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DILUENT EFFECT ON THE SOLVENT
EXTRACTION RATE OF COPPER

Pardon K. Kuipa"* and Michael A. Hughes”

'Department of Chemical Engineering, National University
of Science and Technology, P.O. Box AC 939, Ascot,
Bulawayo, Zimbabwe
“Department of Chemical Engineering, University of
Bradford, Bradford BD7 1DP, West Yorkshire, UK

ABSTRACT

The effect of diluents on the rate of extraction of copper using di-
2-ethylhexylphosphoric acid and 5-nonylsalixylaldoxime as
extractants has been explored. The metal extraction rates using
a number of extractant/diluent combinations have been related to
some physical property of the diluents, i.e., the dipole moment,
solubility parameter, dielectric constant, and interfacial surface
pressure. Diluent properties that favor interaction between the
extractant and the diluent result in lower metal extraction rates.
The nature of interaction between the extractant and both aromatic
and aliphatic diluents may be described in terms of physical
parameters. The choice of the diluent is shown to affect the rate of
metal extraction. Our results confirm that in order to achieve good
kinetics, aliphatic diluents should be employed, but it is also
known that these diluents should contain a certain percentage of
aromatics in order to limit the extractant soluble losses to the
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aqueous effluent. Satisfactory linear correlations were observed
between the extraction flux and a few diluent parameters, namely:
dipole moment, solubility parameter, interfacial surface pressure,
and the extractant distribution constant.

Key Words: Diluent effect; Interfacial surface pressure;
Solubility parameter; Extractant distribution coefficient; Dipole
moment; Dielectric constant

INTRODUCTION

In the solvent extraction of metals, the solvent is made up of an extractant
dissolved in a diluent since many extractants are viscous materials in their
undiluted form. In some cases a third component, a modifier, may be added to the
organic phase to prevent third phase formation. Chemical energy is spent in
transferring the metal from the aqueous phase and it would seem advantageous to
use the extractant in a highly concentrated form, but practical problems suggest
that 10—-40% extractant is often optimum. At higher extractant loadings, the
concentration effect of the solvent on the extraction is enhanced but other
features such as slow rates of mass transfer might then develop. To overcome
viscosity and mass transfer problems, some plants may be operated purposely at
temperatures greater than ambient. In this case, diluents with sufficiently high
flash points may be required. In choosing a solvent for a particular liquid
extraction process, there are several principles that can be used as a guide (1,2).
These include low solubility in the aqueous phase, low toxicity, good extraction
and stripping characteristics, consistence in quality, high selectivity, high
distribution coefficient for the solute to be removed, low volatility and low
flammability, high resistance to degradation by temperature or chemicals, easy
separation of the extract phase from the aqueous phase, easy commercial
availability, and the ability to interface with the remainder of the
hydrometallurgical flowsheet. It is known that the diluent does not act merely
as a carrier but also participates in the extraction process since rates of metal
extraction can often be related to the diluent and the modifier selection (3—6).
Ritcey and Lucas (3), for example, demonstrated a relationship between the
extractant performance and the solubility parameter of the diluent. Smelov et al.
(4) also observed that the value of the extraction constant for zinc using di-
2-ethylhexyl phosphoric acid (D2EHPA) as an extractant decreased with
increasing ability of the solvent to solvate the polar extractant. In this work, the
effect of the diluents on the rate of extraction of copper using D2EHPA and
5-nonylsalixylaldoxime (P50) as extractants has been explored further. The rates
of metal extraction were measured with a rotating diffusion cell (RDC). It is
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expected that the diluent will affect the rate by modifying the extent to which the
reagent is present in the preferred form in the organic phase. The solvation of the
extractant in the organic phase to form extractant—diluent species is expected to
result in a lower concentration of “free extractant” within this phase and thus
affect the partition equilibrium. The end result will be a lower concentration of
the extractant in the region close to the liquid—liquid interface; i.e., less
extractant will be available for the reaction resulting in a lower extraction rate.

In this work, the metal extraction rates of a particular extractant in different
diluents have been compared more closely to some physical property of the
diluents, e.g., the dipole moment, solubility parameter, dielectric constant
interfacial surface pressure, and the Schmidt—Marcus diluent parameter (DP).
The Schmidt—Marcus DP is an empirical DP that was introduced by Schmidt (7)
and later expanded by Marcus (8).

The dipole moment may be used to characterize the tendency of the
molecules of a substance to deviate from the simple intermolecular attraction that
is characteristic of the spherically symmetrical nonpolar molecules. Thus, the
dipole moment may be used as a qualitative measure of the strength of the
intermolecular attraction between the extractant and the diluent. Extractants that
were employed in this study are essentially polar because of the presence of O—H
and N-OH groups in P50 and P = O, C—O-P and P-OH groups in D2EHPA.
Diluents with a high dipole moment are expected to interact more strongly with
the extractant. As a general rule, nonpolar molecules interact more strongly with
nonpolar molecules and vice versa. The strong interaction between the diluent
and the extractant is expected to impose an additional energy barrier for the
extractant to leave the diluent environment and take part in metal complex
formation.

The dielectric constant (relative permitivity) of a substance is large if its
molecules are polar and highly polarizable. Generally, aliphatic diluents have a
lower dielectric constant than the aromatic diluents (heptane has a dielectric
constant of 1.92 while that for toluene is 2.38 (9). Diluents with a higher
dielectric constant will interact more with water, e.g., it is known that the
electrons of aromatic rings interact with water (10). Interaction with water will
lead to the possible co-extraction of water together with the metal complex from
the interfacial aqueous region. This reduces the capacity of the solvent and should
result in less extractant being available for reaction at the aqueous boundary layer
that is adjacent to the monomolecular liquid—liquid interface.

The solubility parameter is a measure of the extent to which the molecules
of a diluent will form a stable homogeneous mixture with the molecules of the
extractant. Thus, diluents and extractants with similar solubility parameters will
form good mixtures. Strong interactions between the extractant molecules
themselves or with the diluent molecules result in a lower concentration of the
free extractant being available for reaction at the liquid—liquid interface. Most
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commercial diluents are a mixture of straight-chain paraffins, branched-chain
paraffins, cycloparaffins, dicycloparaffins, and some aromatic components. The
aromatic content of the commercial diluent may vary from virtually nil to
aromatic being the major constituent. In this study, n-heptane represents the
straight-chain paraffins, methylcyclohexane represents the cycloparaffins,
decalin represents the dicycloparaffins (naphthenes) and toluene represents the
aromatic components. n-Octanol and isopropyl ether were included to provide a
wider range of the studied DPs, rather than for their potential suitability as solvent
extraction diluents.

EXPERIMENTAL PROCEDURE
Reagents

All inorganic compounds and reagents were of pure analytical reagent
grade. The diluents used were n-heptane, methylcyclohexane, toluene, decalin,
n-octanol, and isopropyl ether. Di-2-ethylhexylphosphoric acid was 99.1% pure
and P50 was 98% pure. Water for interfacial tension measurements was double
distilled.

Measurement of Interfacial Tension

The interfacial tensions for the extractants in different diluents were
measured by the drop volume method (11). In these experiments, great care
was taken to clean all apparatus, e.g., with chromic acid followed by distilled
water washes. Interfacial tensions of solutions were measured at a constant pH
and compared to the rate of extraction when the same conditions of pH are
imposed.

Extractant ‘Solubility’ in the Aqueous Phase

The solubility of D2EHPA in water was determined by contacting 0.05 M
solutions of the extractant in the appropriate diluent, with water at pH 4.5,
followed by the total oxidation of the aqueous phase samples by potassium
persulphate. The liberated phosphate ion was then determined spectro-
photometrically as the molybdivanado-phosphoric acid complex at 460 nm
with a 4 cm pathlength cell (12). The calibration graph was plotted on results
that were obtained by converting known amounts of potassium dihydrogen
orthophosphate into the molybdivanado-phosphoric acid complex. Blank
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solutions were prepared by contacting the appropriate diluent (without
extractant) with water at pH 4.5 and subsequent treatment of the resultant
aqueous sample as outlined above.

In the case of P50, aqueous washing of the 0.05M solvent phase
(diluent + P50) was first carried out in order to minimize the presence of any low
molecular weight oximes. The Pye—Unicam ultraviolet spectrophotometer
(SP8-100) was used to scan the wavelengths of the aqueous solutions from the
shakeouts of 0.05 M solutions of the P50 in the appropriate diluent and water at
pH 4.5. A calibration was carried out on the areas under the peaks between 400
and 258 nm. Blank solution was prepared by subjecting aqueous shakeouts of
pure diluents and water to the same routine as outlined for P50.

Kinetic Experiments

The rates of metal extraction were studied with the use of an RDC. The
technique together with auxiliary equipment used to measure the rate of proton
release into the aqueous phase has been described elsewhere (1,13).

RESULTS AND DISCUSSION

In this work, an attempt was made to relate the extraction flux to the above-
mentioned DPs. These parameters have been regarded as a qualitative measure of
the strength of the intermolecular attraction between the diluent molecules and
those of the extractant.

Effect of Diluent Dipole Moment

The rate of copper extraction is shown to decrease with the increasing
dipole moment (Figs. 1 and 2). When decalin is excluded, linear relations
between the extraction flux and the dipole moment are obtained. In the case of
extraction with P50 as extractant the linear relation is y = —6.2597x + 12.509
with a least-squares correlation coefficient, R? = 0.9983. For extraction with
D2EHPA the relation is a bit poorer and y = —1.3247x + 5.8975 and R?> =
0.7428. In these expressions, y is the extraction flux and x is the DP under
consideration, i.e., the dipole moment.

Diluents with a high dipole moment tend to “interact” with the extractant
more than those with a low dipole moment [the dipole moment for n-heptane is
zero whilst that for toluene is 0.36 Debye (9)].

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 1. The effect of diluent dipole moment on the extraction flux for the
Cu**-S03 ™ /P50/diluent system (Cpso = 0.05 M, Ccor = 0.01 M, pH = 4.5, T = 25°C).

Effect of Diluent Dielectric Constant and the Schmidt—Marcus
Diluent Parameter

The rate decreases exponentially up to a limit as the dielectric constant of a
diluent becomes lower. The decrease is nonlinear and no useful correlation
between the extraction flux and the diluent dielectric constant was obtained. No
useful trend was observed when the Schmidt—Marcus DP is used to characterize
our diluents probably because of the seven diluents used in our study, only four of
these have their parameters listed in the literature.

Effect of Diluent Solubility Parameter

The effect of the diluent solubility parameter on extraction rates is shown in
Figs. 3 and 4. A near linear relation is observed between the extraction flux and
the diluent solubility parameter. Thus, y = —4.0056x + 43.121 (R* = 0.8625)

ght © Marcel Dekker, Inc. All rights reserved.
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Figure 2. The effect of diluent dipole moment on the extraction flux for the
Cu?*-SO?"/D2EHPA/diluent system (Cpygnpa = 0.05M, Cep- = 0.01M, pH = 4.5,
T =25°C).

for extraction with P50 and y = —1.1597x + 14.909 (R? = 0.8667) for
extraction with D2EHPA. Isopropyl ether was excluded from the correlations
due to its low solubility parameter (7.0) and low observed extraction rate. With
the exception of isopropyl ether, extraction rates are lower for diluents with
higher solubility parameters. Thus, the flux vs. solubility parameter trend in our
work suggest that the extractant molecule does not readily “leave” an aromatic
diluent environment for the aqueous phase due to the strong interaction between
the aromatic diluent and extractant molecules. Interpretation of the relation
between extraction rates and solubility parameters may also be made by use of
the equation that was originally derived by Hildebrand (14), using the regular
solution theory and later used by Kolarik et al. (15-17)
IOg D . VHR / VHR -1 _

- |4 V. 1
Sy — S 2.30RT 2ot T 23087 Vorr ™ Vaa) M

where 8!, = 8o + RT(84q — Sore) (VL — V;]l) is a modified solubility

org org
parameter (R = 1.98 cal/mol K); 8,q, Sore, and Spg are the solubility parameters

of the aqueous phase, diluent, and extractant, respectively [Hildebrands =
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Figure 3. The effect of diluent solubility parameter on the extraction flux for the
Cu**-S0?7/P50/diluent system (Cpsy = 0.05 M, Ceor = 0.01 M, pH = 4.5, T = 25°C).

(cal/cm3)0'5 15 Vag» Vorg>» and Vyg are molar volumes (cm3/mol); and D is the
distribution coefficient of the extractant (in terms of mole fractions) between the
aqueous and organic phase. D varies with the type of diluent employed. The plot
log D(6aq — 80rg)—' VS. Sﬁ)rg is a straight line with slope Vyr/2.30RT where Vg
is the molar volume of the extractant molecule. Positive deviation from this line
will indicate the formation of molecular complexes of the extractant with the
diluent. Negative deviation from the line does not indicate formation of
the diluent—extractant complexes and is of no consequence in this analysis. The
solubility parameter of the aqueous phase was taken as 8,q = 15.5 cal/cm? (16).
This value is lower than the reported value for pure water, 8,0 = 23.8 cal /cm?
(18). The solubility parameter of the organic phase, d,,,, Was taken as that of the
pure diluent since the concentration of the extractant in the diluent was low
(0.05M) for this study. The molar volume of an extractant molecule was
calculated by the method of LeBas (19) using incremental atomic volume.

Thus, the molar volumes (Vygr) of P50 and D2EHPA were calculated to be
345.6 cm®/mol and 426.5 cm>/mol, respectively.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 4. The effect of diluent solubility parameter on the extraction flux for the
Cu2+—SO§7/D2EHPA/diluent system (Cpogapa = 0.05M, Ccpe+r =0.01M, pH =415,
T =25°C).

The plot log D(6.q — ‘60@)—l VS. Sgrg has lines of best fit with fixed
gradients ( = Vyr/2.3RT) of 0.25 and 0.31 for P50 (Fig. 5) and D2EHPA (Fig. 6)
as extractant, respectively. From Figs. 5 and 6, it can be seen that only isopropyl
ether exhibits appreciable positive deviation from the line of expected slope [Eq.
(1)]. Only in the case of this diluent can it be assumed that interaction with both
extractants plays a significant role and determines the value of the partition
coefficient. In the case of the other diluents, it may be assumed that chemical
interaction with P50 and D2EHPA is of no significance and the partition
coefficient will be determined by the value of the activity coefficients of the
extractant monomeric species in these diluents. These conclusions are semi-
quantitative since the influence of the dipole moment on the activity of HR
species in various diluents has not been included and the presence of water in the
organic phase would have to be included if more precise conclusions were to be
drawn.
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Figure 5. The fit of the Hildebrand Correlation [Eq. (1)] to the extraction flux for the
Cu2+—SOi’/P50/diluent system (Cpsp = 0.05M, Ccpe+ = 0.01 M, pH = 4.5, T = 25°C).

Effect of Interfacial Surface Pressure

The choice of the diluent was also shown to affect the interfacial surface
pressure at the water-extractant/solvent interface (see Figs. 7 and 8). The
interfacial surface pressure is defined by the following equation (20):

T =YW ~ YHR @

where v, is the interfacial tension between the aqueous phase and the pure
diluent phase (dynes/cm), yyr the interfacial tension between the aqueous phase
and the solvent phase (dynes/cm), and 7 the interfacial pressure (dynes/cm).
From Figs. 7 and 8§ it is seen that the extraction flux increases linearly with
an increase in the interfacial pressure. Thus, y = 0.3793x 4 0.5583 (R? =
0.9147) for extraction with P50 and y = 0.0773x + 3.3446 (R? = 0.5896) for
extraction with D2EHPA. The linear relation is poorer for the extraction with
D2EHPA. It seems toluene and decalin are responsible for the poor fit in this case.
The interfacial pressure is generally higher for aliphatic diluents and lowest for
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Figure 6. The fit of the Hildebrand Correlation [Eq. (1)] to the extraction flux for the
Cu2+—SO§_/D2EHPA/diluent system (Cpaggpa = 0.05M, Ccp+ = 0.01 M, pH = 4.5,
T = 25°C).

highly polar diluents. Adsorption at the interface is the resultant effect of the
various molecular interactions in the system and will depend on the extent of the
solvation of the extractant by the diluent. The greater the extent of the solvation
the lower the tendency of the reagent to adsorb at the interface.

A similar increase in the flux with an increase in the surface pressure was
observed by Whewell et al. (21) in their studies on the role of diluents in the
liquid-liquid extraction of copper by LIX64N.

Several workers have used interfacial pressures or Gibbs excess
concentrations as ways to correlate kinetics with the behavior of extractant
molecules at the molecular liquid—liquid interface (22—24). Indeed, reviews of
the surface activity of extractants have been published by Cox and Flett (25) and
Osseo-Assare (26).

However, it has to be said that the liquid—liquid interface has always been
recognized as being more diffuse than the air—liquid interface (20). Nevertheless,
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Figure 7. The effect of interfacial surface pressure on the extraction flux for the
Cu**-S03 ™ /P50/diluent system (Cpso = 0.05 M, Cco+ = 0.01 M, pH = 4.5, T = 25°C).

some workers use the concepts of monomolecular layers for the interpretation of
liquid—liquid kinetics. In our earlier work (1) we have accommodated reaction
layers of different thicknesses in our kinetic model. In the case of very water
“insoluble” extractants the thickness must approach that of molecular
dimensions. If this is the case, then a parameter such as interfacial pressure or
interfacial tension should become important. However, it should be remembered
that in realistic concentrations of extractants for commercial purposes the
interface layer will be saturated with the extractant molecules, i.e., the reaction
rate should be independent of the extractant concentration in the organic phase,
which is not normally the case.

Effect of Diluent Type on the Extractant Aqueous Phase Solubility

Of particular interest here is the relationship between the extraction flux for
copper and the extractant aqueous phase solubility when employing different

ght © Marcel Dekker, Inc. All rights reserved.
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Figure 8. The effect of interfacial surface pressure on the extraction flux for the
Cu2+—SOi_/D2EHPA/diluent system (Cpaggpa = 0.05M, Ccp+ = 0.01M, pH =45,
T =25°0).

solvents in which the diluent is varied (Figs. 9 and 10). Extraction rate increases
almost linearly with decrease in the extractant distribution constant between the
aqueous phase and the solvent phase. Thus, y = —0.0043x + 30.635 (R? =
0.7547) for extraction with P50 and y = —0.0056x + 12.676 (R*> = 0.9815) for
extraction with D2EHPA. Toluene and decalin are responsible for the poorer fit in
both instances. The reason why toluene and especially decalin do not follow the
above-observed trends is not clear. The distribution constant is lower in aliphatic
diluents, where extraction rates are higher and lower in polar diluents, where
extraction rates are lower. In the Hughes and Rod (27) model for extraction
kinetics, at one extreme when the solubility of the extractant in the aqueous phase
is low, the film thickness approaches zero and a true molecular surface involving
a monolayer may be involved. On the other hand, when the reaction rate is slow
and the extractant is very soluble in the aqueous phase, the film thickness will
approach “infinity” and the reaction occurs in the bulk of the aqueous phase. The
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Figure 9. The effect of diluents on the extractant distribution coefficient for the
water/P50/diluent system (Cpsp = 0.05M, pH = 4.5, T = 25°C).

situation is not true of the systems studied in this work, as the extractant solubility
in water is limited and the reaction rates are fast, i.e., a reaction zone of finite
thickness and within the diffusion layers is involved. That the extraction reaction
occurs in a thin zone adjacent to the monomolecular interface is supported by
known facts that for reagents having appreciable aqueous-phase solubility,
precipitation of the copper complex in the aqueous phase may occur in
competition with extraction of the metal into the organic phase. In addition, since
ionic species are involved in the reaction, it is very unlikely for the reaction site to
be in the organic phase due to its low dielectric constant when compared with
water.

With lower extractant distribution coefficient more extractant is
“available” for reaction within the reaction zone on the aqueous side of the
interface. However, the increased solubility in the aqueous phase should result in
higher losses of extractant to the effluent streams. For this reason, the aliphatic
diluents should contain a small percentage of aromatic content in order to limit
extractant soluble losses to the aqueous effluent.
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Figure 10. The effect of diluents on the extractant distribution coefficient for the
water/D2EHPA/diluent system (Cpagppa = 0.05M, pH = 4.5, T = 25°C).

CONCLUSIONS

The rates of copper extraction using P50 and D2ZEHPA have been shown to
decrease with increasing tendency for the diluent to interact with the extractant.
The effect of the diluent on the extraction rate is best observed when the diluent is
described through the dipole moment, solubility parameter, interfacial surface
pressure, and the extractant distribution constant. In liquid—liquid extraction any
interaction between the extractant and the diluent imposes an additional energy
barrier that has to be overcome when the extractant molecule leaves the diluent
environment to take part in the metal complex formation in the aqueous region of
the interface. Analysis of our extraction rate data using the regular solution theory
has shown that the interaction is not chemical in nature, i.e., interaction is
physical in nature, except for the case where isopropyl ether is used as diluent. It
thus seems that both the aromatic and aliphatic diluents in our study affect the
extractant by lowering its activity coefficient in the solvent and thus the observed
lower extraction rates. Our results suggest that the application of simple
physicochemical tests to a diluent might provide a preliminary assessment of the
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possible diluent performance when in combination with a desired extractant. The
observed increases in the extraction rates with decreasing extractant distribution
coefficient are in support of the general model of Hughes and Rod (27) in which
the extractant complex formation is envisaged to occur in a thin aqueous region
that is adjacent to the monomolecular interface.
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