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Abstract

A micellar solution of sodium dodecylsulfate (SDS) exhibits the property of being separated into two phases due to a temperature change
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r the addition of salts. The ammine-complexes of copper(II), nickel(II) and palladium(II) reacted with the dodecylsulfate anion to
orresponding ion-pair, and were extracted into the SDS gel phase. The SDS plays the roles of a pairing-ion for the ammine-com
f an extraction medium. The ion-pair extraction mechanism was investigated; the extractability of metals was given by the func
olubility products of the ion-pairs. This method was applied to the mutual separation of Ni(II)/Cu(II) and Pd(II)/Pt(II). The driving f
he extraction was an electrostatic interaction between the cationic complex and the surfactant anion. The use of the SDS gel as io
s also expected.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Interest has been shown in the separation of metal ions by
n extraction and/or adsorption method that uses a surfactant
nd a polymer electrolyte of a solid or a liquid as the extraction
edium[1–7].
In the method using the surfactant, the cloud point phe-

omenon has been commonly used m the science of the sep-
ration for extraction, purification and preconcentration of
etals. It is based on the behavior of non-ionic surfactant
queous solutions that exhibit a phase separation by increas-

ng the temperature[8–16]. On the other hand, ionic surfac-
ants show a phase separation by cooling the solutions below
he Krafft point temperature. The analytical utility of these
eparation techniques is still limited and a few methods were

∗ Corresponding author. Tel.: +81 83 933 5768; fax: +81 83 933 5768.
E-mail address:taga@yamaguchi-u.ac.jp (S. Tagashira).

reported concerning the formation of ion-pairs and the
traction into the surfactant phase that is gel-like and h
lamellar structure. The exact mechanism has not yet
clarified for the ionic surfactant systems because the ion
formation affects the structure of the separated surfac
phase and changes the extractability of the metals[17,18].

Recently, there has been general concern for decre
the discharge or disposal of effluents containing hazar
heavy metals. Such effluents often contain valuable me
thus, there is an economic interest in their recovery fo
cycling. Ammonia is an important substance because i
a large number of utilizations for the industrial recovery
metals. For example, it is used as a leaching reagent for
per from chalcocite or chalcopyrite in the mining indus
[19] and for the recovery of copper from spent etching ag
[20]. However, there are only a few reports concerning
direct extraction of a metal as an ammine-complex. In
conventional liquid–liquid extractions, the ammine-comp
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undergoes a ligand exchange reaction using a hydrophobic
reagent, such as LIX-973N[21]. Solvent extraction is then
carried out[1,2,21]. Many of the organic solvents used are
volatile and noxious[21]; therefore, the solvent extraction
methods are not desirable from the viewpoint of environmen-
tal preservation and their harmful influence on human health.
Moreover, the exchange reaction using hydrophobic reagents
has the disadvantage of high cost and is time-consuming.

The purpose of this study is the direct extraction of a metal
ammine-complex into an ionic surfactant phase and the clar-
ification of the extraction mechanism of the ion-pair. Many
divalent metals, such as copper(II), nickel(II), zinc(II), palla-
dium(II) and platinum(II), form stable complexes with am-
monia in aqueous solution. These complexes have a positive
charge and several of them form an ion-pair with the anionic
surfactants. Sodium dodecylsulfate (SDS) was selected be-
cause a micellar solution of this surfactant exhibits the prop-
erty of being separated into two phases by cooling below the
Krafft point temperature of 9◦C in pure water[22] or the
addition of a salt. One is a surfactant-depleted phase (aque-
ous phase) and the other is a surfactant-rich phase known as
the surfactant phase. SDS is used in household detergents,
and has the advantage of low toxicity and high biodegrad-
ability. The metal complexes of copper(II), nickel(II) and
palladium(II) form a water-insoluble ion-pair with the do-
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path length. The metal concentration was determined using a
Shimadzu AA-625-11 flame atomic absorption spectrometer
(AAS) or a Varian LIBERTY SERIES II inductively coupled
plasma atomic emission spectrometer (ICP-AES). All the pH
measurements were performed using a Horiba M-7 pH me-
ter in combination with a glass electrode. A Hitachi Himac
CF7D2 centrifuge was used for the phase separation.

2.3. Procedure

2.3.1. Extraction of a metal ammine-complex into the
SDS gel phase

A solution containing divalent metals was separately
transferred to a 10 cm3 centrifuge tube with a graduation line.
After successively adding ammonia water and SDS aqueous
solution, the solution was shaken to form the ion-pair. Sodium
chloride solution was then added as a salting-out reagent and
the mixture was diluted to a marked line with water. After
cooling the solution in an ice-water bath and centrifuging
(0◦C, 5000 rpm, 10 min), the aqueous and SDS phases were
separated. The SDS phase located at the bottom was a gel-like
solid.

2.3.2. Recovery of a metal ion by back-extraction
e, it

i acid
w mine-
c dium
c rked
l ion
w

3

3
o

een
3
a
0 e
m ated
a ns
a rved
f lla-
d

3
e

been
e ple,
t ses
ecylsulfate anion (DS). The extractability of their meta
epends on the metal concentrations and is almost ind
ent of the SDS concentrations. Based on the solubili
n ion-pair in the aqueous phase, the mutual separati
etals was performed.

. Experimental

.1. Reagents

The stock solutions of divalent metal ions were se
ately prepared by dissolving the appropriate amounts of
er(II) nitrate (Kishida Chemicals, Osaka, Japan), nicke
itrate (Wako Pure Chemicals, Tokyo, Japan), zinc(II) nit
Kishida Chemicals, Osaka, Japan), palladium(II) chlo
Kanto Chemicals, Tokyo, Japan), and potassium tetrach
latinate(II) (Kanto Chemicals, Tokyo, Japan) in diluted

ric or hydrochloric acid. These concentrations were titrim
ically standardized with EDTA. The commercial prod
f ammonia water (28%, Kanto Chemicals, Tokyo, Ja
as used as received. Sodium dodecylsulfate (SDS) (W
ure Chemicals, Tokyo, Japan) and sodium chloride (K
hemicals, Tokyo, Japan) solutions were prepared by
olving these reagents in water. All chemicals were of
ytical grade and were dissolved in deionized water.

.2. Apparatus

The absorbance measurement was performed using
adzu UV-265 spectrophotometer with quartz cells of 1.0
In order to recover the metal ion from the gel phas
s necessary to decompose the ion-pair. Hydrochloric
as added to the SDS phase containing the metal am
omplex after the removal of the aqueous phase. So
hloride solution was then added and diluted to a ma
ine with water. By cooling and centrifuging, the metal
as recovered into the aqueous phase.

. Results and discussion

.1. Influence of metal concentration on the extraction
f an ammine-complex

The optimal extraction conditions were betw
.8× 10−2 and 7.0 mol dm−3 for ammonia, 4.2× 10−3

nd 0.15 mol dm−3 for SDS and 6.8× 10−2 and
.62 mol dm−3 for sodium chloride. The effect of th
etal concentration on the extractability was investig
nd is shown inFig. 1. The different concentratio
t which the ion-pair was extracted were obse

or each metal. The order of extractability was pa
ium(II) > copper(II) > nickel(II) > zinc(II)≈ platinum(II).

.2. Application and limit of general liquid–liquid
xtraction model to ionic surfactant system

As a rule, the phenomenon for ion-pair extraction has
xplained by the liquid–liquid extraction model. For exam
he distribution ratio,D, between the aqueous and gel pha
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Fig. 1. Effect of metal concentration on the percent extrac-
tion of ion-pairs and theoretical curves based on their solubil-
ity product [NH3] = 0.40 mol dm−3, [SDS] = 6.24× 10−2 mol dm−3,
[NaCl] = 0.27 mol dm−3.

is defined for the ion-pair of copper(II) ammine-DS

D = [Cu(NH3)4(DS)2]gel

[Cu(NH3)2+
4 ]aq + [Cu(NH3)4(DS)2]aq

(1)

where the subscripts aq and gel denote the aqueous and gel
phases, respectively. Assuming that the ion-pair concentra-
tion is negligibly small in the aqueous phase, Eq.(1) is rewrit-
ten as follows:

D = [Cu(NH3)4(DS)2]gel

[Cu(NH3)2+
4 ]aq

(2)

The extraction constant of ion-pair,Kex, is

Kex = [Cu(NH3)4(DS)2]gel

[Cu(NH3)2+
4 ]aq[DS−]2aq

(3)

where [DS−]aqrepresents the concentration of the SDS anion
in the aqueous phase after phase separation. This equation i
substituted in Eq.(2), giving

logD = 2 log [DS−]aq + log Kex (4)

The volumes of the two phases are a function of the surfac-
tant concentrations. The relation of the distribution ratio and
percent extraction,E, is

D

w and
g

t
g (II)
h from
t er
h op-
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Table 1
Ion-pair extraction constants and solubility products, and the theoretical
metal concentration remaining in aqueous phase after extraction

Metal logKex

(mol dm−3)−2
−logKsp

(mol dm−3)3
[M(NH3)2+

n ]aq

(mol dm−3)

Cu(II) 8.34 11.8± 0.8 (1.21± 0.14)× 10−5

Ni(II) 8.77 10.9± 0.4 (9.18± 0.92)× 10−5

Pd(II) 8.66 13.0± 0.8 (6.96± 0.78)× 10−7

Zn(II) 1.29 – –
Pt(II) 1.41 – –

[DS−]aq= (3.83± 0.18)× 10−4 mol dm−3.

tractability on the SDS concentrations, because there are no
differences among theKex values. As shown inFig. 1, the
extractability significantly depended on the metal concentra-
tions, however, the general theory of liquid–liquid extraction
was insufficient to explain the dependence of metal concen-
tration on the extractability.

3.3. Extractability of metals as a function of solubility of
the ion-pair

We thought that the extractability of the metals was af-
fected by the solubility of the ion-pair forming in the aqueous
solution. In the presence of a small amount of SDS, solution
turbidity was observed. The solubility product of an ion-pair,
Ksp is defined as follows:

Ksp = [M(NH3)2+
n ]aq[DS−]

2
aq (6)

where [M(NH3)2+
n ]aq and [DS−]aq denote the equilibrium

concentrations of the metal ammine-complex and dodecyl-
sulfate anion in the aqueous phase, respectively. SinceKsp
is a constant, the concentration of a metal ammine-complex
([M(NH3)2+

n ]aq) is decreased with the increasing DS− con-
centrations. As shown inFig. 2, the percent extraction of
the ion-pairs of copper(II), nickel(II) and palladium(II) lin-
early increased with the increasing SDS concentration be-

F of
i
[

= E

100− E

Vaq

Vgel
(5)

hereVaq andVgel denote the volumes of the aqueous
el phases, respectively.

The ratio ofVaq/Vgel was 10 at 6.24× 10−2 mol dm−3 of
he SDS concentration. The obtained values of logKex are
iven inTable 1. The metal group of zinc(II) and platinum
aving the low extraction constants was easily separable

hat of copper(II) nickel(II) and palladium(II). On the oth
and, the mutual separation of metals was difficult for c
er(II), nickel(II) and palladium(II) by dependence of
s

ig. 2. Effect of SDS concentration on the percent extraction
on-pairs [M(II)] = 1.0× 10−3 mol dm−3, [NH3] = 0.40 mol dm−3,
NaCl] = 0.27 mol dm−3.
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tween 0 and 0.0025 mol dm−3; however, the zinc(II) ammine-
complex was not extracted even at a 0.10 mol dm−3 SDS con-
centration.

The initial volume,V, of the solution is divided into that of
the aqueous phase and gel phase after the phase separation.

V = Vaq + Vgel (7)

The molar amount of SDS in the initial solution is

[SDS]iniV = [DS−]aqVaq + 2{M(NH3)n(DS)2}solid

+ [SDS]gelVgel (8)

where [SDS]ini and {M(NH3)n(DS)2}solid represent the
SDS concentration in the initial solution and the mo-
lar amount of the ion-pair, respectively. The gel phase
consists of water molecules and SDS; [SDS]gel de-
notes the concentration of SDS in the gel phase. The
[DS−]aq could not be calculated using Eq.(8) because the
value of [SDS]gel was unknown. Therefore, the [DS−]aq,
was measured by the ethylviolet absorptiometric method
[23] ([DS−]aq= (3.83± 0.18)× 10−4 mol dm−3). This value
was much lower than the critical micelle concentration
(CMC = 8.2× 10−3 mol dm−3) reported in pure water at
25◦C [24]. The CMC may be influenced by the presence
of salts and temperature. When the [DS−]aq, is lower than
3 ab-
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Table 2
Mutual separation of copper(II) and nickel(II) in a real sample(nickel–copper
alloy)

Metal Extraction

Aqueous phase (%) SDS phase (%)

Cu(II) 86.8± 5.1 7.3 ± 2.4
Ni(II) 8.1± 1.3 89.9 ± 6.8

Average± S.D. (six samples).

The value of [M(NH3)2+
n ]aq, calculated from Eq.(13), is the

metal concentration at which the ion-pair began to be ex-
tracted and is given inTable 1as [M(NH3)2+

n ]aq. From Eq.
(13), it was found that the solubility product of an ion-pair
was dependent on the metal concentration, thus, the metal
concentration which remains in the aqueous phase can be
calculated.

The equation related to the percent extraction and solubil-
ity product is:

E =
(

1 − [M(NH3)2+
n ]aq

[M] ini

)
× 100 (14)

E =
(

1 − Ksp

α[M] ini

)
× 100 (15)

The extraction curves calculated using Eq.(15) are shown
as the solid line inFig. 1for copper(II), nickel(II) and palla-
dium(II). These results show that these experimental values
are in good agreement with the theoretical curve, and that
the extractability of the metals was given as a function of the
solubility products.

3.4. The separation of metals

In order to estimate the capacity of the mutual separation
o
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.83× 10−4 mol dm−3, no gel phase was formed. In the
ence of [SDS]gelVgel, Eq.(8) can be written as follows:

SDS]iniV = [DS−]aqVaq + 2{M(NH3)n(DS)2}solid (9)

DS−]aq = [SDS]iniV − 2{M(NH3)n(DS)2}solid

Vaq
(10)

q. (10) is substituted in Eq.(6),

sp = [M(NH3)2+
n ]aq

×
(

[SDS]iniV − 2{M(NH3)n(DS)2}solid

Vaq

)2

(11)

he molar amount of the metal in the initial solution is

M] iniV = [M(NH3)2+
n ]aqVaq + {M(NH3)n(DS)2}solid (12)

ince the [M(NH3)2+
n ]aq was a measurable value,

M(NH3)n(DS)2}solid was determined from [M]iniV. The sol
bility product of the ion-pair was calculated from the p

n Fig. 2(b) using Eq.(11). The values of−logKsp are given
n Table 1.

When an excess of SDS was added, the concentrat
DS in the aqueous phase ([DS−]aq) was constant. SDS in e
ess, at a concentration of more man 3.83× 10−4 mol dm−3,
eposited and formed the gel phase. Therefore, Eq.(11)could
e rewritten as follows:

Ksp = α[M(NH3)2+
n ]aq

α = (3.83× 10−4 mol dm−3)
2 (13)
f metals, a separation factor, SF, is defined as follows:

F= [M1]

[M2]
(16)

here [M1] and [M2] are the first and second metal co
entrations at 50% of extraction, respectively. These va
ere 5600 for [Zn(II)]/[Pd(II)], 210 for [Zn(II)]/[Cu(II)],
50 for [Ni(II)]/[Pd(II)], 38 for [Zn(II)]/[Ni(II)], 26 for

Cu(II)]/[Pd(II)] and 6 for [Ni(II)]/[Cu(II)]. Based on
hese numbers (SF), the mutual separations were e
ned for Ni(II)/Cu(II) and Pd(II)/Pt(II). The sample sol
ion, which was prepared from a nickel–copper alloy,
.0× 10−4 mol dm−3 in nickel(II) and 9.3× 10−5 mol dm−3

n copper(II); the result of the separation is given inTable 2
ince the value of the separation factor, [Ni(II)]/[Cu(II)], w
mall, a complete mutual separation was difficult.

The separation of palladium(II) and platinum(II) w
erformed. Although there are several methods for
eparation of palladium(II) and platinum(IV)[25–28],
he separation of palladium(II) and platinum(II) has b
ifficult. A mixed solution of 1.0× 10−4 mol dm−3 of
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Table 3
Mutual separation of palladium(II) and platinum(II)

Metal Extraction (%) Recovery (%) Reference

Pd(II) 96.2± 0.7 93.2± 5.9
Pt(II) 9.8 ± 1.2 10.1± 0.4
Cu(II) 98.8± 0.2a 98.8± 0.5a [18]
Zn(II) 2.3 ± 0.7a 2.3 ± 0.7a [18]

Average± S.D. (three samples).
a Double extraction or recovery.

palladium(II) and 1.0× 10−4 mol dm−3 of platinum(II) was
transferred to a 10 cm3 centrifuge tube with a graduation
line. A 0.40 mol dm−3 aliquot of ammonia water and
6.24× 10−2 mol dm−3 of SDS aqueous solution were then
added. After mixing the solution, 0.27 mol dm−3 of sodium
chloride solution was added and diluted to a marked line
with water. By cooling and centrifuging, the aqueous phase
and SDS phase were separated. Palladium(II) formed a
palladium(II)-ammine-DS ion-pair, and was incorporated
into the SDS phase by the extraction procedure. On the
other hand, platinum(II) remained in the aqueous phase
and did not form an ion-pair. The extracted ion-pair of
the palladium(II) ammine-complex with DS− was decom-
posed by the addition of 0.50 mol dm−3 of hydrochloric
acid, and was back-extracted as the palladium(II) ion
into the aqueous phase. The formed ion-pair decomposes
under acidic conditions; the equation is expressed as
follows:

Pd(NH3)4(DS)2 + 4H+ → Pd2+ + 4NH+
4 + 2DS− (17)

From the results inTable 3, palladium(II) and platinum(II)
could be separated using this method. For reference, the
result from a double extraction and recovery procedure
for the mutual separation of copper(II) and zinc(II) in a
brass alloy is also given inTable 3 [18]. As seen from the
s
s tion
a
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a
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Fig. 3. Comparison with extraction and adsorption behavior [NH3] =
0.40 mol dm−3, [SDS] = 6.24× 10−2 mol dm−3, [NaCl] = 0.27 mol dm−3.

the extraction and adsorption behavior for all the metals
tested.

The saturated adsorption of two ammine-complexes
was determined. The initial concentration of SDS was
1.0× 10−2 mol dm−3. Assuming an ion-pair of 1:2, and since
the molecular weight of SDS is 288 g mol−1, the amount of
the saturated adsorption of an ammine-complex per 1 g of
SDS is 1.73 mmol, which is expressed by the dotted line in
Fig. 4. If the metal concentrations are increased, the extrac-
tion or adsorption of the metals did not overcome the sat-
uration of the SDS gel within the experimental error. The
electrostatic interaction between the cation and anion was
an important factor as a driving force for the extraction and
adsorption of the metals. A better separation efficiency will
be expected by applying this extraction method to a column
method.

F and
a
[

eparation result for copper(II) and zinc(II) inTable 3, the
eparation efficiency is improved by repeating the extrac
nd back-extraction procedure.

.5. Adsorption of the cationic ammine-complex on the
nionic SDS gel

Since DS− acts as a pairing-ion of an ammine-comp
e thought that the SDS gel could be used as an
xchanger. By cooling the solution of SDS below its Kr
oint temperature, the SDS gel was prepared as foll
solution containing ammonia, SDS and sodium c

ide was transferred to a 10 cm3 centrifuge tube. The s
ution was then cooled and a gel-like solid of SDS w
btained. This SDS gel corresponded to the sodium
f a cation exchange resin. The adsorption of coppe
ickel(II) and palladium(II) ions was investigated at 7◦C
y a batch method. The results are expressed by the c
ymbols inFig. 3 with the experimental values expres
y the opened symbols of extraction method 2.3.1
omparison. There are no significant differences betw
ig. 4. Comparison with the saturated amount of extraction
dsorption [NH3] = 0.40 mol dm−3, [SDS] = 1.0× 10−2 mol dm−3,

NaCl] = 0.27 mol dm−3.



50 T. Nakai et al. / Talanta 66 (2005) 45–50

4. Conclusion

The anionic surfactants, such as SDS, play two roles as
the extraction medium and the pairing-ion for the cationic
complexes. The ammine-complexes of metals formed ion-
pairs with SDS and were extracted into the surfactant phase.
The metal extractability was examined using a general
liquid–liquid extraction model. After the phase separation,
the concentration of the SDS monomer was constant and
low in the aqueous phase. The remarkable dependence of
the metal concentration on the extractability was observed.
The metal extractability was a function of the solubility of
the ion-pair in the aqueous phase. The complex of copper(II),
nickel(II) and palladium(II) form the ion-pair with the dode-
cylsulfate anion (DS−) and were extracted into the SDS gel
phase, on the other hand, the metals such as zinc(II) and plat-
inum(II) did not form an ion-pair and remained in the aqueous
phase. This was applied to the mutual separation of the metals
of Ni(II)/Cu(II) and Pd(II)/Pt(II). The extraction accompany-
ing the ion-pair formation is characteristic of ionic surfactant
systems and will be used to the pre-concentration and mutual
separation of metals for practical use.
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