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Extraction of Trivalent Metals and Separation of Binary 
Mixtures of Metals Using Winsor II Microemulsion 
Systems 

CHANDRA S. VIJAYALAKSHMI and ERDOGAN GULARI 
DEPARTMENT OF CHEMICAL ENGINEERING 
UNIVERSITY OF MICHIGAN 
ANN ARBOR, MICHIGAN 48109 

Abstract 
We present experimental results for the extraction of a trivalent metal ion, 

chromium, into a water-in-oil microemulsion of Aerosol-OT. We show that it is 
possible to enhance the aqueous metal ion concentrations to a large extent by using 
suitable microemulsions as the extractant. The enhancement observed for trivalent 
metal ions is greater than for bivalent metal ions. The extraction process is suc- 
cessfully modeled by a simple electrostatic model. We also present experimental 
results on anion distributions in Winsor 111 systems and show that the microemulsion 
extraction process effectively separates the anions and cations in one step. Exper- 
imental results with a mixture of bivalent copper and trivalent iron solutions show 
that higher charge cations are preferentially extracted over the bivalent cation. 

INTRODUCTION 
Winsor I1 microemulsion systems are biphasic equilibrium systems in 

which a water-in-oil microemulsion exists over a lower, predominantly 
aqueous phase (I). The subject matter of this paper deals with a Winsor 
I1 microemulsion facilitated extraction study in two main areas. The first 
is a study of the extraction and concentration of trivalent metals. The 
second deals with a study of the separation of a binary mixture of a trivalent 
and a bivalent metal. In this context, the terms separation, extraction, and 
concentration refer to specific processes. Extraction refers to the removal 
of the solute into another phase. Concentration refers to obtaining a more 
concentrated form of the original aqueous solution. The term separation 
pertains to the physical separation of two or more species in solution. 

The electrostatic theory for the extraction of metals using microemulsions 
implies that the extraction capacity of the system is directly dependent on 
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174 VlJAYALAKSHMl AND GULARI 

the charge of the introduced metal ion (2-4). The interfacial surfactant 
membrane of a water-in-oil microemulsion droplet is formed by the co- 
surfactant and the anions of the surfactant. According to Hirasaki et al. 
(2), the cation of the surfactant can be thought to be electrostatically 
associated to the membrane. By introducing another cation into the system, 
one induces a competition between the two different cations at the inter- 
facial membrane. This competition will favor the association of the higher 
charged cation preferentially to the interfacial surfactant membrane. Thus 
a trivalent metal introduced into the system will be more bound to the 
interface than an introduced bivalent metal. Moreover, if metal ions of 
different charges were to be simultaneously introduced into the system, 
then their extent of extraction will directly depend on their charge. This 
difference will give rise to separations between the ions introduced. 

In the following pages the selective extraction of trivalent chromium 
(from aqueous chromium nitrate solutions) into a water-in-oil microemul- 
sion system is demonstrated experimentally. The results are compared with 
those of the bivalent metal. A quantitative model based on electrostatic 
principles as pertaining to this aspect of the work is developed. Further, 
an experimental scheme was designed to demonstrate separation selectivity 
based on the charges of the solute species. The salts selected for this study 
were iron chloride and copper chloride, the iron being the trivalent and 
the copper being the bivalent metal. It was decided to use the same anion 
(Cl-) in this phase of the work in order to eliminate interference effects 
due to the use of different anions in the same system. It will be seen that 
very good separations are possible based on the ionic charges of the species 
concerned. 

BACKGROUND 
Numerous publications deal extensively with electrical phenomena at 

interfaces, the various double layer models, and the theories associated 
with them (2 ,5-9) .  Hirasaki et al. ( 2 )  used electrostatic models to interpret 
the association of sodium and calcium to surfactant micelles. Leodidis et 
al. ( 9 )  examined specific ion effects in reverse micelles using a phenom- 
enological model. Ovejero-Escudero et al. ( 3 )  reported a preliminary ex- 
perimental study on the extraction of bivalent metals in Winsor I1 
microemulsion systems. The authors of the present work have done a 
detailed theoretical and experimental study on the extraction and concen- 
tration of bivalent metals in Winsor I1 microemulsion systems ( 4 ,  10) .  

Bauer et al. (11, 12)  demonstrated the extraction of trivalent iron and 
aluminum by using two- and three-phase systems containing water-in-oil 
microemulsions. They used kerosene as the organic phase with commercial 
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EXTRACTION OF TRIVALENT METALS 175 

solvent extraction extractants like Kelex 100 and HDEHP. They performed 
the extraction experiments with different types of surfactants in the system 
and found that using a microemulsion particularly enhanced the rates of 
metal-extractant couples that are traditionally slow in classical solvent ex- 
traction systems. 

Robbins et al. (13)  demonstrated the separation of organic compounds 
from organic mixtures by using oil-in-water microemulsions. They effected 
separations based on the differences in the interfacial tensions of the dif- 
ferent compounds. Ruckenstein et al. (14-16) selectively solubilized or- 
ganics from binary mixtures into normal micelles (aqueous micellar 
solutions). They found that the selectivity was dependent on differences 
in molar solubilization ratios of the pure components. Baird et al. (17) 
selectively extracted a binary mixture of amines by using emulsion liquid 
membranes and found that reaction reversibilities were responsible for 
differences in extraction rates. 

By using micellar-enhanced ultrafiltration (MEUF), Dunn et al. (18), 
demonstrated simultaneous extraction of dissolved organics and divalent 
metal cations from solution. They demonstrated that the removal of these 
species from the original mixture can proceed independent of each other 
because of the complete difference between the extraction mechanisms of 
the organics and the metals. Finally, traditional solvent extraction and 
separation of metal mixtures has been carried out in the past. For example, 
Zheng et al. (19)  studied the selectivity between bivalent nickel and tri- 
valent iron in mixtures by using standard extractant systems like LIX63- 
HDNNS. They found that the selectivity was dependent on the pH of the 
solution mixture. 

EXPERIMENTAL DETAILS 

Materials and Methods 
The microemulsion system selected for the study was the system water/ 

Aerosol-OTlisooctane. The solute species to be extracted was introduced 
into the system along with the water. The experiments were designed to 
yield Windsor I1 systems after the phase separation of the samples. Com- 
mercially available chemicals were used without further purification. The 
surfactant, Aerosol-OT [sodium bis(2-ethylhexyl) sulfosuccinate, (AOT)] 
was Fluka Purum grade (298%). Isooctane (2,2,4-trimethylpentane), ob- 
tained from Fisher Scientific, was spectrophotometric grade. Copper chlo- 
ride (CuCI2-2H20) and ferric chloride (FeCI3.6H20) were obtained from 
the Aldrich Chemical Company. Chromium nitrate [Cr(N03)3-9H20] was 
obtained from Fisher Scientific. The water used was deionized to a standard 
resistance of 18 Ma. 
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176 VIJAYALAKSHMI AND GULARI 

UV/Vis spectroscopy was used to determine the inorganic salt concen- 
trations. A Hewlett Packard 84512A Diode Array Spectrophotometer was 
used for rapid data acquisition over the entire spectral range of 190 to 820 
nm at a resolution of 2 nm. IR spectroscopy was used to determine the 
water content of the microemulsion system. IR spectra were obtained with 
a Mattson Cygnus 100 Fourier Transform Spectrophotometer, using an 
attenuated total internal reflectance cell (ATR). The ATR element used 
was zinc selenide. Each spectrum was averaged for 200 scans at a resolution 
of 2 cm-I. 

Sample Preparation 
Micelles of Aerosol-OT in isooctane were prepared, maintaining the 

Aerosol-OT to isooctane weight ratio at a constant value of 0.25 as was 
done in the bivalent study ( 4 ) .  In the trivalent study, aqueous chromium 
nitrate solutions of 0.1 and 0.15 M concentration were prepared. Identical 
volumes of these aqueous solutions were then added to different, fixed 
volumes of the Aerosol-OT/isooctane micelles to obtain two series of 
samples. The aqueous concentration of any one series was a constant, the 
only varying factor in the series being the AOT/H20 mole ratio. 

In the separation study, equal volumes of equimolar solutions of iron 
chloride and copper chloride were mixed to form aqueous solutions con- 
taining a mixture of both the salts in equal concentrations. Three different 
aqueous solutions were prepared with the concentration of copper and iron 
in each being 0.05, 0.1, and 0.15 M ,  respectively. Identical volumes of 
these aqueous solutions were then added to different, fixed volumes of the 
Aerosol-OT/isooctane micelles to obtain three series of samples. The 
aqueous concentration of any one series was a constant with respect to 
both copper and iron. The only varying factor in the series was the water/ 
isooctane ratio. Since the AOTIisooctane ratio was a constant in the sys- 
tem, the AOT/water ratio was dependent on the water/isooctane ratio. 
All the samples were then maintained at 25°C and allowed to phase sep- 
arately. 

Analysis 
The efficacy of the experiments was determined, as in our bivalent study 

( 4 ) ,  by calculating the enhancement factors for the species of interest. The 
enhancement factor (q) is defined as 

(1) 
(met a1 / water) T. p. 

= (metal/water),,i,i”,, 

where the subscripts T.P. and “original” refer to the top phase of a Winsor 
I1 microemulsion system and the initial aqueous solution, respectively. 
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EXTRACTION OF TRIVALENT METALS 177 

RESULTS 

Extraction and Concentration of Trivalent Metals 
Contrary to expectations, the samples phase separated into three phase 

systems. The top phase of each sample was colorless and transparent. The 
middle phase was dark blue, and the bottom phase varied between colorless 
to pale blue. The visual appearance of the samples indicated that significant 
amounts of chromium had preferentially migrated into the middle phase. 
This was later verified analytically. 

Spectroscopic Results 
A combination of the results of UV/Vis and IR spectrometry of the 

three phases yielded information on the composition of the phases. This 
is illustrated in the following sections. 

IR Results. Figure 1 shows the IR absorption spectra of the three phases 
of a typical sample in the range 2500 to 4000 wavenumbers. The sample 
shown here was part of the series prepared with an initial aqueous chro- 
mium concentration of 0.15 M. We see from Fig. l(a) that the middle phase 
contains both water (3400) and isooctane (2900). Actually, the peaks in 
the 2900 wavenumber region correspond to the CH3, CH2, and CH sym- 
metric and asymmetric stretches which could be attributed to both isooc- 
tane and AOT present in the samples. The samples have comparatively 
large amounts of isooctane, and in the concentration ranges where the 
work was done, the contribution to this peak from AOT is negligible. 
Further, it will be seen in the discussion of Fig. 2 that AOT can be uniquely 
identified by the sulfonate stretch around 1045 wavenumbers. 

From Fig. l(b) we find that the bottom phase has only water and no 
isooctane. The top phase, on the other hand, as seen from Fig. l(c), has 
only isooctane and no water. 

Figure 2 has the IR absorption spectra of the three phases of the same 
sample in the region 950 to 1100 wavenumbers. The peak around 1045 
wavenumbers corresponds to the S=O band of AOT. It is apparent from 
the figure that most of the AOT is in the middle phase, with a small but 
definite amount in the bottom phase and negligible amounts in the top 
phase. The peak at 979 wavenumbers is unique to isooctane present in this 
system. This confirms what we found from Fig. 1, that the isooctane is 
found only in the middle and top phases. 

UY Results. Figure 3 has the UV absorption spectra of the three phases 
of the sample in the region 100 to 900 nm. From Fig. 3(a) we see that the 
bottom phase has nitrate (302 nm) and chromium (twin peaks between 
342 and 730 nm). Since the nitrate peak is not interferred with, we know 
that there is no organic in the bottom phase, or rather, if present it is in 
negligible amounts. This is confirmed by the IR findings of Figs. 1 and 2. 
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1.2 

Middle Phase (a> 

-0.2 
2500 3000 3500 4( 

Wavenumbers 
I0 

FIG. 1. IR absorption spectra of the three phases of a typical sample after phase separation. 
The spectra reveal the presence and absence of water and isooctane in the different phases. 
The peaks at 2900 and 3400 wavenumbers correspond to isooctane and water, respectively. 

(a) Middle phase, (b) bottom phase, (c) top phase. 

When present in stoichiometric proportions, the UV peaks of nitrate and 
chromium are of comparative heights. In Fig. 3(a) the nitrate peak is 
disproportionately larger, indicating that most of the nitrate seems to have 
stayed behind in the bottom phase. This would indicate effective separa- 
tions between the anion and cation of the same salt between the bottom 
two phases of the three-phase system. 

Figure 3(b) of the middle phase shows the distinct presence of chromium. 
The nitrate peak appears here as a shoulder, indicating the presence of 
organics which interfere with it. As a complement to the bottom phase 
situation (Fig. 3a), the nitrate peak here is lower in height than the chro- 
mium peaks, indicating that more of the chromium than nitrate is present 
in this phase. Figure 3(c) of the top phase indicates the absence of both 
nitrate and chromium in that phase. 
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FIG. 2. IR absorption spectra of the three phases of a typical sample after phase separation. 
The spectra reveal the presence and absence of AOT and isooctane in the different phases. 
The peak at 979 wavenumber corresponds to isooctane and the peak around 1045 wavenumber 

corresponds to AOT. 

Thus from IR and UV spectroscopy, the following information regarding 
the composition of the different phases is obtained. 

Top phase: Isooctane, negligible Aerosol-OT, no water, no chromium, and 

Middle phase: Isooctane, Aerosol-OT, water, chromium, and some nitrate 
Bottom phase: Water, nitrate, some Aerosol-OT, and some chromium 

no nitrate 

Winsor 111 System. From the literature ( 1 , 3 , 2 0 )  and our earlier bivalent 
experiments ( 4 ) ,  the formation of two-phase systems was expected. Based 
on the fact that we have three-phase systems, it appears that the phase 
behavior is not only induced by the concentration but also by the charge 
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EXTRACTION OF TRIVALENT METALS 181 

of the metal ion. There is indirect evidence for this from the bivalent metal 
work of Ovejero-Escudero et al. ( 3 ) .  

Spectral data, described in detail in the previous two sections, seems to 
suggest that all of our three-phase systems are Winsor I11 systems. A Winsor 
111 system is a three-phase system in which a microemulsion in the middle 
phase exists in equilibrium with an organic phase above it and an aqueous 
phase below it ( I ) .  Our IR and UV spectroscopic studies have shown us 
that the top phases of our samplesessentially contain isooctane while the 
bottom phases contain aqueous solution. The middle phases, on the other 
hand, contain all the components needed to form a microemulsion, namely 
oil, surfactant, and aqueous solution. 

Bound and free water are terms that describe the water found in a 
microemulsion based on the region in which it is present (21-24). Bound 
or interfacial water is the water present close to the interfacial surfactant 
membrane, up to a distance of 4-6 A. Free or bulk water is water away 
from the interface. The asymmetric shape of the 0-H stretch absorbance 
band shown in Fig. l(a) is characteristic of water in water-in-oil micro- 
emulsions (23) .  The presence of a distinct shoulder at -3250 cm-' and a 
main peak of -3450 cm- is semiquantitative evidence that a significant 
amount of the water in the middle phase is bound water. This can only be 
if water is the dispersed phase, as in a water-in-oil microemulsion. If water 
was the continuous phase, as in an oil-in-water microemulsion, then the 
free water peak would be much larger than the bound water peak. For 
example, in the bottom-phase spectrum in Fig. l(b) where predominantly 
only water is present, for the same sample, analyzed with a sampling cell 
of the same pathlength, the free water peak is much higher. Further, 
comparison between the isooctane in the top phase (Fig. lc), where only 
isooctane is present, and the middle phase (Fig. la) ,  where other com- 
ponents are also present, indicates that the isooctane peaks are roughly of 
the same magnitude, with the isooctane in the top phase having the higher 
magnitude. This implies that the majority component in the middle phase 
is isooctane. Thus, based on the findings that in the middle phase the 
bound water peak is significant, the water is the minority component, and 
the isooctane is the majority component, we can reasonably assume that 
the middle phase is a water-in-oil microemulsion. 

Quantitative Results 
From the previous section we find that the two lower phases of our 

current three-phase systems correspond exactly to the two-phase systems 
of a Winsor I1 microemulsion. In essence, we can treat these three-phase 
systems as Winsor I1 systems with an oil phase on top. Since the oil phase 
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FIG. 3. UV absorption spectra of the three phases of a typical sample after phase separation. 
The spectra reveal the presence and absence of chromium and nitrate in the different phases. 
The peak at 302 nm corresponds to nitrate. The twin peaks between 348 and 730 nm cor- 

respond to chromium. (a) Bottom phase, (b) middle phase, (c) top phase. 

has no chromium (Fig. 3c), it has no bearing on the surface coverage and 
enhancement factor calculations. The enhancement factor was appropri- 
ately redefined with respect to the middle phase and determined for all 
the samples. 

In Fig. 4 we have plotted the enhancement factors for the two series of 
chromium nitrate samples against the AOT/water mole ratios in the initial 
mixtures (i.e., based on amounts added to the sample before phase sep- 
aration). As the AOT/water mole ratio in the initial mixture is lowered, 
the enhancement factor increases. This gradual increase in the enhance- 
ment factor values continues until an AOT/water mole ratio of 0.015 is 
reached. At still lower AOT/water mole ratios, an abrupt increase in the 
values of the enhancement factor is seen. Unlike the corresponding bivalent 
cases (4) ,  it is observed that there is no significant difference in the values 
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FIG. 4. Enhancement factor vs initial AOT/water mole ratio for the two series of chromium 
solutions of different initial concentrations. 

of the enhancement factors obtained in the two cases. This lack of differ- 
ence could be the direct result of the system reaching saturation for the 
case of trivalent chromium. However, in the trivalent case there is a dif- 
ference in the behavior of the two curves at low AOT/water mole ratios, 
i.e., in the case of the initial concentration being 0.15 M ,  the enhancement 
factor tends toward a value of 8, while in the case of the initial concentration 
being 0.1 M ,  the enhancement factor tends toward a value of 12. This 
could be explained as being due to the tendency of the system to taper 
toward lower saturation at higher initial concentrations. A similar phe- 
nomenon was observed in the case of the bivalent metals ( 4 )  where it was 
found that for lower initial aqueous concentrations, higher enhancement 
factors were obtained. However, in the case of trivalent metals, this effect 
is exhibited at low AOT/water ratios and not all along the curve, as was 
the case in the bivalent metals. 

One feature to be noted is that on the high end we get high enhancement 
factors of between 8 and 12. These are a factor of 2 or more higher than 
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EXTRACTION OF TRIVALENT METALS 185 

the corresponding cases in the bivalent experiments [ ( 4 ) ,  curves 0.02 and 
0.031. This supports the hypothesis that the higher the charge of the in- 
troduced metal ion, the greater is its attraction to the interfacial surfactant 
membrane, resulting in greater extraction capabilities by the microemulsion 
system. 

Theoretical Analysis 
Having shown the excellent extraction capabilities of the AOT/isooctane 

system for trivalent metals, we now turn our attention toward quantitatively 
describing this phenomenon by a mathematical model based on electro- 
static forces between the cations and the micellar surface. This system can 
be considered as a Winsor I1 system in equilibrium with an oil phase on 
top. Since the top phase has no chromium in it, we can essentially model 
the distribution of introduced trivalent chromium in a two-phase system 
of a water-in-oil microemulsion over an aqueous phase. Since an extensive 
treatment of the model, the system philosophy, and origin and need for 
certain equations have been previously introduced ( 4 ,  l o ) ,  we give here 
only the salient points. 

Ions present in the system are chromium, nitrate, and sodium ions. These 
ions must be introduced in the model in order to predict the results of the 
experiment. The system we are modeling consists of a two-phase system 
of a water-in-oil microemulsion over an aqueous phase in the presence of 
trivalent cations, specifically chromium. Experimentally, we observe that 
the trivalent cation seems to concentrate in the top microemulsion phase 
(actually the middle phase of the three-phase system). Our approach has 
been to model this phenomenon as a preferential substitution of the coun- 
terions of the surfactant by the trivalent cations. We assume that the ad- 
sorption of counterions on to the surfactant surface of the reverse micelle 
can be modeled by the Stern double layer model ( 2 , 2 5 ) .  We also assume 
that the surfactant molecules are dissociated, and the negative heads of 
the ionized surfactant contribute to an electric field on the inside of the 
micelle which tends to attract the positive counterions back to the interface. 
These counterions are considered bound to the anionic surface by electro- 
static forces with no chemical bonding being involved. 

For the case of multiple ions present in solution near an electrically 
charged surface, the Stern adsorption isotherm is given by the following 
equation ( 5 ,  7): 

where r i  is the surface coverage by the ith species, ni is the bulk concen- 
tration of solute ions of the ith species, po is the molecular volume of the 
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186 VIJAYALAKSHMI AND GULARI 

solvent, +; is the specific (nonelectrostatic) adsorption potential of one ion 
of the ith species, k is the Boltzmann constant, T is the temperature, z, is 
the charge on the ith species, e is the electronic charge, and +8 is the 
electrostatic potential at the Stern plane. 

As a direct result of our experience with modeling bivalent metals, we 
have not neglected the effect of nitrate ions in using the Stern adsorption 
isotherm. Thus, we have three surface coverage equations corresponding 
to the chromium, sodium, and nitrate ions present in solution. We assume 
that the specific adsorption potential is negligible for the system and that 
there is total dissociation of the surfactant. The latter assumption suggests 
the absence of a significant degree of chemical bonding between the cations 
of the surfactant and the surfactant tails when in reverse micellar form. 
Such an assumption has also been successfully employed by Hirasaki et al. 
( 2 ) ,  Leodidis et al. ( 9 ) ,  and Ovejero-Escudero et al. (3). 

Since the right-hand side of the Stern equation does not contain the 
entire potential distribution + (rather it contains the variable &), one only 
needs an estimate of the Stern potential IJJ~ to predict the relative amounts 
of cations attracted to the charged surface. Hence, a reasonable estimate 
for $& in the case of spherical microemulsion particles is required. The 
potential distribution arising in the vicinity of an electrically charged surface 
is governed by the generalized Poisson-Boltzmann equation (6 ,  26-28). 
However, no analytical solution satisfying the surface boundary conditions 
is possible in the case of the spherical Poisson-Boltzmann equation (6 ,  
28), which is what needs to be used in this case. As explained in the bivalent 
work ( 4 ) ,  the planar assumption was made and the planar analytical so- 
lution was used in our work. The determination of +& from this is done as 
follows. 

The planar Poisson-Boltzmann equation in one dimension for the case 
of multiple ions in solution, when integrated with the appropriate boundary 
conditions, yields (4) 

(?)* = 7 8 ~ k T  7 (ni exp (+) - n , )  
(3) 

where Jr0 is the potential at the surface, u is the surface charge, and E is 
the dielectric constant. In this work E was taken to be a constant and equal 
to that of water. 

It appears that +& would be some value between +o and 0. For this work, 
a working relationship of bS = 0.651)~ was used. The 0.65 factor, though 
a logical choice, and one that was extremely successful in the bivalent 
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EXTRACTION OF TRIVALENT METALS 187 

modeling ( lo ) ,  is by necessity an adjustable parameter. If we use the same 
factor in the trivalent case successfully, then a strong case can be made 
for its selection, since that would indicate an internal consistency in the 
extraction system as a whole. 

The mass balance equations on sodium, chromium, and nitrate are given 
by 

nPV, = T;(AOT), + niVo (4) 

where n? is the initial concentration of species i, V, is the initial aqueous 
volume, and (AOT), is the number of molecules of AOT in the middle 
phase. The mass balance equations have been written to be consistent with 
the assumption of total surfactant dissociation. Moreover, it has been as- 
sumed that the concentration of the solute species in the core (excluding 
the surfactant membrane) and the bottom phase are equal at equilibrium. 

Comparison between Theoretical Predictions and Experimental Re- 
sults. Equations (2), (4), and (5) give seven equations and seven variables 
which were solved numerically by a combination nonlinear root-solving 
technique. The values of chromium/AOT mole ratio in the middle phase 
for the case of 0.1 M initial aqueous concentration computed by this model 
are shown in Fig. 5 compared with the experimentally observed results. 

It is seen from the figure that in the range of the experimental data 
points, the theoretical predictions match the experimental data rather well. 
At higher coverages no data are available due to experimental limitations, 
since the samples either did not phase separately or the volumes were too 
small to be analyzed accurately. Figure 6 has the same details as Fig. 5 
plotted for the case of an initial aqueous concentration of 0.15 M. From 
Fig. 6 we see that at lower coverages the theoretical predictions match the 
experimental data points reasonably well. However, the experimental max- 
imum tends toward a value of 0.6 while the theoretical curve predicts 
saturation at a coverage of 1.0. In retrospect, we notice that even in Fig. 
5 the beginnings of deviation exist at low AOT/water initial ratios. 

Separation of Anions 
While the main thrust of this work has been with cations, it is apparent 

that a study of the anion distribution will be beneficial to the overall 
characterization of the system. The nitrate ion is negatively charged. By 
electrostatics, it will be repelled by the negatively charged, interfacial sur- 
factant membrane. As a consequence of this, while the cations preferen- 
tially move over to the middle phase of a Winsor I11 system (or the top 
phase of a Winsor I1 system), the anions would preferentially stay back in 
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FIG. 5. Comparison of theoretical predictions vs experimental trends for chromium solution 
of 0.1 M initial concentration. 

the bottom phase. Thus, by the unique nature of the microemulsion system 
itself, an effective physical separation between the anions and cations of 
the same salt can be effected. This was also one of the primary consider- 
ations in selecting Winsor microemulsion systems as our model extraction 
systems. As discussed under spectroscopic results, the nitrate can also be 
spectroscopically studied and was therefore selected as the anion in the 
chromium salt used in this study. 

Figure 7 is the plot of the enhancement factor of nitrate with respect to 
the bottom phase plotted against the initial parameters of the system. Since 
nitrate separates into the bottom phase selectively, the enhancement factor 
was modified with respect to the bottom phase. 

Figure 8 is a comparison between the bottom phase nitrate concentra- 
tions computed by the model and the experimental data points, both of 
which are plotted against the initial AOT/water mole ratio. It is seen from 
the plot that the theoretical curve passes very close to the experimental 
data points in the region in which data are available. Though not perfect, 
the match between theory and experiment is reasonably good. 
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FIG. 6. Comparison of theoretical predictions vs experimental trends for chromium solution 
of 0.15 M initial concentration. 

Separation of a Binary Mixture of Metals 
In this phase of the study, most of the samples phase separated into two- 

phase systems. A few samples formed either three-phase systems or took 
a long time to phase separately and were not used in the analysis. Visually 
the samples could be described as follows: The top phases were transparent 
and strongly yellow. The bottom phases varied between a vivid blue and 
a vivid green. It is known that solutions containing Fe3+ ions are bright 
yellow while those containing Cu2+ ions are bright blue. Further, a mixture 
of the primary colors yellow and blue produces green. Thus, based on the 
visual appearance of the samples, one could immediately predict that the 
top phases had a predominance of iron while the bottom phases had mainly 
copper or copper and iron. This was borne out later by actual spectroscopic 
analysis. 

Figure 9 is a plot of the enhancement factors of both copper and iron 
plotted against the initial water/isooctane weight ratios of the samples, 
i.e., against the values before phase separation. The copper and iron en- 
hancements have been plotted on the same graph in order to facilitate easy 
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FIG. 7. Enhancement factor vs initial AOTlwater mole ratio for the case of an initial nitrate 
concentration of 0.3 M .  

comparisons. The upper plot pertains to the copper results and the lower 
to the iron results. The three curves in each of the plots correspond to the 
results of the three series which had three different starting aqueous con- 
centrations. 

For the case of copper, high enhancement factors of up to 18 were 
obtained, the values increasing with water/isooctane ratios. Further, higher 
enhancements are obtained at lower initial aqueous concentrations. The 
fact that the copper enhancement factors obtained here are marginally 
higher than those in our earlier copper study (4, 10) is probably due to 
different anions being used in the two studies. There bivalent sulfate ions 
were used, while here monovalent chloride ions are being used. 

NOW, looking at the bottom half of Fig. 9 that deals with the iron results, 
it is seen that in all cases the enhancement factors are higher than in the 
case of copper. In fact, at higher water/isooctane weight ratios, the values 
are about 15-20 times higher than the corresponding copper cases. (Note 
that the y-axis scale is much larger in the iron case). Large values of water/ 
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FIG. 8. Comparison between theoretical predictions and experimental trends for the case of 
an initial nitrate concentration of 0.3 M. The y-axis represents the molar concentration of 

nitrate in the bottom phases. 

isooctane ratios seem to be conducive to obtaining large separations be- 
tween the bivalent and trivalent ions. 

DISCUSSION 
It is seen from Fig. 5 that in the case of the trivalent study at low initial 

aqueous concentrations, the predictions of the theory match the experi- 
mental results well. Deviations start occurring as the initial aqueous con- 
centration increases (Fig. 6), although the qualtitative trends are still 
preserved. From a perusal of related literature dealing with bivalent metals, 
we do know that our trivalent work has been done by using somewhat 
higher concentrations of initial salt solutions than most related work (29- 
31). This was because we used UV/Vis spectroscopy to determine metal 
concentrations due to certain inherent advantages possessed by that method 
of analysis. This technique is generally more sensitive at higher concen- 
trations. The conventional method of metal determination is by using 
atomic absorption spectroscopy, which is more sensitive at lower concen- 
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FIG. 9. Enhancement factor vs initial water/isooctane weight ratio for the three series of 
copper and iron solutions. 

trations. One would expect that at even lower concentrations than those 
that we have investigated, the agreement between theory and experiment 
would be even closer. Also, these small deviations at higher concentrations 
occur only at low AOT/water initial mole ratios. 

We notice, again from Figs. 5 and 6, that the model tends toward an 
idealized surface coverage of 1.0. This is correct since T, the surface cov- 
erage, can be Sl .0 .  Consider the following: 

numerator 
1 + numerator + * * 

T =  

from Eq. (2). Therefore, for large values of the numerator, the surface 
coverage approaches 1.0. The fact that the theoretical curve is flat for a 
while at a surface coverage of 1.0 means that the coverage saturates at a 
finite value of AOT/water. 

The deviation of the model from the experimental results can possibly 
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be explained when one considers that the Stern isotherm on which the 
model is based lacks a specific term for ion-ion interaction. The interactive 
force between ions can generally be represented by the inverse square law 

q1q2 F a - - -  
r2 

where F is the force between the two charged particles, q1 and q2 are the 
charges on the ions, and r is the distance between the centers of the charges. 
At lower coverages, the distance between the ions will be greater and 
therefore, based on Eq. (6), the repulsive force between them will be less 
than at higher coverages. In the absence of such a term, the model indicates 
saturated coverages at low AOT/water ratios. This is not realized exper- 
imentally, possibly due to ion-ion repulsions. 

The fact that this ion-ion interaction did not play a significant role in 
the bivalent study ( 4 ,  10) can be explained when we consider that there 
F (2*2) = 4 while here F a (3*3) = 9. Thus, in the case of trivalent 
ions the interactive force is more than twice the value for bivalent metals 
and hence could be causing the deviations. From the fact that the predic- 
tions match at low coverages, we see that whatever modifications are made 
to the model must essentially come into play only at higher coverages. 

From a physical point of view, we had expected cations of charge higher 
than 2 to be even more attracted to the micellar surface. Our model suc- 
cessfully predicts this trend. 

Our method of calculation eliminates the need for a full solution of the 
Poisson-Boltzmann equation and is therefore capable of dealing with gen- 
eralized systems (non Z-Z  electrolytes) with relative ease. Therefore, all 
the ions involved in the system, i.e., Cr3+, NO,, and Na+, are taken into 
account. 

One of the problems often encountered when modeling micellar systems 
with electrostatic theory is the fact that the spherical Poisson-Boltzmann 
equation can only be numerically solved. This is further complicated by 
lack of knowledge regarding the potential distribution close to the charged 
surface, i.e., within the Stern layer. Our approach, as in the bivalent case, 
has circumvented this problem by directly using the Stern adsorption iso- 
therm to describe the affinity of charged species to the surface. An explicit 
solution for the potential and concentration profiles within the micelle is 
therefore not required in this model. Thus, while preserving the electro- 
static nature of this separation, we have significantly simplified the problem 
in order to deal with concentration enhancements in extraction processes. 
Our simple but effective model eliminates to a large extent the need for 
the use of several empirical relations and adjustable parameters. 
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We see from Fig. 7, dealing with the anion results, that the enhancement 
factors steadily increase with increasing AOT/water initial mole ratios. 
This can be explained as follows. 

Increasing values of the AOT/water initial ratios (x-axis) can be achieved 
by decreasing the volume of water added to the system at constant volume 
of micelles (since in our system AOT/isooctane is a constant). Now, though 
the amount of water added to the system decreases, the absolute amount 
of water taken up by the micelles is a constant since the volume of the 
micelles is a constant. Therefore, the fraction of water remaining in the 
bottom phase becomes smaller and smaller as we go to higher and higher 
AOT/water ratios. Hence, the final concentration of nitrate in the bottom 
phase is essentially equal to the ratio of the initial concentration of the 
nitrate to the fraction of water retained in the bottom phase. The surfactant 
takes up water to the exclusion of the nitrate ions which, being negatively 
charged, are repelled from the negatively charged surfactant wall and stay 
in the bottom phase. Thus, as the fraction of water retained in the bottom 
phase decreases, the final concentration of nitrate in the bottom phase 
goes up and we get increasing values of enhancement factors in the bottom 
phase for any given initial nitrate concentration. 

In the case of cation (chromium), enhancement factors as high as 12 
were obtained in the top phase. In the case of anion (nitrate), enhancement 
factors only as high as 1.7 have been obtained in the bottom phase. This 
can be explained when we consider that only a relatively small amount of 
the original water is taken into the micelles. This is what makes the system 
very attractive for the extraction of cations; namely, that we are able to 
take up a large amount of metal with relatively small amounts of water, 
leading to high metal concentrations in the extracted phase. As a direct 
consequence of this, in many of the cases, almost all of the initial nitrate 
and most of the initial water are in the bottom phase, leading to bottom- 
phase nitrate concentrations which are only marginally higher than that of 
the initial solution. The advantage of this system is that in one stroke we 
achieve extraction and concentration of the cation into the microemulsion 
while simultaneously achieving an effective separation of the cation from 
the anion. 

The sharp increase in the theoretical bottom-phase nitrate concentration 
at high AOT/water ratios in Fig. 8 is consistent with the previous expla- 
nation regarding water uptake. The absolute water uptake is an increasing 
function of the absolute amount of AOT in the system. Thus, at high AOT/ 
water initial ratios, the fractional water uptake into the microemulsion will 
be very high. Since the nitrate essentially remains in the bottom phase, 
the bottom-phase nitrate concentration at high AOT/water ratios is ex- 
pected to be very high, as seen in the theoretical prediction. 
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As far as the separation study is concerned, the fact that the numbers 
in the copper case in Fig. 9 are far less than the numbers in the iron case 
indicates a consistency between the predictions of the electrostatic theory 
and the experimental results. According to the theory, all other conditions 
remaining the same, the extraction capability of the system will be pre- 
dominantly dependent on the valency of the metal being extracted. Thus, 
the trivalent ions, by virtue of their higher charge, would experience a 
greater attraction to the interfacial surfactant membrane than would the 
corresponding bivalent copper ions. Hence, though the iron and copper 
will both tend to displace the monovalent counterion (Na +) of the surfac- 
tant, the bivalent copper itself will be displaced at the surfactant wall by 
the trivalent iron. 

This method of extraction is thus ideal when a mixture of metal ions of 
different charges are present in solution. In practically a single step, ef- 
fective separation of bivalent and trivalent ions can be achieved while 
simultaneously concentrating each of the ions of different charges. For 
example, in this study, starting out with equimolar solutions of copper and 
iron, we have obtained in the final top phases an iron concentration that 
is about 20 times higher than that of copper, in the more favorable cases. 
At the same time, the final bottom phases have a preponderance of copper 
over iron. To sum up: Considering only simple extraction and concentra- 
tion, the process can successfully yield final concentrations that are much 
higher than initial values in the case of ions of all charges. When looked 
at from the more complex aspect of separation, the system is successful 
due to the differences in the extent of extraction between ions of different 
charges. 

Now we come to the question of why there is a vast difference between 
the values of the enhancement factors obtained in the case of chromium 
and iron. Both metals are trivalent, and the microemulsion system should 
have values in the same range for both cases according to the electrostatic 
theory. In reality, however, the iron values are up to an order of magnitude 
higher than the chromium values. In the mixture separation experiments, 
a brown precipitate was noticed in some of the samples after long periods 
of time. This was not the case in the independent chromium experiments. 
This gave rise to the question of the stability of the iron samples. Iron is 
known to form polynuclear hydroxide complexes in aqueous solutions (32),  
and iron solutions are sensitive to fluctuations in pH. Seemingly stable 
solutions can precipitate out over a period of time when in contact with 
microemulsions or after phase separation. Moreover, iron can also form 
chemical complexes with the anions of the surfactant. In previous modeling 
work, the assumption of purely electrostatic interactions between the metal 
ion and surfactant membranes has been successfully used ( 2 , 1 0 ) .  Such an 
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assumption presupposes the absence of strong chemical interactions be- 
tween the introduced metals and the anions of the surfactant, and worked 
well in the case of chromium. In the light of the high enhancement factors 
obtained in the case of iron, it seems reasonable to assume that iron may 
be undergoing complexation with the anions. If this were true, then it is 
possible that specific interactions are present in the iron samples, playing 
a major role in the concentration and separation process. 

In such cases, modeling based on a purely electrostatic assumption will 
be invalid and the model will have to be modified. It appears that in the 
long run, specific interactions, if responsible for the high enhancements in 
the case of iron, are beneficial in the extraction, concentration, and sep- 
aration process. They can be exploited to separate different ions of the 
same charge present in a mixture. Further, the recovery of the extracted 
metal from the microemulsion may also be facilitated if the metal precip- 
itates out or forms complexes that separate from the oil. 

CONCLUSIONS 
Experimental results for the extraction of a trivalent metal, chromium, 

into swollen reverse micelles of AOT in isooctane have been presented. 
We have effectively shown that it is possible to enhance aqueous metal ion 
concentrations to a large extent by using suitable microemulsion systems. 
This enhancement is greater in the case of trivalent metals than in the case 
of bivalent metals. 

The phenomenon is modeled well by a process which assumes that the 
cations are completely dissociated from the rest of the surfactant in the 
reverse micelles and are loosely held in the core of the reverse micelles by 
electrostatic forces. The nature of this force suggests that the extraction 
of metal cations with even higher positive charge will probably be even 
more efficient. The model, while being predictive at low concentrations, 
shows small deviations at higher concentrations of initial aqueous solutions. 
These deviations are confined to low initial AOT/water mole ratios. The 
high concentrations at which deviations occurs are usually not encountered 
in actual practice as in effluent treatment or in mining technology. Hence, 
if this extraction technique were to be adapted to practical situations in 
the future, the deviations will not affect the potential use of the model. 
The model needs to be modified for the case of systems where specific 
interactions appear to play a major role. 

Experimental studies have been conducted on anion distributions in 
Winsor I11 systems. We have experimental evidence pointing to the rejec- 
tion of the anions by the micellar phase. This leads to good separations 
between the anions and the cations. We find that the concentration of the 
anion in the bottom phase is enhanced over that of the initial concentration, 
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and we have quantified this. Finally, the trends in the bottom phase anion 
concentration match the theoretical predictions well. The predictions in 
the regions where data are not available are consistent with a picture of 
anion rejection from the mnicroemulsion phase. As explained in the text, 
ion-ion interactions could possibly account for the discrepancy between 
theory and experiment. 

We have successfully demonstrated the effective separation of a binary 
mixture of a bivalent and a trivalent metal. The work is unique in that it 
is the first of its kind in experimentally attempting to demonstrate mi- 
croemulsion facilitated separation of metal ions in a mixture based on ionic 
charges. We have shown that in addition to good separations between the 
bivalent and trivalent ions, each of these charged species present in the 
mixture can themselves be independently extracted and concentrated over 
and above their starting concentrations. We have also touched upon some 
of the issues involved in the choice of the metal ion in the extraction process. 
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NOMENCLATURE 
number of molecules of AOT in the middle phase 
electronic charge 
interionic force 
Boltzmann constant 
initial solution 
initial concentration of species i 
bulk concentration of solute ions of the ith species 
initial number of molecules of AOT 
charge on the first ion 
charge on the second ion 
absolute temperature 
top phase 
initial aqueous volume 
charge on the ith species 
dielectric constant 
enhancement factor 
partition coefficient 
molecular volume of the solvent 
surface charge 
surface coverage by the ith species 
specific (nonelectrostatic) adsorption potential of one ion of 
the ith species 
electrostatic potential at the Stern plane 
potential at the surface 
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