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ABSTRACT

In this work, the selective separation of cobalt from acidic media, containing both equimolar
and non-equimolar mixtures of cobalt and nickel by supported liquid membranes (SLMs),
was investigated using Alamine 308 (tri-isooctylamine, TIOA) as the carrier. The liquid
membrane consisted of the desired concentration of an extractant (Alamine 308), a modifier
(TBP), and a diluent (chloroform). The membrane support was microporous hydrophobic
polypropylene Celgard 2500. Parameters, such as the feed solution pH, modifier (TBP) con-
centration, temperature, stirring speeds, extractant (Alamine 308) concentration, stripping
solution type, and the complexing reagent (NH4SCN) concentration were experimentally
studied and the optimum conditions were determined. The permeation coefficients (P) and
initial fluxes of cobalt were calculated. A separation factor of cobalt over nickel was calcu-
lated from the experimental measurements.

Keywords: Supported liquid membranes; Cobalt-nickel separation; Alamine 308; Solvent
extraction

1. Introduction

The fact that cobalt and nickel usually appear
together in ores, the similar physical and chemical
properties of these metals and the high purity degree
required in their applications, have led to the develop-
ment of a remarkable amount of work on cobalt-nickel
separation. The separation of cobalt from nickel in
aqueous solution has always been a problem for hy-
drometallurgists. Their adjacent positions in the transi-
tion metal series in the periodic table results in
aqueous chemical behaviour that is too similar for the
development of easy separation routes.

There are various separation methods, such as
precipitation, cementation, solvent extraction, adsorp-
tion, and ion exchange [1–4]. Among them, solvent
extraction is a well established technology that is used
for the production of metals from relatively concen-
trated feed. However, industrial diluent effluents pose
an important challenge as solvent extraction technique
is not cost effective for the separation of metals from
the dilute solution [5].

Recently, supported liquid membrane (SLM)
extraction is emerging as an alternative to conven-
tional solvent extraction due to its advantages, such as
high selectivity, operational simplicity, low solvent
inventory, low energy consumption, zero effluent
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discharge, and combination of extraction and stripping
into one single unit [6,7].

The extraction chemistry is basically the same as
that found in solvent extraction, but the transport pro-
cess is governed by kinetic rather than equilibrium
parameters, i.e. under non-equilibrium conditions dur-
ing liquid membrane transport [8,9]. Amines were
used to extract the metal ions. The amine extraction
chemistry of thiocyanate complexes was investigated
by Sanuki and co-workers, [10]. The applications of
SLM for metal ions have been studied [11,12]. We
used tributylphosphate (TBP) to reach maximum
extraction efficiency. The development of SLM has
reached significant importance for use in separation,
purification or analytical applications in areas such as
biomedical technology or water treatment [13–16].

They consist of an organic carrier solution immobi-
lized in a thin macroporous polymer film separating
two aqueous phases. The organic layer which plays
the role of a membrane is held in the pores by capil-
lary forces and surface tension. Among the above
membranes, the SLM are known to show a high effi-
ciency for cation separation owing to the molecular
recognition process and require only a small amount
of solubilized organic carriers. However, the SLM pre-
sented some difficulties for industrial applications,
such as low fluxes, poor mechanical properties, and
leaching of carriers at membrane interfaces which
limit the long-term stability of the membranes [17,18].

The same SLM cannot be used again and has to be
re-impregnated [19]. As a result, SLM-based processes
have not been exploited industrially. As a means of
overcoming this problem, polymer inclusion mem-
branes represent an attractive option for separation
processes [20].

Cobalt and its compounds, and alloys, are impor-
tant from an industrial and technological point of
view. They are used in special alloys in high-speed
and high-temperature steels, in cutting tools and mag-
nets, in jet engines and ordnance products, and as a
catalyst for hydrocarbon refining. Cobalt is obtained
mainly as a by-product from the extraction of nickel,
copper, zinc, and lead from their ores. The separation
of cobalt and nickel from sulphate and chloride media
has been of practical interest for researchers [11,12,21].

2. Materials and methods

2.1. Chemicals and reagents

NH3, TEA (triethanolamine), and NH4SCN are of
analytical grade (Fluka). TBP, CoSO4·6H2O,
NiSO4·6H2O, acetic acid, NaOH, chloroform, xylene,
and n-decanol were purchased from Merck in

Darmstadt, Germany. All the stock solutions for cobalt
and nickel are prepared by dissolving the salts in dis-
tilled water. The extractant Alamine 308 (tri-isooctyl-
amine, TIOA) is from Cognis Corp., Germany. The
supports used for the liquid membranes are micropo-
rous hydrophobic polypropylene Celgard 2500 (Cel-
gard Inc., USA, 25 μm thick, 0.209 μm × 0.054 μm pore
size and 55% porosity).

2.2. Experimental procedure

Competitive transport of the equimolar or non-
equimolar mixture of Co2+ and Ni2+ ions across the
SLM from the aqueous solutions was studied using a
two compartment permeation cell, which was made
from a Pyrex glass, with flat-sheet membranes of
12.56 cm2 area (A), as shown schematically in Fig. 1.

In all experiments, the supports used for the liquid
membranes were microporous hydrophobic polypro-
pylene Celgard 2500 (Celgard Inc., USA), 25 μm thick,
and 55% porosity. The support was soaked for 18 h in
a membrane solution of the desired composition, then
left to drip for few seconds before being placed in the
SLM cell. TBP was used as a modifier to improve the
membrane performance. The volumes of both aqueous
feed and strip phases were 250mL. Various feed solu-
tions were prepared by adding both cobalt and nickel
salts to study the effect of feed composition.
Ammonium thiocyanate (NH4SCN) was added into
the feed mixture to increase the selectivity of cobalt
against nickel. 1 M Acetic acid/1M Sodium acetate
buffer used was essential for cobalt-nickel separation
to maintain the desired feed pH, which was very criti-
cal and held constant. The feed and stripping phases
were mechanically stirred at the desired mixing speed
of 20 ± 1˚C to avoid concentration polarization

Fig. 1. Schematic diagram of experimental apparatus.
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conditions at the membrane interfaces and in the bulk
of the solutions.

2.3. Analysis

During the SLM system transport experiments, the
samples of feed and strip phases (about 1mL) were
periodically removed for the determination of Co2+

and Ni2+ concentration by atomic absorption spectros-
copy. The Shimadzu AA6701F model atomic absorp-
tion spectrometer was used in this study. Cobalt was
determined by flame-acetylene media. The cobalt
wavelength was 240.7 nm with a slit width of 0.2 nm
and Nickel wavelength was 232 nm with a slit width
of 0.2 nm.

The feed phase pH measurements were deter-
mined with a Schott model CG840 pH meter
(Germany). Membrane permeabilities were deter-
mined by monitoring cobalt and nickel concentrations
in the feed phase as a function of time.

2.4. Permeation model in flat sheet SLM

The permeation coefficient (P) and initial flux (Jo),
from concentration–time (C–t) curve, were calculated
from Eqs. (1) and (2):

ln
C

Co
¼ �Ae

VF
Pt (1)

Jo ¼ � dC

dt

� �
o

VF

Ae

� �
(2)

where VF is the volume of the feed phase, ε is the
porosity of membrane support, C and Co are the
concentrations of cobalt in the feed phase at elapsed
time and time zero, respectively, and t is the elapsed
time. (dC/dt)o is the slope at t = 0. A is the membrane
area.

Amines are the general reagents among the extract-
ants which form ion pairs and are known as basic
extractant types, and extract metal ions according to
the ion association principle. The chemistry of amine
extraction of thiocyanate complexes was investigated
by Sanuki and co-workers, [10] in detail. For this
extraction system, the extraction reaction of cobalt can
be given by Eq. (3):

2R3NðoÞ þ 2HþðaqÞ þ CoðSCNÞ2�4 ðaqÞ
! ½ðR3NHþÞ2 CoðSCNÞ2�4 �ðoÞ ð3Þ

The stripping reaction for the cobalt (II) thiocyanate
complex with an alkaline solution is expressed by
Eq. (4):

½ðR3NHþÞ2 CoðSCNÞ2�4 �ðoÞ þ 2OH�ðaqÞ
! 2R3NðoÞ þ CoðSCNÞ2�4 ðaqÞ þ 2H2O ð4Þ

3. Results and discussion

3.1. Effect of feed solution pH

In order to assess the role of pH during the separa-
tion of cobalt from the equimolar solution of cobalt
and nickel, pH variation studies in the range of
3.0–6.0 were carried out, as indicated in Fig. 2. As seen
in Fig. 2, the permeation coefficient increased from
2.6 × 10−6 to 13.5 × 10−6 m s−1 with the increase of pH
from 3.0 to 4.0 and then decreased to 9.0 × 10−6 m s−1.
The increase in proton concentration, that is a decrease
in pH, will lead to increased formation of the com-
plex, ðR3NHþÞ2 � CoðSCNÞ2�4 that causes an increase in
the diffusional resistance and hence a decrease in per-
meation coefficient [22]. On the other hand, the
decrease in the coefficient with an increase of pH can
be explained by the fact that the concentration of the
protonated tertiary amine, R3NHþ decreases due to
the less availability of proton and thus, the adduct,
ðR3NHþÞ2 � CoðSCNÞ2�4 concentration will decrease, as
described by Eq. (3). As a result, the flux will
decrease. Therefore, the maximum extraction was
obtained at pH 4.0 and consequently, it is essential to
maintain a constant pH in the feed solution using the
NaAc/HAc buffer.
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Fig. 2. Effect of feed pH on cobalt permeation coefficient.
Note: Extractant: Alamine 308 (5% w/w), modifier: TBP
(15% w/w) in diluent: chloroform, feed phase: 300mg L−1

Co2+; 300mg L−1 Ni2+, feed stirring speed: 1,200min−1,
strip phase stirring speed: 1,200min−1, strip solution: 1M
NH3+1M TEA, compl. reagent (NH4SCN): 0.5 mol L−1,
Temp.: 20˚C, membrane support: Celgard 2500.
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3.2. Synergistic effect of neutral or solvation extractant
(TBP)

The combination of amines and neutral or solva-
tion extractants was studied by a potential extracting
system for metal ions [23]. TBP variation studies in
the range of 0–30% w/w were carried out, as indi-
cated in Fig. 3. Fig. 3 shows that there is a synergic
effect from which the flux of cobalt, Jo is increased
when carriers are used. The increase in TBP concentra-
tion increases the Co2+ flux since the complex diffusiv-
ity, as described by Eq. (5), during the membrane
phase increases due to a decrease in the membrane
viscosity [24]. According to Marcus and Kertes [25],
however, an adduct between the complex of Eq. (6) a
neutral ligand, like TBP, could also be formed in the
SLM. This view is also supported by Biswas and Basu
[26,27] who state that the nature of the extracted
adduct in presence of the combined extractant can be
expected to be ½ðR3NHþÞ2 � CoCl2�4 � B�, B representing
the neutral extractant. Thus, the effect of B can be
described in terms of the replacement of water mole-
cules from ½ðR3NHþÞ2 � CoCl2�4 � xH2O�. This leads to
an adduct formation, which is responsible for the
enhanced extraction into the organic phase. However,
de Haas [28], and Kumbasar’s [29] co-workers give
the extraction and stripping reactions for TBP by Eqs.
(6) and (7), respectively.

D ¼ kT=g (5)

where D: diffusion coefficient, η: viscosity, and T:
temperature.

CoðSCNÞ2�4 ðaqÞ þ 2TBPðoÞ þ 2HþðaqÞ
! ðTBPÞ2 H2CoðSCNÞ4ðoÞ ð6Þ

ðTBPÞ2 H2ðSCNÞ4ðoÞ þ 2OH�ðaqÞ
! CoðSCNÞ2�4 ðaqÞ þ 2TBPðoÞ þ 2H2oðaqÞ ð7Þ

From Fig. 3, it can be seen that the value of the flux
increases up to 25% w/w TBP in the membrane and
then decreases. The increase in TBP concentration, in
fact, causes the viscosity of the membrane solution,
having TIOA as extractant, to decrease, and thus, the
Co2+ flux increases up to a certain level at which the
membrane solution becomes saturated or viscous
again.

3.3. Effect of system temperature

Fig. 4 shows that the highest extraction efficiency
is 75.7% at 45˚C. The extraction efficiency of the feed-
ing phase was 68.57% at 35˚C, but at the end of the
experiment, the extraction efficiency of the diffused
cobalt stripping phase was 84.74% at 45˚C and 99.9%
at 35˚C. Probably, the endothermic reaction is the rea-
son for this increased temperature feed and the strip-
ping membrane interfaces on the surface.

The cobalt flux through SLM was also examined
against temperature, between 25 and 50˚C, as shown
in Fig. 4. Fig. 4 illustrates that the Co2+ flux increases
with the increase of temperature. The increase in tem-
perature causes the complex diffusivity in the mem-
brane phase to increase and the membrane viscosity
to decrease, as given in Eq. (5), and thus, the Co2+ flux
increases. This indicates that the diffusional resistance
to mass transfer is of prime importance.
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Fig. 3. Synergistic effect of neutral or solvation extractant
(TBP) conc. on cobalt mass flux.
Note: Extractant: Alamine 308 (5% w/w) in diluent: chlo-
roform, feed phase: 300mg L−1 Co2+; 300mg L−1 Ni2+; feed
soln. pH: 4.0, feed stirring speed: 1,200min−1, strip stirring
speed: 1,200min−1, strip soln.: 1M NH3+1M TEA; Compl.
reagent (NH4SCN): 0.5M, temperature: 20˚C, membrane
support: Celgard 2500.
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Fig. 4. Effect of temperature on cobalt flux.
Note: Extractant: Alamine 308 (5% w/w), modifier: TBP
(15% w/w) in diluent: chloroform, feed phase:
300mg L−1 Co2+; 300mg L−1 Ni2+, feed soln. pH: 4.0, feed
stirring speed: 1,200min−1, strip stirring speed: 1,200
min−1, strip solution: 1M NH3+1M TEA, Complex. reagent
(NH4SCN): 0.5M, membrane support: Celgard 2500.
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3.4. Effect of the stirring speed in the feed phase

Previous experiments were carried out to establish
adequate hydrodynamic conditions. The permeability
of the membrane was studied as a function of the stir-
ring speed, which ranged between 600 and 1,300
min−1, on the feed solution side and the results are
shown in Fig. 5. Feed mixture of equimolar concentra-
tion were used, Co2+ and Ni2+ each being 500mg L−1,
and the pH was maintained at 4.0. Fig. 5 illustrates
that when the stirring speed is increased to 900min−1,
the thickness of the aqueous diffusion layer at the
membrane–feed interface and the aqueous resistance
to mass transfer are decreased to a constant value,
which results in an increase in the permeability of
cobalt. Thereon, it decreased with an increase in speed
due to the possible leakage of the liquid membrane
out of the polymeric membrane pores as a result of
the speed enhancement.

3.5. Effect of extractant (Alamine 308) concentration

The effect of Alamine 308 concentration in the
membrane phase on cobalt permeation was studied in
the range of 5–15% (w/w). The cobalt permeation
coefficients were calculated at different Alamine 308
concentrations and are shown in Fig. 6. Cobalt flux
increases with the extractant concentration. The
extractability increases in the membrane phase. How-
ever, at higher extractant concentrations, the decrease
in flux can be explained in terms of the increase in
carrier viscosity in the membrane phase that increases
the membrane resistance.

It was observed in Fig. 6 that cobalt permeation
increased from 1.10 × 10−5 to 1.91 × 10−5 m s−1 with an
increase of Alamine 308 concentration up to 10%
(w/w) and with a further increase in the extractant
concentration to 15% (w/w); the cobalt permeation
coefficient decreased to 8.64 × 10−6 m s−1.

3.6. Effect of the stripping solution type

In general, metallic ions extracted by amines can
be stripped from the protonated amine by the removal
of a proton using neutral or alkaline solutions. The
stripping reaction for the cobalt (II) thiocyanate
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Fig. 5. Feed solution stirring speed on cobalt permeation
coefficient.
Note: Extractant: Alamine 308 (5% w/w), modifier: TBP
(15% w/w) in diluent: chloroform, feed phase: 300mg L−1

Co2+; 300mg L−1 Ni2+, feed soln. pH: 4.0, strip solution:
1M NH3+1M TEA, compl. reagent (NH4SCN): 0.5M,
temp.: 20˚C; membrane support: Celgard 2500.
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Fig. 6. Effect of TIOA concentration on cobalt permeation
coefficient.
Note: Modifier: TBP (15% w/w) in diluent: chloroform,
feed phase: 300mg L−1 Co2+, 300mg L−1 Ni2+, feed soln.
pH: 4.0, feed stirring speed: 1,200min−1, strip phase
stirring speed: 1,200min−1, strip solution: 1M NH3+1M
TEA, compl. reagent (NH4SCN): 0.5M, temp.: 20˚C,
membrane support: Celgard 2500.
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Fig. 7. Effect of stripping solution type on cobalt flux.
Note: Extractant: Alamine 308 (5% w/w), modifier: TBP
(15% w/w) in diluent: chloroform, feed phase:
300mg L−1 Co2+, 300mg L−1 Ni2+; feed soln. pH: 4.0, Feed
stirring speed: 1,200min−1, strip stirring speed: 1,200
min−1, complex. reagent (NH4SCN): 0.5M, membrane sup-
port: Celgard 2500.
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complex with an alkaline solution is expressed by
Eq. (4) [30].

Ammonia and triethanol amine solution mixtures
were used as reagents to strip and separate the cobalt
from the membrane phase to the aqueous phase. In
addition, Na2CO3 was also used as a stripping reagent
(Fig. 7). Finally, a stripping solution containing 1M
NH3 + 1M TEA was selected as the stripping phase
mixture.

3.7. Effect of the complexing reagent (NH4SCN)
concentration

The effect of the NH4SCN concentration on the
cobalt flux is shown in Fig. 8. It was found that by

increasing the concentration from 0.5 to 1.0M, the
cobalt flux decreases.

The cobalt ions in the acidic feed solutions react
with an excess NH4SCN to form the pink color tetra-
hedral cobalt (II) thiocyanate complex, CoðSCNÞ2�4 ,
whereas in case of nickel ions, they hardly form the
thiocyanate complex [31,32].

The thiocyanate complex reacts with tertiary
amines, such as tri-isooctyl or trioctyl amines dissolved
in various solvents, and forms a blue color adduct,
½ðR3NHþÞ2 � CoðSCNÞ2�4 � [33–36]. The cobalt (II) species
obtained as such is accepted to be the cobalt (II) thio-
cyanato complex [34,35].

On the other hand, the octahedral complex of
nickel ions probably consists of NiðSCNÞ4�6 or
NiðSCNÞ4ðH2OÞ2�2 [32,37,38]. This is in agreement
with the reports of Zhu [39], which state that the 7d
electron of Co2+ is one of the most favored ion for
the tetrahedral configuration from the viewpoint of
the ligand field theory, and that the steric hindrance
is the only factor that could weaken the octahedral
configuration. So, cobalt is more preferably extracted
into the membrane phase than nickel, and the thiocy-
anate complexation is significant such that the selec-
tivity of cobalt with respect to nickel is thus
increased.

3.8. Effect of diluent

Chloroform, n-decanol, and xylene were used as
diluents and are shown in Fig. 9. The best cobalt
permeation was obtained by using chloroform as the
diluent. The polarity of the diluent is the most deci-
sive factor. So, we selected chloroform as a solvent.

3.9. Optimum conditions

The following results were obtained from examin-
ing the experimental parameters:

� Diluent: Chloroform.
� Feed solution pH: 4.0.
� Complexing reagent (NH4SCN) concentration:

0.5M.
� Extractant TIOA (Alamine 308) concentration:

10% w/w.
� Neutral or solvation extractant (TBP) concentration:

25% w/w.
� Feed solution stirring speed: 900min−1.
� Stripping solution stirring speed: 900min−1.
� Temperature: 35˚C.
� Stripping solution: 1M NH3 + 1M TEA.
� Polymer support: Celgard 2500.
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Fig. 8. The effect of the NH4SCN concentration on the
cobalt permeation coefficient.
Note: Extractant: Alamine 308 (5% w/w), modifier: TBP
(15% w/w) in diluent: chloroform, feed phase: 300mg L−1

Co2+, 300mg L−1 Ni2+, feed soln. pH: 4.0, feed stirring
speed: 1,200min−1, strip stirring speed: 1,200min−1, strip
solution: 1M NH3+1M TEA, membrane support: Celgard
2500.
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Fig. 9. The effect of the solvent type on cobalt flux.
Note: Extractant: Alamine 308 (5% w/w), modifier: TBP
(15% w/w) in diluent, feed phase: 300mg L−1 Co2+,
300mg L−1 Ni2+, feed soln. pH: 4.0, complex. reagent
(NH4SCN): 0.5M, Feed stirring speed: 1,200min−1, strip
stirring speed: 1,200min−1, strip solution: 1M NH3+1M
TEA, membrane support: Celgard 2500.
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3.10. Membrane selectivity

Under optimum conditions, the effects of feed
concentration, both equimolar and non-equimolar, on
the extraction rate or separation of cobalt, have been
experimentally studied. The separation factors, αCo/Ni,
Eq. (8), of Co2+ over Ni2+, based on the initial feed
composition, was determined for seven hours, under
the optimum conditions, and shown for the both equi-
molar and non-equimolar feed mixtures in Table 1.
Extraction efficiencies (η) were calculated in Eq. (9).

aCo=Ni ¼
ðCCo=CNiÞstrip
ðCCo=CNiÞfeed;o

(8)

g ¼ 1� C

Co

� �
feed

(9)

As seen from Table 1, cobalt selectivity with respect to
nickel was high. The system is more selective for
lower initial metals concentrations.

4. Conclusions

The SLM process, using Alamine 308 (TIOA) to
extract and separate cobalt from the acidic solutions,
was studied. From this study the following conclu-
sions can be drawn:

(1) The optimum conditions are determined experi-
mentally as stated above.

(2) At the optimum conditions, the extraction of
cobalt is achieved with the efficiencies of 100.0
and 62.2% for the equimolar feed mixtures of
200mg L−1 Co2+ + 200mg L−1 Ni2+ and 700mg
L−1 Co2+ + 700mg L−1 Ni2+, respectively, within
seven hours, and the separation factors of Co2+

over Ni2+ are 151.8 and infinite. For nonequimo-
lar feed mixtures of 200mg L−1 Co2+ + 500mg L−1

Ni2+, and 800 mg L−1 Co2+ + 500mg L−1 Ni2+, the
extraction efficiencies of cobalt are 100.0 and
69.4%, respectively, and the separation factors of
Co2+ are 366.1 and 378.9 within seven hours.

(3) From the results obtained in the temperature
effect, there is a significant diffusional resistance
in membrane phase as shown in the results and
discussion, i.e. the rate of cobalt extraction ranged
from 84.7% at 45˚C to 99.9% at 35˚C.
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