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Synergistic extraction of copper(Il) from sulfate medium with
capric acid and tri-n-octylphosphine oxide in chloroform
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The synergistic solvent extraction of copper(II) from 0.33 mol dm ™~ Na,SO, aqueous solutions
with capric acid (HL) in the absence and presence of tri-n-octylphosphine oxide (TOPO) in
chloroform at 25°C has been studied. The extracted species when capric acid was used alone
is CuL,(HL),. In the presence of TOPO, the extracted complex is CuL,(HL),(TOPO). The
TOPO-HL interaction strongly influences the synergistic extraction efficiency. The extraction
constants were calculated.
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1. Introduction

Liquid-liquid extraction is one of the most useful techniques for selective removal and
recovery of metal ions from aqueous solutions, applied in purification processes in
numerous chemical and metallurgical industries [1-3]. Carboxylic acids have been
studied as extractants for numerous metals and have been shown to exhibit good
extraction and separation efficiency.

Copper(Il) is extracted as a dimer Cu,L4(HL), in non-solvating solvents [4—14].
Because of the extensive solvation by alcohols and ketones, the monomeric and dimeric
species are in equilibrium in these solvents [15, 16]. Synergism in solvent extraction
systems has been investigated by many authors [17-24]. Mareva et al. [25] have
successfully utilized a salicylic acid and tri-n-octylphosphine oxide (TOPO) mixture for
the separation of uranium from rare earth, thorium, zirconium, and iron. Hirose et al.
[26, 27] extracted copper(Il) and zinc(Il) with capric acid in benzene in the presence
of pyridine (Py). The synergistic effect is interpreted by the formation of the following
mixed ligand complexes in benzene: Cul,(HL);Py, CuL,(HL),Py,, and Cu,L4(HL)Py
for copper(Il) and ZnL,(HL)Py, ZnL,(HL)3;Py for zinc(II).
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In this study, the study of the synergistic extraction of copper(Il) from sulfate
medium with capric acid in the absence and presence of TOPO in chloroform was
carried out. The object of this study was the determination of the stoichiometries of
the extracted complexes and their extraction constants.

2. Experimental

2.1. Reagents

Capric acid (98%, Fluka) and TOPO (>97%, Fluka) were used as purchased.
Chloroform was pre-equilibrated with aqueous solution which did not contain
copper(Il). The ionic strength of the aqueous medium was assumed to be unity
([Na»SO4]=0.33 moldm ™). The initial  concentration of  copper is
1.57 x 10~ *mol dm ™2 (100 ppm).

2.2. Extraction and analytical procedures

An aqueous copper solution (40mL, 1.57 x 10~*moldm ) was placed in a thermo-
stated vessel at 25°C. To the solution, an equal volume of chloroform solution
containing 5x 107 to 4x102moldm™ of capric acid or a mixture of
5x 107> moldm ™ of capric acid and 1.25x 107 to 4 x 10~>moldm > of TOPO was
added and shaken for 15 min. This time was sufficient since the equilibrium was reached
rapidly; after equilibrium, both phases were allowed to stand for more than 30 min for
a complete phase separation. The pH of the solution was adjusted to between 4.8 and 7
by adding a few drops of 0.1 moldm™ NaOH. The metal ion concentrations were
determined in aqueous phase photometrically at 810 nm using a Philips UV-Vis SP6-36.
The metal ion concentrations in the organic phase were calculated from the difference
between the metal ion concentrations in the aqueous phase before and after extraction.

3. Results and discussion

3.1. General treatment of extraction equilibrium of copper(II) with capric acid

Capric acid exists as a dimer in solvents of low polarity such as toluene, benzene,
chlorobenzene, dichloroethane, carbon tetrachloride, and alkanes [14]. The extraction
of metal by a dimerized capric acid, (HL),, in chloroform can be represented by the
general equation:

. n+m .
jMZq+ + jT (HL)Z,Org pnd (MLn(HL)m) +mH* (1)

j.org
where the subscripts aq and org correspond to the aqueous and organic phases,
respectively, and j, degree of polymerization of the complex; (HL),, extractant in
dimeric form; n, cationic charge; and m, number of monomeric acids contained
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in the complex. The extraction constant can be written as the following expression:

[(MLH(HL)m)j]org [HJF]’U
Mn+]j HL j (n+m)/2 (2)
[ aq [( )2 org
The distribution coefficient D of the metal between the organic and aqueous phases
may be expressed as follows:

D= SMorg Z ZJ ML (HL)nq]org/[Cu2+]

Mg

—ZZ(JK [ 10 e [, P 1) G

where Cy,,,, Cwm,,» and oy are the total concentrations of the metal in the organic and
aqueous phases, and the side reaction coefficient allowing for metal complexation in the
aqueous phase, respectively. If only (ML,(HL),,); is responsible for the extraction
system, equation (4) is derived from equation (3) as follows:

ex —

. ; n+m . .
log D = (j — 1) log[M"*],q + log[(HL), ], +(n/) pH — logacy +log + log Kex

4
With a predetermined capric acid concentration in the organic phase, the relationship
log D + log[M"*],, = f(log[M"*],, 4+ npH) (5

should give a straight line of slope j. On the other hand, at a predetermined metal
concentration in the aqueous phase, the relationship

log D — (j = 1)1og[M""],y — (nj)pH = f(log[(HL),]) (6)
should yield a straight line of slope /24" which intersects the axis at
(log Kex + logam + log )

Equation (4) shows that the function log D = f(pH) at a constant [(HL)]o, should
yield a straight line with a slope of n only when j and ay; are equal to unity.

3.2. Extraction of copper(1l) with capric acid alone

The stoichiometries of the extracted species were determined by analyzing the
experimental data. Conventional slope analysis was used.

The experimental results are arranged according to equation (4). Figure 1 shows the
results obtained for extraction of copper(Il) with solutions of various capric acid
concentrations. The degree of extraction of Cu(Il) increases with increase in pH and
capric acid concentration. Plots of log D versus pH for various concentration of capric
acid are straight lines with slope equal to 2 (n=2). This suggests full neutralization of
copper(Il) valence leading to the release of two protons as given by equation (7). The
data in figure 1 also reveal no dependence of copper distribution upon the aqueous
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Figure 1. Effect of pH on the extraction of copper(Il) with capric acid in chloroform.

copper concentration, thereby confirming the monomeric nature of the extracted
complex (j=1, acy=1).

24+ m

Cu*t + T(HL)Z,Org > Culy(HL),, . +2HT (7)

m,org

Under these experimental conditions, the concentration of metal in organic phase is
negligible compared to the concentration of extractant; therefore, concentration of
dimer was calculated as [(HL),] =[HL]/2.

According to equation (4), the number of capric acid molecules involved in the
monomeric species can be determined from the slope of plots of (logD) against
log[(HL),]or, at constant pH. Plots of log D versus log[(HL),],, at constant pH were
also linear with a slope of (2+4m)/2=2, i.e., m=2, as shown in figure 2. This suggests
that two molecules of dimeric capric acid take part in the extraction of one ion of
copper. This means that only CuL,(HL), is extracted into chloroform. The same type of
extracted species was reported for the extraction of copper(Il) with cyclopentyl acetic
acid [28] and a-bromostearic acid [29] in benzene.

It is likely that a carboxylic acid dimer is bidentate in the monomeric extracted species
as in the extraction of copper with di-(2-ethylhexyl)-phosphoric acid [30]. The complex
formed has a structure of an adduct, in which particular places in the coordination sphere
of copper are occupied by four molecules of the extractant. At the same time,
two of them, as acid anions, form polarized covalent bonds, and the other two,
as non-dissociated molecules coordinating via the carbonyl oxygen (figure 3).

The logarithmic value of K. of copper(Il) can, therefore, be calculated for each
experimental point (log K., = —7.53).

For the logarithmic extraction equilibrium constant of copper(Il) with capric acid,
values of —11.61 and —11.36 have been reported for carbon tetrachloride—aqueous
perchlorate solution system and benzene—aqueous perchlorate solution system [31],
respectively.
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log[(HL)2]org

Figure 2. Determination of the number of capric acids involved in the extracted complex.
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Figure 3. Structure of the complex of copper ion with capric acid.

The experimental conditions in this study, chloroform—aqueous sulfate solution
system, is different from those reported above and dimeric species are responsible for
the extraction in higher concentration of capric acid in the organic phase.

3.3. Synergistic extraction of copper(II) with capric acid and TOPO

In the synergic extraction of copper(Il) with a mixture of capric acid (HL) and TOPO,
the extraction equilibrium and the synergistic extraction constant, K., can be
expressed by

Cu** +2(HL), \, + S(TOPO),,, = CuL,(HL),(TOPO), , + 2H* (8)

Kex = [(CuL2(HL),(TOPO), ), IH*/[Cu* "], [(HL),'[TOPOF (©)



Downloaded by [Renmin University of China] at 10:30 13 October 2013

Extraction of copper(II) 579

1.5
[TOPOQO]
1.0 |®OM
® 0.00125M
4 0.0025M
0.5| |wvo0.005M
0.01M
o € 0.02M
o 0.0
ke) g |

54 56 58 60 62 64 66 68 70
pH

Figure 4. Synergistic effect of TOPO in the extraction of copper with capric acid in chloroform.
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Figure 5. Structure of the associated molecule of capric acid with TOPO.

Equation (9) shows that plots of log D against pH at constant [(HL),] and constant
[TOPO] should consist of straight lines with slope 2. Typical plots for the extraction of
copper(Il) from 0.33moldm— sodium sulfate solution by the mixture of capric acid
and TOPO in chloroform are shown in figure 4. The slopes obtained (1.85-2.00)
confirm the expected second-order dependence of metal distribution upon pH.

A different situation is observed for the synergistic extraction of copper(Il). As
illustrated in figure 4, the addition of TOPO causes an enhanced extraction of
copper(Il) for TOPO concentration <0.005moldm™, showing that TOPO gives a
synergistic effect for these concentrations. Further increase in the amount of TOPO
in the organic phase results in a decrease in the extraction of copper(Il).

The antagonistic effect may be explained in terms of decrease of the effective
concentration of capric acid due to association between TOPO and capric acid in the
organic phase; formation of such associated molecules is possible because the oxygen
from TOPO is able to form hydrogen bonds with capric acid (figure 5).

The number of TOPO molecules involved in the extracted species can be determined
from the slope of the graph log D against log[TOPO],,, at constant pH and [(HL)]. As
figure 6 shows, the plot yielded a straight line with a slope of unity. Thus, the number of
TOPO involved in the extracted complex is one, suggesting a complex extraction of type
CuL,(HL),(TOPO),.
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Figure 6. Determination of the number of TOPO’s involved in the extracted species.

From the above results, the equation for the synergistic extraction equilibrium of
copper(II) is considered to be

Cu®* +2(HL), oy, + (TOPO),,, == CuLy(HL),(TOPO),,, + 2H* (10)

The synergistic extraction equilibrium was obtained from figure 5 as
log Kex syn = —4.63.

According to the structural study [32], copper(II) carboxylates are characterized by
distorted octahedral structure involving two bidentate dimeric capric acid (HL; ). Thus,
copper(Il) caprate in chloroform is considered to have a similar structure with two
water molecules at an axial position. The formation of CuL,(HL)>(TOPO),,, is due to
the replacement by TOPO of one water molecule at an axial position of the monomeric
copper(Il) caprate (figure 7). Hirose et al. [26] reported the incorporation of one or
two molecules of pyridine in the copper(Il) species extracted in the pyridine—capric
acid system. Also, in a study on the extraction of copper(Il) with butyric and
a-bromobutyric acids in the presence of pyridine or quinoline, the extracted species
was found to contain two molecules of the amine per copper atom [33].

Figure 8 shows some results that allow a comparison of the results obtained in this
study with those reported with respect to extraction by N-(2-hydroxybenzylidene)ani-
line (N2HBA) [34] and di(2-ethylhexyl) phosphoric acid (D2EHPA) [1]. For an equal
concentration of the extractants, the extractability of D2EHPA was found to be more
efficacious than N2HBA and than capric acid with respect to the extraction of
copper(IT) from sulfate solutions.

It is well known [35] that the extraction constant for an acidic extraction is a function
of the partition constant and pK, of the extractant, the overall formation constant of
the extractible complex, and its partition constant. Since pK,(D2EHPA)=1.8 [36],
pK.(capric acid)=4.9 [37], and pK,(N2HBA)=9.5 [38], this factor favors a better
extraction with N2HBA than with capric acid and D2EHPA. In the case of capric acid,
which is a better extractant (figure 8), the extraction of copper(Il) is not improved as
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Figure 7. Structure of the complex of copper ion with capric acid and TOPO.
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Figure 8. Extraction of copper(II) with capric acid (HL) in the absence and presence of TOPO, compared
with the extraction by D2EHPA [1] and N2HBA [32].

with N2HBA, probably due to the dimerization of capric acid in the organic phase.
However, the addition of TOPO in the organic phase has the advantage to improve
the extraction of copper(Il) by capric acid (figure 8).

4. Conclusion

The solvent extraction of copper(Il) from sulfate medium with capric acid (HL) in the
absence and presence of TOPO in chloroform was studied and the following
information was obtained.

e In the absence of the synergic agent TOPO, the extracted species is CuL,(HL),. This
agrees with the published results for the extraction of copper(Il) with cyclopenty-
lacetic acid [28] and a-bromostearic acid [29] in benzene.
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e In the presence of TOPO, the extraction is improved for TOPO concentration
<0.005moldm . It was found that one molecule of synergistic agent is adducted to
the extracted species of the corresponding non-synergistic system, which is in general
agreement with the literature [26].

e The TOPO-HL interaction has been taken into account to explain the antagonism
effect.

e Comparison between capric acid in the absence and presence of TOPO and the
reported extractants D2EHPA [1] and N2HBA [34] revealed that the extraction of
copper(I) varies according to the sequence: D2EHPA > N2HBA > capric
acid + TOPO > capric acid.
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