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Abstract

A model for the partition of metal ions in aqueous two-phase systems (ATPS) has been developed. The partition
coefficient of a metal ion D , is a function of several variables of the ion (size, charge and electronegativity), characteristicsM

of the ATPS such as type of salt, salt concentration and PEG concentration and additional inorganic salt present in the ATPS.
2 2 2 2 1The model has been tested for complex anions of BiX (BiCl , BiBr and BiI ) and cations from groups I and II (Na ,4 4 4 4

1 21 21 21Cs , Ca , Sr and Ba ) giving a good correlation in both systems. It was found that for these systems partition
coefficient increases with ion size and the variables Y which is a characteristic of the ATPS and Z which is a characteristic of

2the additional salt present in the system. The partition coefficient of BiX increases with the variable X which is a4

characteristic of the electrical interactions of the metal ion. The cations from groups II and I exhibit the opposite behavior,
which is attributable to the ion charge.  2000 Elsevier Science B.V. All rights reserved.

1. Introduction to separate metallic ions from aqueous solutions.
Most published work focuses on the experimental

Traditionally the extraction and recovery of metal determination of partition coefficients for metal ions
ions from aqueous solutions has been carried out by [2,3]. In these systems other components are also
extraction of solvents mixed with water and an added as extractants such as acids, bases or other
organic solvent that form two non-miscible phases. inorganic ions.
In recent years aqueous two-phase systems (ATPS) It appears that the use of ATPS for separating
have started to be used for the same purpose, metal ions from aqueous solutions has great potential
particularly those formed by polyethylene glycol– due to their durability, non-flammability and low
water–inorganic salt. One of the main advantages of cost. The phases can be easily separated by centrifu-
these systems is that the partitioning occurs between gation or sedimentation in mixer-settlers and opera-
two non-miscible aqueous phases, which has evident tion is possible in a wide range of concentrations, pH
environmental benefits [1]. values and temperatures.

ATPS composed of polyethylene glycol (PEG) as Most of the work on metal ion separation has been
the polymer and inorganic salts have a great potential focused on experimental measurement of the parti-

tion coefficient under different conditions. Different
types of acidic or basic extractors have been exten-*Corresponding author. Tel.: 156-2-678-4288/4723; fax:
sively studied for the extraction of elements such as156-2-699-1084.
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The partition coefficients of transition elements variables, that have been shown to have an important
31 21and metals of groups I to V (such as Fe , Cu , effect on ion partitioning, have been considered.

21 21 31 31 21 31 31 51Cd , Co , Cr , In , Zn , Sb , In , Mo ,
31 31 21 1 1 1 1 21 21Bi , Ga , Pb , Na , K , Rb , Cs , Ca , Sr ,
21 • Those related to the metal ion: which include r,Ba ) have been extensively studied using different

ion size; q, ion charge; and E, ion electronegativi-PEG concentrations, inorganic salts, acids or base
ty.[6–8].

• Those related to the ATPS system: which include
C , initial concentration of PEG 2000 in ATPS;PO

C , initial concentration of phase forming inor-SO

Model ganic salt and type of salt.
• Those related to the salt added to the ATPS:

There are a great number of variables that affect which include C , additional salt concentrationAO

metal ion partitioning in ATPS, such as type and forming ATPS and type of added salt.
concentration of salt, concentration and polymer
molecular weight, temperature, metal ion characteris-

It is necessary to consider the type of salt used in the
tics, concentration and type of extractors, acids,

formation of the ATPS, as it directly influences the
bases or inorganic salts added to the system.

equilibrium of the system (as shown in Fig. 1) and
As most of the work on the determination of metal

therefore the metal ion partition coefficient. To
ion partition coefficients in ATPS has been done

develop a mathematical model it is necessary to
with polyethylene glycol with an average molecular

define in an explicit way the different types of phase
weight of 2000 and at 208C, the model has been

forming salts used in the ATPS. For this purpose two
developed using these systems.

variables have been considered. They are, S which is
In order to develop the model the following

the water solubility of the salt at working tempera-

Fig. 1. Phase diagrams for PEG-2000/ inorganic salt ATPS for five different salts: (m) K PO ; (d) K CO ; (♦) (NH ) SO ; (h) NaOH;3 4 2 3 4 2 4

and (n) KOH. Data from Ref. [12].
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Table 1ture (salt mass /water mass), and R which is the
Dimensionless distance, R*, for different saltsminimum distance of the ATPS from the binodal

Saltcurve.
Referring to Fig. 2 and considering the binodal K PO K CO (NH ) SO NaOH KOH3 4 2 3 4 2 4

curves for different salts that form ATPS with PEG
R* 0.250 0.375 0.479 0.666 1.000

2000 (Fig. 1), a nodal point is defined (N in Fig. 2)
as the point on the binodal curve that has the least
distance from the origin. This minimum distance, R, With the purpose of isolating the other variables
is a characteristic variable of each salt in a particular used in the model from the specific units, dimension-
ATPS and is given by: less variables were defined related to the metal ion,

the ATPS and the added salt.]]]2 2R 5 C 1 C (1) For the metal ion, r represents the ion size and Eœ Se Pe

the ion electronegativity. The maximum values givenwhere R is minimum equilibrium distance (origin to
in Eqs. (3) and (4) are those obtained for the rangethe nodal point, N in Fig. 2); C is salt con-Se of ions studied where X represents electrical interac-centration at the nodal point of the binodal curve;
tions of the metal ion and q is the charge of the ionC is polymer concentration at the nodal point ofPe

rthe binodal curve
]]r* 5 (3)In Fig. 1 it can be appreciated that R values rmax

increase from K PO to KOH.3 4 EWith the purpose of isolating this variable from ]]E* 5 (4)Emaxthe units used, a dimensionless variable, R* which
represents the value of R of any system with respect X 5 qE* (5)
to R of the system with KOH, was defined as follows

R *For the ATPS, C is the dimensionless concen-p]]R* 5 (2)R *tration of PEG and C the dimensionless concen-KOH s

tration of salt. They have been defined in Fig. 2 andTable 1 gives the values of R* for the salts in Fig.
Eqs. (6) and (7).1.

CPO
]]*C 5 (6)p CPe

CSO
]]*C 5 (7)s CSe

Y represents a characteristic of the ATPS in the
absence of added salt and is given by

R*S
]]Y 5 (8)* *C Cp s

where S is the solubility of the phase forming salt in
water at the system temperature. The other parame-
ters have already been defined (Eqs. (1), (2), (6) and

*(7) and Fig. 2). C is the dimensionless concen-A

tration of salt added to the system:

CAOFig. 2. Definition of the characteristic parameter R of a salt in ]]*C 5 (9)A CATPS. SO
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Table 2and Z is given by Eq. (10) where S is the solubilityA
Partition coefficients of BiX (X5Cl, Br or I) in ATPS formed by4of the added salt
PEG-2000–(NH ) SO –H O at 258C, in the presence of H SO4 4 2 2 4

and with addition of different concentrations of NH X according4*Z 5 S C (10)A A to Rogers et al. [10]

Conc. NH X X5Cl X5Br X5I4

Based on all the dimensionless variables defined (mol / l)
above and after a careful analysis of the partition 0.00 0.07 0.07 0.07
behavior given in the literature [9–13] the following 0.01 0.06 0.08 0.20

0.05 0.09 0.70 260.00equation has been proposed to describe the metal ion
0.10 0.15 5.00 270.00partition coefficient, D :M
0.50 1.20 49.00 270.00
1.00 2.10 40.00 290.00a a2 3a X r*s d s d1

]]]]]]]D 5 D 1 (11)M 0 1 1 b exp(2b Y 2 b Z)1 2 3

ATPS from traces of Bi(NO )?nH O diluted in3 2where D is the metal ion partition coefficient in the0 concentrated nitric acid.
absence of additional salt. The variables X and r*

In Table 2 it can be observed that for low
take into account the electrostatic interaction effect

concentrations of NH X the partition coefficients are4and the size of the metal ion (Eqs. (3) and (5)).
small for all species of X. At concentrations of 0.05

The variable Y is a characteristic of each ATPS
mol / l and above an increase in the partition co-

(Eq. (8)). It describes, with R* and S, the effect of 2 2efficients is seen particularly for BiI and BiBr . At4 4the type of salt used in the ATPS. The feed is
concentrations of NH X above 0.05 mol / l there is4characterized by C and C (point A in Fig. 2), 2SO PO little change in the partition coefficient of BiI .4and gives a specific tie line length which influences

The data given in Table 2 were obtained at
the partition coefficient. In general this has not been

constant PEG-2000 and ammonium sulphate con-
described before for metal ion partitioning, hence the

centrations, therefore C , C , R and S in Eq. (11)SO PO* *variables C and C are included in the variable Ys p are constant and the variable Y is constant as defined
(Eq. (8)).

in Eq. (8). Eq. (11) can be simplified to:
The variable Z shows the influence of the addition

a a2 3of additional salt to the original ATPS and its effect a X r*s d s d1
]]]]]D 5 D 1 (12)on the metal ion partition coefficient (Eq. (10)). M 0 1 1 b exp(2b Z)1 3

In this equation D represents the metal ion partition0

coefficient in the ATPS without NH X. The values4

Results of parameters a and b from Eq. (12) were de-i i

termined by the Marquardt optimized method in
The model was used to describe the partition which the objective function, f , is given by Eq.obj

2 2 2coefficients of BiCl , BiBr and BiI and cations (13).4 4 4
1 1 21 21from groups I and II (Na , Cs , Ca , Sr and n

21 2Ba ) in ATPS. Min f 5 Min O D 2 D /D (13)f gH Jh jobj M Mec M
i51The experimental information for bismuth, shown

in Table 2, was obtained from Rogers et al. [10] D represents the experimental values of the parti-M

working at 258C in an ATPS formed by PEG-2000 tion coefficient; D the coefficient values obtainedMec

and ammonium sulphate (both prepared with 2 M from Eq. (12) and n the experimental data number.
sulfuric acid). To the initial ammonium sulphate Table 3 shows the parameter values found using Eq.
solution different concentrations of NH Cl, NH Br (13). Fig. 3 shows the experimental and the model4 4

and NH I were added, supplying the chlorine, values of the partition coefficient as a function of the4
2 2 2bromine and iodine to form BiCl , BiBr and BiI salt NH X (with X5Cl, Br or I) added to the4 4 4 4

ions being studied. The bismuth was added to the original ATPS.
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Table 3
2 2 2Model parameter values for partition coefficients of BiCl , BiBr and BiI in ATPS formed by PEG-2000–(NH ) SO –H O, in the4 4 4 4 2 4 2

presence of H SO2 4

a a a b b1 2 3 1 3

9.374E111 4.666E101 5.986E101 4.502E118 5.146E02

The data for partition coefficients of cations fromUsing the parameter values from Table 3 the
1 1 21 21 212 groups I and II (Na , Cs , Ca , Sr and Ba )partition coefficients of BiX were calculated. The4

were obtained from Rogers et al. [13] and are shownpartition coefficient was found to increase with ion
in Table 4. These coefficients were obtained insize and with variables Z and Y of the model. Fig. 3
ATPS formed by PEG-2000 and inorganic saltsshows a good agreement between the model values
(K CO , (NH ) SO and NaOH) at 258C.and the experimental points especially at the lowest 2 3 4 2 4

If the data from Tables 2 and 4 are compared, anand highest NH X concentrations.4

It can be observed that given the shape of Eq. (11)
the model works for systems in which the partition

Table 4coefficient shows a strong variation with the con- 1 1 21 21 1 2Partition coefficients of Na , Cs , Ca , Sr and Ba in ATPS
centration of NH X. With the purpose of testing this4 formed by PEG-2000 and different salts at 258C
model in systems without alkaline cations and al-

Salt Partition coefficientkaline earth metals (groups I and II from the periodic
1 1 21 21 21Na Cs Ca Sr Batable) additional systems were investigated. Cations

having a low partition coefficient in ATPS, where K CO 0.0170 0.0490 0.0022 0.0043 0.00352 3

(NH ) O 0.0270 0.0510 0.0054 0.0074 0.0120the variables can take very different values, were 4 2 4

NaOH 0.0980 0.3300 0.0200 0.0220 0.0450studied.

2Fig. 3. Partition coefficients in BiX in ATPS formed by (NH ) SO 1PEG-20001H O with increasing concentration of added NH X.4 4 2 4 2 4

Experimental values (m, NH I; j, NH Br; d, NH Cl) and model.4 4 4
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variable Z in Eq. (11) is zero and the model can beTable 5
1 represented by Eq. (14):Parameter values obtained by optimization of Eq. (13) for Na ,

1 21 21 21Cs , Ca , Sr and Ba in ATPS formed by PEG-2000 and
different salts (K CO , (NH ) SO or NaOH) at 258C a a2 3 4 2 4 2 3a X r*s d s d1

]]]]]D 5 D 1 (14)D a a a b b M 00 1 2 3 1 2 1 1 b exp(2b Y)1 2

0.000626 1.68 22.57 1.72 160.0 8.06

The parameters from Eq. (14) were determined by
optimization of Eq. (13), the values of the parame-

important difference between them can be observed. ters obtained are shown in Table 5. In Fig. 4 the
2The partition coefficients for BiX reach much experimental partition coefficients are shown as4

higher values than those of cations from groups I and points and the model is shown with a continuous
1II. Table 4 shows that the elements of group I (Na line.

1and Cs ) have larger partition coefficients than The parameter values shown in Tables 5 and 3 are
cations from groups II, and that within each group rather different as they correspond to very different
the partition coefficients increase with atomic num- ion types (cations and anions) and different salts used
ber. This implies that the partition coefficients are in the ATPS. Fig. 4 shows that the model follows
affected by ion size, charge and electronegativity and well the effect of the parameter R on the partition

1 1 21 21 21.therefore with variable X in Eq. (11). It is also coefficients of Na , Cs , Ba , Ca and Sr
observed that for the same ion the partition coeffi- Charge effects from different ions are included in the
cient changes when the salt used for ATPS formation variable X. As the exponent of X in the model (a ) is2

varies, which implies a change in variable Y in Eq. positive for BiX anions, when the partition coeffi-4

(11). cient increases X increases. On the other hand, for
As there is no added salt in the original ATPS, the ions from groups I and II, a is negative (Table 5)2

1 1 21 21 21Fig. 4. Effect of the value of R of different salts on the partition coefficients of Na (♦); Cs (m); Sr (j); Ca (s); and Ba (h) in
PEG-2000/salt systems.
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and the partition coefficient decreases with an in- 3. Nomenclature
crease in X.

The advantage of this model is that it allows the C Concentration of salt added to the origi-AO

separation of the effect of ion size from those of nal ATPS
*charge and electronegativity through the variable X. C Dimensionless concentration of saltA

In accordance with the parameter values from Tables added to the original ATPS (Eq. 9)
3 and 5 it can be seen that for both systems studied, C PEG concentration in ATPSPO

*the partition coefficients increase with increasing ion C Dimensionless PEG concentrationp

size. This is not always easy to appreciate from the C PEG concentration at the nodal point ofPe

experimental data, for example for ions from groups binodal curve
I and II (Table 4) as the water or electronegativity of C Inorganic phase-forming salt concentra-SO

each ion hides the effect of size. On the other hand, tion
according to Tables 3 and 5 for both systems it was C Salt concentration at the nodal point ofSe

found that the partition coefficients increase with binodal curve.
*variable Y (type of salt /ATPS composition) and with C Dimensionless inorganic phase-formings

an increase in variable Z (product of salt solubility salt concentration (Eq. 7).
and concentration added to the original ATPS). D Experimental partition coefficient.M

D Partition coefficient given by the model.Mec

E Ion electronegativity.
2. Conclusions E* Dimensionless ion electronegativity.

f Objective function from Eq. (13).obj

A model for the partition of metal ions in aqueous q Ion charge.
two-phase systems (ATPS) has been developed. The r Ion size.
partition coefficient of a metal ion D , is a function r* Dimensionless ion size (Eq. 3).M

of several variables of the metal ion (size, charge and R Minimum distance of binodal curve
electronegativity), characteristics of the ATPS such from origin (characteristic of each phase
as type of salt, salt concentration and PEG con- forming salt).
centration and additional inorganic salt present in the S Salt solubility in water at working tem-
ATPS. perature (salt mass /water mass).

The proposed model is able to predict, with the S Solubility of added salt (salt mass /waterA

same equation, the partition coefficients of bismuth mass)
2 2 2halide ions (BiCI , BiBr and BiI ) when different X Variable characteristic of metal ion elec-4 4 4

salts are added to the original ATPS of PEG-2000 tric interactions (Eq. 5)
and ammonium sulphate. The model is also able to Y Variable characteristic of ATPS. (Eq. 8)
predict the partition coefficients of cations from in the absence of added salt.

1 1 21 21 21groups I and II (Na , Cs , Ca , Sr and Ba ). Z Variable characteristic of salt added to
Different behavior was observed in the two sys- the original ATPS (Eq. 10).

tems studied in terms of the charge and elec-
tronegativity effects of the ions measured by the
variable X which is a characteristic of the electro-
chemical interactions of the metal ion. It was found Acknowledgements

2that the partition coefficients of BiX increase with4

variable X, whereas cations from groups I and II The authors wish to thank the University of
have an inverse behavior attributable to the ion Antofagasta for financing project H-008 and Funda-
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It was found that for both systems the partition Centre of Biochemical Engineering and Biotechnol-
coefficients increase with ion size (a .0). ogy at the University of Chile.3



64 T.A. Graber et al. / J. Chromatogr. B 743 (2000) 57 –64

[7] R.D. Rogers, J. Zhang, A.H. Bond, C.B. Bauer, M.L. Jezl,References
D.M. Roden, Solv. Extract. Ion Exch. 13 (1995) 665.

[8] R.D. Rogers, S.T. Griffin, J. Chromatogr. B. 711 (1998) 277.
[1] R.D. Rogers, H.D. Willauer, S.T. Griffin, J.G. Huddleston, J.

[9] R.D. Rogers, A.H. Bond, C.B. Bauer, Sep. Sci. Technol. 28
Chromatogr. B. 711 (1998) 255.

(1993) 5.
[2] R.D. Rogers, A.H. Bond, C.B. Bauer, J. Alloys Comp.

[10] R.D. Rogers, A.H. Bond, C.B. Bauer, Solvent extraction in
213–214 (1994) 305.

the process industries, in: Proceedings ISEC’93, Vol. 3,
[3] R.D. Rogers, A.H. Bond, C.B. Bauer, Sep. Sci. Technol. 28

Elsevier, London, 1993, p. 1641.
(1–3) (1993) 139.

[11] R.G. Vibhute, S.M. Khopkar, Anal. Chim. Acta 222 (1993)
[4] N.P. Molochnikova, V.Y. Frenkel, B.F. Myasoedov, V.M.

215.
Shkinev, B.Y. Spivakov, Y.A. Zolotov, Radiokhimiya 29

[12] R.D. Rogers, A.H. Bond, C.B. Bauer, J. Zhang, S.T. Griffin,
(1987) 330.

J. Chromatogr. B 680 (1996) 221.
[5] N.P. Molochnikova, V.M. Shkinev, Y. Spivakov, Y.A.

[13] R.D. Rogers, C.B. Bauer, A.H. Bond, Sep. Sci. Technol. 30
Zolotov, B.F. Myasoedov, Radiokhimiya 30 (1988) 60.

(1995) 1203.
[6] T.I. Ninfant’eva, V.M. Shkinev, B.Y. Spivakov, Y.A. Zolotov,

Zh. Anal. Khim. 44 (1989) 1368.


