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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
or the addition of salts. The ammine-complexes of copper(ll), nickel(ll) and palladium(ll) reacted with the dodecylsulfate anion to form the
corresponding ion-pair, and were extracted into the SDS gel phase. The SDS plays the roles of a pairing-ion for the ammine-complexes and
of an extraction medium. The ion-pair extraction mechanism was investigated; the extractability of metals was given by the function of the
solubility products of the ion-pairs. This method was applied to the mutual separation of Ni(ll)/Cu(ll) and Pd(11)/Pt(ll). The driving force for
the extraction was an electrostatic interaction between the cationic complex and the surfactant anion. The use of the SDS gel as ion-exchangel
is also expected.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction reported concerning the formation of ion-pairs and the ex-
traction into the surfactant phase that is gel-like and has a

Interest has been shown in the separation of metal ions bylamellar structure. The exact mechanism has not yet been
an extraction and/or adsorption method that uses a surfactantlarified for the ionic surfactant systems because the ion-pair
and a polymer electrolyte of a solid or aliquid as the extraction formation affects the structure of the separated surfactant,
medium[1-7]. phase and changes the extractability of the m¢1alsl 8].

In the method using the surfactant, the cloud point phe-  Recently, there has been general concern for decreasing
nomenon has been commonly used m the science of the septhe discharge or disposal of effluents containing hazardous
aration for extraction, purification and preconcentration of heavy metals. Such effluents often contain valuable metals;
metals. It is based on the behavior of non-ionic surfactant thus, there is an economic interest in their recovery for re-
agueous solutions that exhibit a phase separation by increaseycling. Ammonia is an important substance because it has
ing the temperaturi8—16]. On the other hand, ionic surfac- a large number of utilizations for the industrial recovery of
tants show a phase separation by cooling the solutions belowmetals. For example, it is used as a leaching reagent for cop-
the Krafft point temperature. The analytical utility of these per from chalcocite or chalcopyrite in the mining industry
separation techniques is still limited and a few methods were [19] and for the recovery of copper from spent etching agents

[20]. However, there are only a few reports concerning the
* Corresponding author. Tel.: +81 83 933 5768; fax: +81 83 933 5768.  direct extraction of a metal as an ammine-complex. In the
E-mail addresstaga@yamaguchi-u.ac.jp (S. Tagashira). conventional liquid—liquid extractions, the ammine-complex
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undergoes a ligand exchange reaction using a hydrophobicpath length. The metal concentration was determined using a
reagent, such as LIX-973R1]. Solvent extraction is then  Shimadzu AA-625-11 flame atomic absorption spectrometer
carried ouf[1,2,21]. Many of the organic solvents used are (AAS) or a Varian LIBERTY SERIES Il inductively coupled
volatile and noxioug21]; therefore, the solvent extraction plasma atomic emission spectrometer (ICP-AES). All the pH
methods are not desirable from the viewpoint of environmen- measurements were performed using a Horiba M-7 pH me-
tal preservation and their harmful influence on human health. ter in combination with a glass electrode. A Hitachi Himac
Moreover, the exchange reaction using hydrophobic reagentsCF7D2 centrifuge was used for the phase separation.
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(ll), nickel(ll), zinc(ll), palla-
dium(ll) and platinum(ll), form stable complexes with am- SDS gel phase - .
monia in aqueous solution. These complexes have a positive A solution containing .dlvalent mgtals was sgparately
charge and several of them form an ion-pair with the anionic transferred to a 10 chentrifuge tube with a graduation line.

surfactants. Sodium dodecylsulfate (SDS) was selected be-AﬁIe;.SUC;fSS'VleItY adding ?mkmo?'i wat(;)rr] an d SD.S gqtégous
cause a micellar solution of this surfactant exhibits the prop- solution, Ihe solution was shaken to form the 1on-pair. sodium

erty of being separated into two phases by cooling below the chloride solution was then added as a salting-out reagent and
Krafft point temperature of 9C in pure watef[22] or the the mixture was diluted to a marked line with water. After

addition of a salt. One is a surfactant-depleted phase (aque—COOIing the solution in an ice-water bath and centrifuging

ous phase) and the other is a surfactant-rich phase known aéOOC, =000 rpm, 10 min), the aqueous and SDS phases were
the surfactant phase. SDS is used in household detergentsseparated' The SDS phase located at the bottom was agel-like

and has the advantage of low toxicity and high biodegrad- Sd-

ability. The metal complexes of copper(ll), nickel(ll) and

palladlum(ll) form a water-insoluble ion-pair with the do- 2.3.2. Recovery of a metal ion by back-extraction

decylsulfate anion (DS) The extractability of their metals In order to recover the metal ion from the ge| phase, it

depends on the metal concentrations and is almost indepenis necessary to decompose the ion-pair. Hydrochloric acid

dent of the SDS concentrations. Based on the SOIUb|I|ty of was added to the SDS phase Containing the metal ammine-

an ion-pair in the aqueous phase, the mutual separation ofcomplex after the removal of the aqueous phase. Sodium

metals was performed. chloride solution was then added and diluted to a marked
line with water. By cooling and centrifuging, the metal ion
was recovered into the aqueous phase.

2.3. Procedure

2.3.1. Extraction of a metal ammine-complex into the

2. Experimental

2.1. Reagents 3. Results and discussion
The stock solutions of divalent metal ions were sepa- 31.
rately prepared by dissolving the appropriate amounts of cop-
per(ll) nitrate (Kishida Chemicals, Osaka, Japan), nickel(ll)
nitrate (Wako Pure Chemicals, Tokyo, Japan), zinc(ll) nitrate The optimal extraction conditions were between
(Kishida Chemicals, Osaka, Japan), palladium(ll) chloride 3.8x 10-2 and 7.0moldm3 for ammonia. 4.2 10-3
(Kanto Chemicals, Tokyo, Japan), and potassiumtetrachloro—and 0.15moldm® for SDS and 6.8<, 102 and
platinate(ll) (Kanto Chemicals, Tokyo, Japan) in diluted ni-
tric or hydrochloric acid. These concentrations were titrimet-
rically standardized with EDTA. The commercial product and is shown inFig. 1. The different concentrations

of ammonia Watef (28%, K.anto Chemicals, Tokyo, Japan) at which the ion-pair was extracted were observed
was used as received. Sodium dodecylsulfate (SDS) (Wakofor each metal. The order of extractability was palla-

Pure Chemicals, Tokyo, Japan) and sodium chloride (Kanto : ; :

Chemicals, Tokyo, Japan) solutions were prepared by dis-dlum(”) > copper(ll) > nickel(11) > zinc(lfy platinum().

solving these reagents in water. All chemicals were of ana-

Iytical grade and were dissolved in deionized water. 3.2. Application and limit of general liquid—liquid
extraction model to ionic surfactant system

Influence of metal concentration on the extraction
of an ammine-complex

0.62moldm3 for sodium chloride. The effect of the
metal concentration on the extractability was investigated

2.2. Apparatus
As arule, the phenomenon for ion-pair extraction has been
The absorbance measurement was performed using a Shiexplained by the liquid—liquid extraction model. For example,
madzu UV-265 spectrophotometer with quartz cells of 1.0 cm the distribution ratioD, between the aqueous and gel phases
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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 [NHs]=0.40moldnT3, [SDS]=6.24x 10~2moldni3,
[NaCl]=0.27 mol dnt2.

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

_ [CU(NH3)4(DS)l gl
[CU(NH3)3" ], + [CU(NHg)4(DS)]aq

@

where the subscripts aq and gel denote the aqueous and g

phases, respectively. Assuming that the ion-pair concentra-

tion is negligibly smallin the aqueous phase, @qis rewrit-
ten as follows:

_ [Cu(NH3)4(DS)lge @
[Cu(NH3); 71
The extraction constant of ion-pai€ey, iS
Cu(NHs3)4(DS
_ [CU(NHa)4(DS)lgey -

¥ [CuNH)3 1, DS 12,

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

4)

The volumes of the two phases are a function of the surfac-

tant concentrations. The relation of the distribution ratio and

percent extractiork, is
E V.

D—_ — ‘&

log D =2 10g [DS ]aq+ 109 Kex

(®)

whereVaq andVgel denote the volumes of the aqueous and
gel phases, respectively.

The ratio 0fVag/Vgel Was 10 at 6.24 10~2 mol dnm3 of
the SDS concentration. The obtained values ofHgg are
giveninTable 1. The metal group of zinc(ll) and platinum(ll)
having the low extraction constants was easily separable from
that of copper(ll) nickel(ll) and palladium(ll). On the other
hand, the mutual separation of metals was difficult for cop-
per(ll), nickel(Il) and palladium(ll) by dependence of ex-
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Table 1
lon-pair extraction constants and solubility products, and the theoretical
metal concentration remaining in aqueous phase after extraction

Metal logKex —logKsp [M(NH3)7*1,4

(mol dr3)—2 (mol dn3)3 (moldnr3)
cu(ll) 834 11.8+ 08 (1.21+ 0.14)x 10°5
NiQ)  8.77 10.9+ 0.4 (9.18+ 0.92)x 10°5
Pd(Il) 8.66 13.0+ 0.8 (6.96+ 0.78)x 10~/
zn(l)  1.29 - -
P(Il) 1.41 - -

[DS™Jag=(3.83+0.18)x 10~* mol dni3.

tractability on the SDS concentrations, because there are no
differences among thKgy values. As shown irFig. 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

golution. In the presence of a small amount of SDS, solution

turbidity was observed. The solubility product of an ion-pair,
Kspis defined as follows:
Ksp= [M(NH3)2"],{DS 15, (6)
where [M(NI—Ig),%JF]‘,qu and [DS ]aq denote the equilibrium
concentrations of the metal ammine-complex and dodecyl-
sulfate anion in the aqueous phase, respectively. Hgge

is a constant, the concentration of a metal ammine-complex
([M(NH3)5+]aq) is decreased with the increasing D8on-
centrations. As shown ifrig. 2, the percent extraction of
the ion-pairs of copper(ll), nickel(ll) and palladium(ll) lin-

i(garly increased with the increasing SDS concentration be-
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Fig. 2. Effect of SDS concentration on the percent extraction of
ion-pairs [M(1)]=1.0x 10~3 mol dm 3, [NH3]=0.40 mol dnt3,
[NaCl]=0.27 mol dnt3.
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tween 0 and 0.0025 mol dmd; however, the zinc(ll) ammine- I/Iable |2 oo ) and nickel(In | o(mickel
complex was not extracted even at a 0.10 motrd®DS con- utual separation of copper(ll) and nickel(ll)inareal sample(nickel-copper

. alloy)
centration. -
The initial volume)/, of the solution is divided into thatof ~ Met@! Extraction
the aqueous phase and gel phase after the phase separation. Aqueous phase (%) SDS phase (%)
Cu(ll) 86.8+ 5.1 7.3+24
V = Vaq+ Vgel (7) Ni(ll) 8.1+ 1.3 89.9+ 6.8

The molar amount of SDS in the initial solution is Average S.D. (six samples).

[SDS]niV = [DS™ JagVaq + 2{M(NH3),,(DS)} g The value of [M(NI—i;),f“L]aq, calculated from Eq(13), is the
+ [SDSLaV, (8) metal concentration at which the ion-pair began to be ex-
belVgel tracted and is given iffable 1as [M(NHs)*],, From Eq.

where [SDSh and {M(NH3)n(DS)}soia represent the  (13), it was found that the solubility product of an ion-pair
SDS concentration in the initial solution and the mo- Was dependent on the metal concentration, thus, the metal
lar amount of the ion-pair, respectively. The gel phase concentration which remains in the agqueous phase can be
consists of water molecules and SDS; [SpS]de-  calculated. _ _
notes the concentration of SDS in the gel phase. The The equation related to the percent extraction and solubil-
[DS™]aq could not be calculated using E(B) because the ity productis:
value of [SDS{e was unknown. Therefore, the [D$g, [M(NH 3)2+]
was measured by the ethylviolet absorptiometric method g — (1_ ”aq> 100
[23] ([DS™]ag= (3.83+ 0.18)x 104 mol dmi-3). This value [M]ini
was much lower than the critical micelle concentration
(CMC=8.2x 103 moldm3) reported in pure water at £ — <1_ Ksp ) % 100 (15)
25°C [24]. The CMC may be influenced by the presence a[M]ini
of salts and temperature. When the [0, is lower than  The extraction curves calculated using Et5) are shown
3.83x 10" *moldm™3, no gel phase was formed. In the ab- 45 the solid line irFig. 1 for copper(ll), nickel(ll) and palla-
sence of [SDSEVgel, Eq.(8) can be written as follows: dium(l1). These results show that these experimental values

_ are in good agreement with the theoretical curve, and that
[SDS}niV = [DS™ JagVaq + 2{IM(NH3),,(DS)} g 9) the extractability of the metals was given as a function of the

[SDS]niV — 2{M(NH3),,(DS)}<0iid (10) solubility products.
Vaq

(14)

[Dsi]aq =

3.4. The separation of metals
Eq. (10)is substituted in Eq(6),
In order to estimate the capacity of the mutual separation

_ 2+
Ksp=[M(NH3); ]aq of metals, a separation factor, SF, is defined as follows:

SDS}niV — 2{M(NH3),(DS)}<oiiq \ 2 M
« ([ }I"II { ( 3) ( )2}50|Id) (11) SF= [ l] (16)
Vag M2]
The molar amount of the metal in the initial solution is where [Mi] and [M] are the first and second metal con-

centrations at 50% of extraction, respectively. These values
[M]iniV = [IM(NH3)2"],gVag + {M(NH3), (DShlsis (12)  were 5600 for [zn(I)}/[Pd(Il)], 210 for [Zn(I/[Cu(ll)],

150 for [Ni(INJ/[Pd(I], 38 for [Zn(INJ/[Ni(Il)], 26 for
Since the [M(NH);"],, was a measurable value, the [cu(J[Pd(ll)] and 6 for [Ni(I)}/[Cu(ll)]. Based on
{M(NH3),,(DS)}s0jiq Was determined from [M};V. The sol-  these numbers (SF), the mutual separations were exam-
ubility product of the ion-pair was calculated from the plots ined for Ni(I/Cu(ll) and Pd(I1)/Pt(l). The sample solu-
in Fig. 2(b) using Eq(11). The values of-logKspare given  tion, which was prepared from a nickel—copper alloy, was
in Table 1. 2.0x 10~*mol dm2 in nickel(Il) and 9.3x 10~> mol dm3

When an excess of SDS was added, the concentration Ofin Copper(”); the result of the Separation is giveﬁf'ﬂb'e 2.

SDSinthe agueous phase ([Dfgg) was constant. SDSinex-  since the value of the separation factor, [Ni(ll)]/[Cu(ll)], was

cess, at a concentration of more man 3&B0~* mol dn-, small, a complete mutual separation was difficult.

deposited and formed the gel phase. Therefore(Hgcould The separation of palladium(ll) and platinum(ll) was
be rewritten as follows: performed. Although there are several methods for the
Ksp=a[M(NH3),21+]aq separation of palladium(ll) and platinum(IV)25-28],

. 32 (13) the separation of palladium(ll) and platinum(ll) has been
a = (3.83x 107" moldnm™) difficult. A mixed solution of 1.0x 10~*moldn3 of
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Table 3 100
Mutual separation of palladium(Il) and platinum(ll) o ‘A d) .
Metal Extraction (%) Recovery (%) Reference \E 80 A o

g L
Pd(ll) 96.24+ 0.7 93.2+ 5.9 B Y L =————
Pt(I1) 9.8+ 1.2 10.14 0.4 S A ® Adsorption(Cu)
Cu(ll 98.8+ 0.2 98.8+ 0.5 [18] T 60 | ©Extraction(Zn)
Zn(ll) 23+07 234+ 0.7 [18] 5 o & | #Adsorption(za)

& :
Averaget S.D. (three samples). -2 ii::::tﬂ;d:)

a Double extraction or recovery. g 40 1 i

3 © P
palladium(ll) and 1.0< 10~ mol dm 2 of platinum(ll) was £ 2
transferred to a 10 cPncentrifuge tube with a graduation d_ﬁ A 8 o ¢
line. A 0.40moldnT3 aliquot of ammonia water and 5 A 090 #8° ©

. S’ O

6.24x 10-2moldm2 of SDS aqueous solution were then 7w 55 - Bk 95 =@ "

added. After mixing the solution, 0.27 mol drhof sodium loglM(T1)] / mol dm™

chloride solution was added and diluted to a marked line

with water. By cooling and centrifuging, the aqueous phase Fig. 3. Comparison with extraction and adsorption behavior NH

and SDS phase were separated. Palladium(ll) formed a0-40moldnt?, [SDS]=6.24x 10~ mol dm%, [NaCl]=0.27 mol dnt®.

palladium(ll)-ammine-DS ion-pair, and was incorporated

into the SDS phase by the extraction procedure. On the

other hand, platinum(ll) remained in the aqueous phasethe extraction and adsorption behavior for all the metals

and did not form an ion-pair. The extracted ion-pair of tested.

the palladium(ll) ammine-complex with DSwas decom- The saturated adsorption of two ammine-complexes

posed by the addition of 0.50 moldrh of hydrochloric  was determined. The initial concentration of SDS was

acid, and was back-extracted as the palladium(ll) ion 1.0x 10-2 mol dm3. Assuming anion-pair of 1:2, and since

into the aqueous phase. The formed ion-pair decomposeshe molecular weight of SDS is 288 g midl the amount of

under acidic conditions; the equation is expressed asthe saturated adsorption of an ammine-complex per 1g of

follows: SDS is 1.73 mmol, which is expressed by the dotted line in
Fig. 4. If the metal concentrations are increased, the extrac-

PA(NH;)4(DS), + 4H" — P& + 4NHI +2DsT (A7) tion or adsorption of the metals did not overcome the sat-

From the results iffable 3, palladium(ll) and platinum(ll) ~ uration of the SDS gel within the experimental error. The

could be separated using this method. For reference, the€lectrostatic interaction between the cation and anion was

result from a double extraction and recovery procedure an important factor as a driving force for the extraction and

for the mutual separation of copper(ll) and zinc(ll) in a adsorption of the metals. A better separation efficiency will

brass alloy is also given ifiable 3 [18]. As seen from the be expected by applying this extraction method to a column

separation result for copper(ll) and zinc(ll) Table 3, the method.

separation efficiency is improved by repeating the extraction

and back-extraction procedure.

25

3.5. Adsorption of the cationic ammine-complex on the
anionic SDS gel

Since DS acts as a pairing-ion of an ammine-complex,
we thought that the SDS gel could be used as an ion-
exchanger. By cooling the solution of SDS below its Krafft
point temperature, the SDS gel was prepared as follows:
a solution containing ammonia, SDS and sodium chlo-
ride was transferred to a 10 éncentrifuge tube. The so-
lution was then cooled and a gel-like solid of SDS was
obtained. This SDS gel corresponded to the sodium salt
of a cation exchange resin. The adsorption of copper(ll), 0
nickel(ll) and palladium(ll) ions was investigated at@ 0.005 0.01 , 0018 0.02
by a batch method. The results are expressed by the closed (M(ILlsq / mol dm
symbols inFig. 3 with the eXpenmer!tal values expressed Fig. 4. Comparison with the saturated amount of extraction and
by the opened symbols of extraction method 2.3.1 for agsorption  [NH]=0.40moldnT3,  [SDS]=1.0x 10-2 mol dn3,
comparison. There are no significant differences between[NaCl]=0.27 moldnt3,

mmol/1gSDS
e
|
n
n

_.
L&

l OExtraction(Cu) @ Adsoiption(Cu)
: CIExtraction(Ni) M Adsorption(Ni)

o
o

o?—.—tﬁ

Amount of extraction or adsorption /

L i L
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4. Conclusion [5] C. Matsubara, Bunseki 1 (1999) 60.
[6] K. lhara, S. Hasegawa, K. Naito, Anal. Sci. 19 (2003) 265.

The anionic surfactants, such as SDS, play two roles as Eg éL'in”ZODO”F' GM;ESméNBezr";:r'ﬁ/:”i" Eﬁ'wlogr’] (2533)H5e7jt'h na
the extraction medium and the pairing-ion for the cationic (1'996) fioi ’ T n T
complexes. The ammine-complexes of metals formed ion- (9] F. Shemirani, S.D. Abkenar, A.A. Mirroshandel, M.S. Niasari, R.R.
pairs with SDS and were extracted into the surfactant phase.  Kozania, Anal. Sci. 19 (2003) 1453.

The metal extractability was examined using a general [10] C.C. Nascentes, M. Agfio, Z. Arruda, Talanta 61 (2003) 759.

liquid—liquid extraction model. After the phase separation, 11 ('\g'(%b)'-ti‘;‘;”" M.F. Silva, R.A. Olsina, L.P. Fesindez, Talanta 51

the poncentratlon of the SDS monomer was constant ansz] J.CA. de Wuilloud, R.G. Wuilloud, M.F. Silva, RA. Olsina, L.D.

low in the aqueous phase. The remarkable dependence Of  \artinez, Spectrochim. Acta B 57 (2002) 365.

the metal concentration on the extractability was observed.[13] G.M. Wuilloud, J.C.A. de Wuilloud, R.G. Wuilloud, M.F. Silva, R.A.

The metal extractability was a function of the solubility of Olsina, L.D. Martinez, Talanta 58 (2002) 619. _

the ion-pair in the aqueous phase. The complex of copper(ll) [14] D.L. Giokas, E.K. Paleologos, P.G. Veltsistas, M.I. Karayarmis, Ta-
. . . S ’ lanta 56 (2002) 415.

nickel(lr) and, palladium(il) form the |on—pa!rW|th the dode- [15] S. Akita, M. Rovira, A.M. Sastre, H. Takeuchi, Sep. Sci. Technol.

cylsulfate anion (DS) and were extracted into _the SDS gel 33 (1998) 2159.

phase, on the other hand, the metals such as zinc(ll) and plat{i6] S. Akita, N. Hyodo, N. Kobayashi, S. Nii, K.L. Takahashi, H.

inum(l1) did not form an ion-pair and remained in the aqueous Takeuchi, Solvent Extraction For the 21st Century, Proceedings of

phase. This was applied to the mutual separation of the metalsm] Efcgzkigoé 2' iii‘ as. AG. Viessidis. M.I. Karavannis. Anal

of Ni(ID/Cu(ll) and Pd(11)/Pt(Il). The extraction accompany- Chem. 76 (2’00;1)'13029 T B y ' ’

ing the ion-pair formation is characteristic of ionic surfactant [1g] T. Nakai, Y. Murakami, Y. Sasaki, I. Fujiwara, S. Tagashira, Anal.

systems and will be used to the pre-concentration and mutual  Sci. 20 (2004) 235.

separation of metals for practical use. [19] L.C. Emeles, D.C. Cupertino, S.G. Harris, S. Owns, S. Parsons, R.M.
Swart, P.A. Tasker, D.J. White, J. Chem. Soc., Dalton Trans. (2001)
1239.
[20] Y.K.P. Sze, J.C. Wong, Environ. Technol. 15 (1994) 785.
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