

Single metal 2.3 ± 0.4 2.4 ± 0.3 0.8 ± 0.2 1.01 ± 0.04
Multiple metals 1.6 ± 0.2 3.0 ± 0.5 1.0 ± 0.1 1.0 ± 0.1
1.6 ++ +
1.1 − −
1.0 + +

efficiency on metal removal was  reached at pH 6.0. No significant
extraction was  observed at pH 3 or 11.

This can be the result of differences in the composition of Fe(III)
complexes and ligand (see Section 3.4). At pH 3, the major Fe(III)
complex is FeL2+ but most of the ligand stay free in solution. In this
case, the flotation is probably due to the free ligand 2a or 2b,  the
major surface active species in solution. FeL2+ which is probably
not adsorbed at the air-water interface, is then extracted with the
water solution. At pH 6, the major Fe(III) complex is FeL2

+. It seems
that this specie is surface active and responsible of the flotation.
At pH 11, the major Fe(III) complex would be Fe(OH)4

−. The specie
responsible of the foam formation is then L−. At this pH, like at pH
3, the Fe(III) complexes are then extracted with the water solution
without adsorption at the air–water interface.

3.4. Stability and dissociation constants determination;
speciation modeling of Fe(III)-2a and Fe(III)-2b systems

Ligand metal complexes may  have different stoichiometries
depending upon the complex stability constants and the pH of the
solution. For a particular metal–ligand system, species distribution
diagrams, obtained from spectrophotometric studies show relative
abundance of each species as a function of pH. This information
is very helpful in clarifying the mechanism and species by which
metals are removed from solution. Absorbance matrix obtained for
Fe(III)-2a and Fe(III)-2b are shown in Fig. 8.

Hydroxamic acids are known to form stable complexes with
Fe(III). The Fe(III)-hydroxamate system exhibits three complexes at
L:Fe mole ratios of 1:1, 2:1, and 3:1. A Principal Component Anal-
ysis [31] of data obtained shows three significant factors which
explain more than 99% of the spectral variation. These three fac-
tors are attributed to FeL2+, FeL2

+ and FeL3 species. This may not be
concluded by inspection of matrix absorption data. The consistency
of the parameters obtained was  evaluated by computing the mean
square error in the prediction of spectral details (RMSEP), obtaining
a RMSEP (2a) = 0.008 and RMSEP (2b) = 0.002. These values are very
close to instrumental noise and indicated an excellent model fit.
Stability constants log �1, log �2 and log �3 for complex formation
of Fe(III) with compounds 2a and 2b were simultaneously deter-
mined using the previously determined acidity constants pKa as
input in the refinement. The results obtained are in accordance with
values found in the literature [32] for other Fe(III)-hydroxamate
systems.

− 2+
Fe(III) + L �FeL Log�1(2a) = 10.15 ± 0.27, log�1(2b)

= 10.15 ± 0.15

Table 6
pH effect on extraction coefficient of Fe(III) by 2a or 2b.

pH 3 6 11

2a 0.98 ± 0.08 2.2 ± 0.2 1.02 ± 0.09
2b  1.01 ± 0.12 3.1 ± 0.3 1.03 ± 0.09
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Fig. 8. Absorbance matrix fo

e(III) + 2L−�FeL2
+ Log�2(2a) = 18.30 ± 0.32, log�2(2b)

= 18.34 ± 0.34

e(III) + 3L−�FeL3 Log�3(2a) = 23.77 ± 0.35, log�3(2b)

= 22.48 ± 0.26

here L− = hydroxamate anion.
Both anomers show analogous values for log �1, log �2 and log

3. In order to investigate the coordination chemistry of the com-
ounds 2a and 2b,  speciation diagrams and spectrophotometric
tudies were calculated for the Fe(III)-hydroxamate systems at
98 K. The Fe(III)–hydroxamate interaction is characterised in the
V/Vis spectrum by a �(ligand)→d(Fe) ligand-to-metal charge-

ransfer (LMCT) band. We  monitored the reaction between Fe(III)

nd L with an FeIII/L ratio from 1:1 to 1:3 by spectrophotometry
Fig. 9).

Upon increasing the Fe(III)/L ratio, a bathochromic shift of
he LMCT band was observed together with an increase in the

Fig. 9. Molar absorptivities calculated from multi-wavelengt
I)-2a and Fe(III)-2b systems.

absorption intensity corresponding to the formation of the
mono-, bis- and tris (hydroxamate) complexes of Fe(III). This
result is consistent with those previously reported for Fe(III)-
hydroxamate systems [33].The 1:1 complexes give spectra with
�max ≈ 420 nm (2a), 400 nm (2b), the 1:2 complexes give spectra
with �max ≈ 425 nm (2a), 420 nm (2b), and the 1:3 complexes give
spectra with �max ≈ 465 nm (2a), 460 nm (2b). The correspond-
ing speciation diagrams for Fe(III)-2a and Fe(III)-2b are shown in
Fig. 10. Both systems have a 4:1 chelating surfactant/Fe(III) con-
centration ratio. For compound 2a,  Fe(2a)3 starts to be present in
appreciable concentration around pH 7.0, then the concentration
increases from pH 7.0 to 9.0 reaching a plateau at pH 9.3. Fe(2a)2

+

reaches a maximum concentration around pH 5.5. Meanwhile in
the corresponding speciation diagram system for 2b,  Fe(2b)3 starts
to be present around pH 8.0 and its concentration increases from
pH 8.0 to 9.5. Fe(2b)2

+ reaches a maximum concentration around
pH 6.5.

According to the results above described, it can be seen that in
the pH range 5.5–6.5 the predominant species were FeL2

+ where

the chelating compound-metal ratio was 2:1 for both compounds
(2a and 2b). The best results in the flotation experiments were
obtained at pH 6.0, supporting that the suggested ratio is the most
efficient to remove Fe(III) from the system. These results suggest

h pH titration for each species of compound 2a and 2b.
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Fig. 10. Speciation diagrams for th
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Fig. 11. Schematic configurations of Fe(L)2
+ and Fe(L)2+.

hat FeL2
+ might be more surface active species than either FeL3 or

eL2+. The predominant species in alkaline and strong acidic media,
espectively, would explain the results shown in Table 6.

The sugar CONHOH groups in FeL3 would have to reside in
he aqueous phase with all their polar atoms surrounded by water

olecules, while the alkyl chain does not need to reside in the solu-
ion phase. Rather, it would be energetically favorable for this group
o reside in the air phase, thereby allowing the ethylene groups
n the alkyl chain to leave the aqueous solution (Fig. 11). Such an
rrangement of FeL2

+ at the solution/air interface would increase
he effective hydrocarbon chain length of the FeL2

+ species, making
hem more surface-active.

. Conclusions

The introduction of a chelating functionality hardly affects the
nterfacial properties of sugar-based surfactants, which display
CMCs of the same order of magnitude as octyl glucopyranoside.
owever, subtle structural differences as anomeric configuration
ave a significant influence on interfacial properties. Changes are
lso observed between mono- and bidentate compounds. The
orrelation of interfacial properties or polar head functionalities
ith metal recovery of chelating surfactants reported here is not
traightforward. A trend has been found between CMC/C20 of
ure surfactants in water and the Fe(III) extraction coefficient.
his indicates the prevalence of the adsorption phenomenon
t the interface in the flotation process. The importance of the
e Fe-2a and Fe-2b systems.

adsorption phenomenon can explain the differences obtained for
the flotation experiments at different pH. A good extraction coef-
ficient would be dependent of a good adsorption of the complex
surfactant-metal at the air-water interface. As a consequence,
changes in the surfactant, metal and pH may  produce different
foaming behaviour and extraction capability. These results suggest
that the final metal recovery by flotation is a subtle combination
of the surfactant efficiency, the chelating functional group and
the metal. Our results showed that in the pH range 5.5–6.5 the
predominant species were FeL2

+ (2:1 chelating compound-metal
ratio) for compounds 2a and 2b.  Since these compounds present
the best results in the flotation experiments, these findings suggest
that FeL2

+ might be the most surface active species.

Acknowledgements

The authors are indebted to Direction Générale de l’Armement
(DGA) (fellowship to N. F.), Universidad de Buenos Aires, Centre
National de la Recherche Scientifique (CNRS) and Ministère délégué
à l’Enseignement Supérieur et à la Recherche for financial sup-
port. This work was also supported by a Binational Cooperation
France-Argentina, CNRS and Consejo Nacional de Investigaciones
Científicas y Técnicas (CONICET). The authors thank Professor
Emmanuel Baudrin for its helpful discussion about the iron com-
plexes in solution.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.colsurfa.
2014.09.041.

References

[1] U.N. Rai, R.D. Tripathi, J. Vajpayee, M.B. Ali, Bioaccumulation of toxic metals
(Cr, Cd Pb and Cu) by seeds of Euryale ferox Salisb. (Makhana), Chemosphere
46  (2002) 267–272.

[2] E.H. Rybicka, Impact of mining and metallurgical industries on the environment
in Poland, Appl. Geochem. 11 (1996) 3–9.

[3] X. Li, C. Poon, P.S. Liu, Heavy metal contamination of urban soils and street dusts
in  Hong Kong, Appl. Geochem. 16 (2001) 1361–1368.

[4] Z.L. He, X.E. Yang, P.J. Stoffella, Trace elements in agroecosystems and impacts
on  the environment, J. Trace Elem. Med. Biol. 19 (2005) 125–140.
[5] (a) C.W. Martin, Heavy metal trends in floodplain sediments and valley fill,
River Lahn, Germany; CATENA 39 (2000) 53–68;
(b) M.  Meybeck, L. Lestel, P. Bonté, R. Moilleron, J.L. Colin, O. Rousselot, D.
Hervé, C. de Pontevès, C. Grosbois, D.R. Thévenot, Historical perspective of
heavy metals contamination (Cd, Cr, Cu, Hg, Pb, Zn) in the Seine River basin

http://dx.doi.org/10.1016/j.colsurfa.2014.09.041
http://dx.doi.org/10.1016/j.colsurfa.2014.09.041
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0005
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0010
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0015
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0020
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b
http://refhub.elsevier.com/S0927-7757(14)00763-8/sbref0025b


4 hysico

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

zinc(II) complexes: potential platforms for the design of novel heterodimetallic
48 N. Ferlin et al. / Colloids and Surfaces A: P

(France) following a DPSIR approach (1950-2005), Sci. Tot. Environ. 375 (2007)
204–231.

[6] Y. Tao, Z. Yuan, H. Xiaona, M.  Wei, Distribution and bioaccumulation of heavy
metals in aquatic organisms of different trophic levels and potential health risk
assessment from Taihu lake, China, Ecotoxicol. Environ. Saf. 81 (2012) 55–64.

[7] Z.P. Liu, Lead poisoning combined with cadmium in sheep and horses in the
vicinity of non-ferrous metal smelters, Sci. Tot. Environ. 309 (2003) 117–126.

[8] (a) G. Papanikolaou, K. Pantopoulos, Iron metabolism and toxicity, Toxicol. Appl.
Pharmacol. 202 (2005) 199–211;
(b) V. Majerus, P. Bertin, S. Lutts, Effects of iron toxicity on osmotic potential,
osmolytes and polyamines concentrations in the African rice (Oryza glaberrima
Steud.), Plant Sci. 173 (2007) 96–105.

[9] (a) P. Miretzky, A. Saralegui, A. Fernández, Cirelli, Aquatic macrophytes poten-
tial for the simultaneous removal of heavy metals (Buenos Aires, Argentina),
Chemosphere 57 (2004) 997–1005;
(b) H. Denny, D. Wilkins, Zinc tolerance in Betula spp. II. Microanalytical studies
of zinc uptake into root tissues, New Phytol. 106 (1987) 525–534;
(c) A. Cardwell, D. Hawker, M.  Greenway, Metal accumulation in aquatic
macrophytes from southeast Queensland, Australia, Chemosphere 48 (2002)
653–663.

10] (a) S.S. Ahluwalia, D. Goyal, Microbial and plant derived biomass for removal
of heavy metals from wastewater, Biores. Tech. 98 (2007) 2243–2257;
(b)  P. Miretzky, A. Saralegui, A. Fernández, Cirelli, Simultaneous heavy metal
removal mechanism by dead macrophytes, Chemosphere 62 (2006) 247–254;
(c)  B. Volesky, Z. Holan, Biosorption of heavy metals, Biotechnol. Prog. 11 (1995)
235–250.

11] (a) Y. Li, X. Zeng, Y. Liu, S. Yan, Z. Hu, Y. Ni, Study on the treatment of copper-
electroplating wastewater by chemical trapping and flocculation, Sep. Purif.
Technol. 31 (2003) 91–95;
(b) R.P. van Hille, K.A. Peterson, A.E. Lewis, Copper sulphide precipitation in a
fluidised bed reactor, Chem. Eng. Sci. 60 (2005) 2571–2578.

12] F. Di Natale, A. Lancia, Recovery of tungstate from aqueous solutions by ion
exchange, Ind. Eng. Chem. Res. 46 (2007) 6777–6782.

13] P.S. Sudilovskiy, G.G. Kagramanov, V.A. Kolesnikov, Use of RO and NF for
treatment of copper containing wastewaters in combination with flotation,
Desalination 221 (2008) 192–201.

14] (a) J.S.H. Wong, R.E. Hicks, R.F. Probstein, EDTA-enhanced electroremediation
of metal-contaminated soils, J. Hazard. Mater. 55 (1997) 61–79;
(b) N. Mishchuk, B. Kornilovich, R. Klishchenko, pH regulation as a method
of  intensification of soil electroremediation, Colloid. Surface. A 306 (2007)
171–179.

15] (a) N. Woller, G. Subklew, M.J. Schwuger, Reactive liquid-liquid extraction of
heavy metals from leachate with oil-soluble complexing surfactants, Colloid.
Surface. A 117 (1996) 189–200;
(b) M.J. Schwuger, G. Subklew, N. Woller, New alternatives for waste water
remediation with complexing surfactants, Colloids Surf., A: Physicochem. Eng.
Aspects 186 (2001) 229–242;
(c) C.N. Mulligan, R.N. Yong, B.F. Gibbs, Remediation technologies for metal-
contaminated soils and groundwater: an evaluation, Eng. Geol. 60 (2001)
193–207;
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