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Extraction kinetics
and ultrafiltration removal of Nickel (Il)
by long chain alkoxypicolinic acids

in cationic and mixed micelles

Abstract Micellar particles can
solubilize lipophilic extractants
similarly to the organic phase in
classical biphasic extraction. This
analogy is used here to investigate the
kinetics of complex formation
between Ni2* ions and long chain
5-alkoxypicolinic acids (C,-PIC, with
n = 12, 15, 18) solubilized in different
types of micelles, namely cetyl
trimethylammonium bromide
(CTAB), hexaethyleneglycol-
dodecylether (C;,EQg) and
CTAB/C,EO4 mixed micelles. In the
case of CTAB micelles, the interaction
between the carboxylic function of the
extractant and the polar head of
surfactant molecules was expected to
decrease the rate of complex
formation so as to make possible
kinetic separation of mixtures of
metal ions. The observed rate

constants for complex formation at
pH 4.5 or 7.0 are indeed much smaller
in CTAB micelles than in C,,EO4 or
mixed micelles, but they still remain
too high for the previous purpose,
although the influence of the
surfactant concentration
demonstrates, as expected, a much
stronger partitioning in the case of
CTAB in comparison to C,;,EQ¢. On
the other hand, it is shown that, once
complex formation has occurred the
removal of Ni?* ions can be achieved
using ultrafiltration. The yield of
extraction increases with n, with the
mole fraction of C;,EOg, and with the
ligand to metal ratio.
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Introduction

Several recent publications have shown that systems in-
volving hydrophobic ligands solubilized in micelles or in
microemulsions [1-4] can be used for practical extraction
of metal ions. It has also been demonstrated that it is
possible to separate metal ions on the basis of their kinetics
of reaction [4-5]. The principle of this kind of separation
process is resting on the fact that the rate-limiting step of
the reaction of complex formation is the removal of one
water molecule from the inner-shell of solvation of the
cation. Since the work of Eigen [6], it is indeed well known
that the rate of exchange of water molecules around

a metal ion depends on the nature of this cation. This
means that, when there is a mixture of two cations having
different rates of reaction, one of them will undergo com-
plexation before the other. Provided that we can stop the
reaction at a given time, it is then possible to trap one
cation species whereas the other will remain free, even
though both would be complexed in equilibrium condi-
tions. This was shown to be possible using micellar sys-
tems [4-5] to slow down the reaction, whereas the
separation of the micellar pseudophase solubilizing the
complex and the pseudo-aqueous phase containing the
free ions was achieved by ultrafiltration.

In order to improve these separation techniques it is
thus important that the reaction be as slow as possible.
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That is the reason why we considered the C,-PIC series of
complexing agents with which we expected some specific
effects, due to the interaction of the carboxylic function
with the polar head of cationic surfactant, such as cetyl-
trimethylammonium bromide (CTAB). This interaction

RO
L
COOH

Cn-PIC

Ryj=Cj;Hzs-, Cy5H31-, CrgHag-

through ion-pair formation, added to the hydrophobic
interactions due to the alkyl chain should make metal
complex formation more difficult than with neutral or
negatively charged surfactants. This could be an interest-
ing means to prevent the diffusion of the complexing agent
in the aqueous phase, thus decreasing the rate of reaction
with metal ions. Ideally, the characteristic time of the
complexation step should be in the order of minutes to
hours for such metal separation process to be feasible.

Besides these kinetic aspects which may be relevant for
selective extraction of metal ions, we also investigated the
extraction of Ni2* under equilibrium conditions. Our aim
was to evaluate more specifically the effectiveness of C,-
PIC compounds to achieve the practical extraction of
metal ions using micellar processes.

Experimental part

The synthesis of the long chain 5-alkoxypicolinic acids has
been reported elsewhere [7]. Cetyltrimethylammonium
bromide (CTAB), purchased from Fluka, was twice recrys-
tallized from methanol/diethylether. Hexaethyleneglycol-
n-dodecylether (C,,EO4) was obtained from Nikko
Chemicals (Japan). All other reagents were of analytical
grade.

The stopped-flow kinetic experiments were performed
at 25°C with a Durrum D-110 apparatus. The kinetic
curves were recorded on a Gould 1602 storage oscillo-
scope interfaced with a Victor V 286 PC.

The ultrafiltration experiments were carried out with
an Amicon cell (volume of 10 ml) at room temperature.
Millipore cellulosic disc membranes were used, with mo-
lecular weight cut off 10000 dalton and the applied pres-
sure was 3.5 bar. The metal ion content in the filtrate was
analyzed by atomic absorption spectrometry with a Vari-
an A.A. - 1275 apparatus. The amount of metal ion extrac-
ted was determined by assuming that thie concentration of

free species (i.e., all metal species not retained in the micel-
lar pseudophase) was the same in the filtrate and in the
retentate. Details of the procedures used can be found in
a previous publication [2].

Results and discussion

Figure 1 shows the variation of the observed rate constant
kous for complexation of C;,-PIC with Ni**, with the
molar fraction of CTAB in mixtures of CTAB and C;EQOq
{(nonionic surfactant). The results were collected for two
pH’s: 4.5 and 7. Complex formation is slower at pH 4.5
than at pH 7, due to the change of the state of protonation
of the ligand with the pH: the ligand, in its neutral form, is
much less reactive than in its anionic form. This pH effect
is quite large even though it is not well demonstrated in the
logarithmic scale used in Fig. 1.

On the other hand, a so large differerice (about three
orders of magnitude) between the observed rate constants
in pure micelles of either C,,EOQ¢ or CTAB was not
observed so far. It should be recalled that in the case of 6-
[(alkylamino) methyl]} -2-(hydroxymethyl) pyridine extrac-
tants, in a positively charged form [8], the apparent rate
constants characterizing the complexation of copper ions
were found to have quite similar values in CTAB and
C1,EOg, respectively. The variation of kg, with the micelle
composition (Fig. 1) clearly demonstrates the effect of the
electric charge of the micelle surface on the rate of complex
formation. This is confirmed by the influence of the surfac-
tant concentration reported in Fig. 2 for both surfactants.
The absence of variation in case of CTAB indicates a very

Fig. 1 Effect of the mole fraction of CTAB in mixtures of CTAB and
C,,EO, on the kinetics of complexation of Ni?* ions with C,,-PIC.
() pH =45 + 0.5;(m) pH = 7.0 + 0.5. Overall surfactant concentra-
tion 2x 1072 M; [C,-PIC] = 10™* M; [Ni?*], = 107> M
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Fig. 2 Effect of the surfactant concentration on the observed rate
constants k. for complexation of Ni’* ions with C,,-PIC at
pH =7 4+ 0.5: (0) C,,EQ, left scale (+) CTAB, right scale [C,,-
PIC] = 10™* M; [Ni2*], = 1073 M

strong partitioning of the extractant in favor of the micel-
lar pseudo-phase, where the maximum solubilization
exists from the very first surfactant concentration. The
decrease of k,y, in case of C;,EO¢ points out a progressive
solubilization of the extractant in the micelles, which is an
indication that the partition coefficient is not as high as
that in CTAB.

Since the overall surfactant concentration was always
excessively large compared to their respective CMC’s
(6.8 x 107> M for C;,EO4[9] and 9.2 x 10™* M for CTAB
[10]), we can assume that the average composition of the
mixed micelles is close to that of the surfactant mixture
except when one component is in excessively weak concen-
tration compared to the other [11], which was not the case
in the present experiments. In addition, we do not expect
that the rate of complex formation could be affected by
some kind of interaction between Ni?* ions and the ethyl-
ene oxide (EOQ) units of the nonionic surfactant. Such
interactions between oxygen atoms of EO units and ca-
tions are known to occur in organic solvents like methanol
[12], but i) they are much weaker for open-chain polyether
than for crown ether [13], and ii) they become almost
undetectable for linear polyether in aqueous solutions.

The decrease of k., with the molar fraction of CTAB
(Fig. 1) is thus related to the increase of the average num-
ber of charges per surface unit of the mixed micelle, i.., to
the electrostatic potential at the surface of the micelle [14].
However, even in pure CTAB, the reaction rates measured
here are significantly higher than those obtained in a

CTAB/n-butanol/C,,HQ system (where C,;-HQ is an al-
kylated analogue of hydroxyquinoline which was used in
its neutral state) [ 15], which was previously considered to
perform the kinetic separation of Ni?* and Co?*. In the
present case, the very large decrease of the observed rate
constant, due to the ion-pairing effect, when we go from
non-ionic to cationic micelles is thus over-compensated by
the increase of the reaction rate in the aqueous phase when
an anionic extractant replaces a neutral one (note that the
observed reaction rate of the picolinic acid in water was
too high to be determined by the stopped flow technique).
Because of the preceding observations we have not further
attempted to use these complexing agents in view of
kinetic separations.

In the second part of this work we have investigated
the practical extraction of nickel ions by these C,-PIC
under equilibrium conditions, using an ultrafiltration tech-
nique. The yield of metal ion extraction is expressed as

[Ni?*]o — [Ni* "

R% = 100
TN,

where [Ni2*], is the initial nickel ion concentration and
[Ni?*]g is the concentration found in the filtrate. The
influence of the micelle composition, the hydrophobicity of
the extractant (value of n) and the ligand to metal ratio
([L]o/[M]o) where considered.

Figure 3 shows the effect of the nature of the micelles
solubilizing the ligand and complex species. Whatever

Fig. 3 Yield of Ni?" ions extraction versus extractant to metal ratio
for C,,-PIC. (8) [CTAB] = 2.5x 1072 M; (o) mixed micelles (40%
CTAB, 60% C,,EO,, overall surfactant concentration 2 x 10~2 M).
pH=70+05;[Ni*"]p=10"*M

R(%) O
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pure CTAB micelles or mixed CTAB/C;,EO, micelles
are used very high yields ( > 95%) are obtained for large
[L]o/[M], ratios. It is clear that the yields obtained in
mixed micelles containing 60% of C,,EOQ4 are greater
than those in pure CTAB micelles. Furthermore, it must be
emphasized that, in the case of pure CTAB micelles, the
concentration of surfactant was 2.5 x 10”2 M, whereas in
the case of mixed micelles the overall concentration of
surfactant was only 2 x 102 M. Since it has been shown
that the partitioning of the complex in the micelles is
increasing when the surfactant concentration increases
[16], one can conclude that the extraction is strongly
favored in the mixed micelles containing C;,EQs.

This observation is confirmed for the three different
alkyl chain lengths (Fig.4). The yield significantly im-

R(%)
PO+

9 12 15 18 21

Fig. 4 Yield of Ni2* ions extraction versus the number of carbon of
the alkyl chain of C,-PIC. (#) [CTAB] = 2.5 x 10 2; (m) 60% CTAB,
40% C,,EQ, overall surfactant concentration 2 x 1072 M; (¢) 20%
CTAB, 80% C,,EQ, overall surfactant concentration 2 x 10~2 M;
pH = 7.0 + 0.5; [C,-PIC] = 107* M; [Ni?*], = 107 * M

Table 1 Yield of Ni?* ions

proves when the increase of the alky! chain length induces
a stronger partitioning in favor of the micellar pseudo-
phase. This is especially well demonstrated for the lower
mole fraction of C,,EQy, or in pure CTAB, but this effect
tends to decrease for the larger mole fraction. When the
alkyl chain length of the ligand is increased for different
[L]o/[M], ratios (results given in table 1) the yield in-
creases, particularly for the lowest [L]o/[M]o ratios.
Above [L]o/[M]o = 4 there is no significant effect of the
alkyl chain length, all the values being larger than 95% or
very close to it.

Conclusion

In view of retarding the rate of complexation between
micelle-solubilized extractants and metal ions, we have
attempted to increase the partitioning of the extractant by
adding to the normal hydrophobic effect an electrostatic
interaction between the complexing site and the polar
head of the surfactant. We have shown that the ion-pairing
between an anionic extractant and a micellized cationic
surfactant considerably affects the rate of complex forma-
tion. This is demonstrated by comparison with the kinetics
measured in the case of nonionic micelles. Unfortunately,
the rate remains larger than with previously studied
extractants because of the presence of a negative charge
on the extractant. This fact led us to conclude that
alkoxypicolinic extractants are not good candidates to
perform kinetic separations, in comparison with other
types of hydrophobic complexing agents in neutral or
positively charged states.

Parallel studies conducted in equilibrium conditions
have been carried out to evaluate the actual removal of
Ni?* ions using the ultrafiltration technique to separate
the micellar pseudophase from the bulk aqueous phase.
This process has appeared to be very efficient, attaining
high yield of Ni** extraction provided that the experi-
mental conditions are well chosen.

extraction in CTAB micelles for [L]o/[M]o
different alkyl chain lengths of C,PIC 0.5 1 2 3 4 5 6
the extractant. [MJ, =104 M;
.pH=704+05 C,,PIC 11.6 50.8 72.2 88.5 94.8 957 96.0
C,sPIC 21.5 570 76.6 86.5 97.3 98.7 99.2
CysPIC 32.65 604 77.3 82.7 96.0 96.8 97.0
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