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ABSTRACT

The presence of heavy metals in aqueous solutions beyond certain limits creates serious threat to
the environment due to their non-degradability and toxicity. So the search for techniques to remove
those pollutants is of increasing interest. Liquid membranes have shown great potential in this way,
especially in cases where pollutant concentrations are relatively low and other techniques cannot
be applied efficiently. A kinetic study of the influence of some operational variables (organic phase
volume, emulsifier concentration in the membrane phase and stirring rate) on the transport of
cobalt (IT) through bulk liquid membrane containing di(2-ethylhexyl) phosphoric acid (D2EHPA),
as mobile carrier, in kerosene and protons, as counter ions, in the product phase (H,SO,), is car-
ried out is this paper. The transport kinetic was analysed by means of a kinetic model involving
two consecutive irreversible first order reactions. The rate constants of the extraction and stripping
reactions were determined for all the experimental conditions studied. Maximum transport fluxes of

cobalt (IT) through the bulk liquid membrane were also calculated.
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1. Introduction

Heavy metal contamination of industrial effluents and
wastewaters is a very important environmental problem.
As heavy metals are not biodegradable they tend to ac-
cumulate in living organisms causing various diseases
and disorders.

Cobalt is one of the heavy metals associated to indus-
trial activities being present in effluents and wastewaters
of a wide range of industries, such as mining, hydrometal-
lurgy, electroplating, painting, etc. The permissible limits
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of cobalt in the irrigation water and livestock watering are
0.05 and 1.0 mg-dm™ respectively [1]. The effects of acute
cobalt poisoning in humans are very serious, among them
are asthma like allergy, damage to the heart, causing heart
failure, and damage to the thyroid and liver. Cobalt may
also cause genetic changes in living cells.

Different techniques have been described for cobalt re-
moval from wastewater, including chemical precipitation
[2], adsorption on activated carbon [3,4], biosorption [5]
ion exchange [6-9], pressure driven membrane processes
[10] and combined methods (sorption or complexation
plus pressure driven membranes processes) [11-13].
Recently, the use of liquid membranes for the removal of
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cobalt from aqueous solutions has been described [14-18].
Liquid membranes have shown great potential, especially
in cases where solute concentrations are relatively low
and other techniques cannot be applied efficiently, since
they combine the processes of extraction and stripping
in a single unit operation [19]. The extraction chemistry
is basically the same as that found in liquid-liquid ex-
traction, but the transport is governed by kinetic rather
than equilibrium parameters, that is, it is governed by a
non-equilibrium mass transfer.

Metal ion extraction in the liquid membrane system
can be facilitated by carrier mediated transport, in which
an ion exchange reagent is incorporated in the membrane
phase to carry the diffusing specie across the membrane to
the product phase, a process that is usually accompanied
by the transport of other chemical specie from the prod-
uct to the feed phase (facilitated counter transport). This
coupled transport mechanism is interesting because it
offers the possibility of transporting a component against
its own concentration gradient [20].

The kinetics of the effect of some operational variables
(organic phase volume, emulsifier concentration in the
membrane phase and stirring rate) on the transport of
cobalt (II) through bulk liquid membrane containing
di(2-ethylhexyl) phosphoric acid (D2EHPA), as mobile
carrier, in kerosene and protons, as counter ions, in the
product phase (H,SO,), is studied in this paper.

2. Theory

The facilitated transport of Co(lI) ions through a liquid
membrane using D2EHPA as carrier and H* as counter
ions is illustrated in Fig. 1. The carrier diffuses from the
bulk membrane phase to the feed membrane interface,
where cobalt (II) ions are exchanged for protons. Due to
the high interfacial reactivity of D2EHPA [21], a dimerized
molecule undergoes acid dissociation [22] and reaction
with cobalt (II), according to the equation:

Co* (aq) + 2(HR), (org) < CoR,(HR), (org) + 2H"(aq) (1)

The cobalt (II) carrier complex formed diffuses
through the membrane to the membrane product inter-
face, where, by reversing the described reaction, protons
are exchanged for cobalt (II) ions, which are released into
the product phase. The carrier is regenerated, thus begin-
ning a new separation cycle.

The cobalt (II) transport mechanism is therefore a
coupled counter ion transport mechanism, with Co (II)
and H* travelling in the opposite direction.

The mechanism of that facilitated transport of cobalt
has been explained by the kinetic laws of two consecu-
tive irreversible first-order reactions, the extraction (rate
constant, k) and the stripping (rate constant, k,) reac-
tions [15]. This mechanism has been used to describe
the transport of some divalent ions through bulk liquid
membranes [23-26].

Feed phase Membrane phase Product phase

CoR,(HR),

Co*2

H+

Fig. 1. Diagram of the facilitated transport of Co(Il) ions using
D2EHPA as carrier and H* as counter ions.

This kinetic behaviour can be described according to
the following equations [23]:
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These equations show that the time dependence of R
is monoexponential and the time dependence of both R |
and R is biexponential.

R, has a maximum, the time at which it occurs being
obtained from dRm/dt =0.
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Combining Egs. (8) and (9) the following relationship
can be obtained.

o)
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(10)

First-order time differentiation of Egs. (5)—-(7) leads to
the final form of the flux equations [26].

dR
d_tfz —k, exp(—k; t) (11)
dR k

dtm _ C —1k1 [kz exp(—kzt)—exp(—klt)] (12)
dR kk
Tkl et o

By substituting the expression of t __given for Eq. (8)
in Egs. (11)—(13), maximum fluxes can be obtained [26].
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3. Experimental equipment and procedure

Experimental studies were carried out applying the
bulk liquid membrane technique, using a stirred transfer
Lewis type cell with bulk liquid membrane layered over
feed and product phases (Fig. 2).

0.0025 M cobaltous sulphate solutions in 0.05 M formic
acid, adjusted to pH 4.0 with sodium hydroxide, were
used as feed phase. Use of formate buffer prevented the
pH in the feed solution from varying by more than 0.1 pH
units, as has been described [27]. The membrane phase
was constituted by solutions of di-2-ethylhexyl phos-
phoricacid in kerosene (6% weight) with varying propor-
tions of Span. 1 M aqueous sulphuric acid solutions were
used as product phase. The volumes of feed and product
phases were 25 cm®. The areas of both feed-membrane
and membrane—product interfaces were 3.2 cm? In the
different experiments volumes of membrane phase of
12.5cm?, 25.0 cm?, 37.5 em® and 50.0 cm?®, Span concen-

=000
=0l

Fig. 2. Schematic representation of the experimental transfer
cell (F, feed phase; M, membrane phase; P, product phase)

trations in the membrane phase of 0.0%, 0.5%, 2.0% and
5.0% and stirring speeds of 50 rpm, 100 rpm, 150 rpm and
200 rpm were used.

Cobalt (II) ion concentrations in both feed and product
phases were determined by UV spectrophotometry using
an Unicam UV2 instrument, measuring the absorbance
of the colour developed by the product of the reaction
between cobalt (II) and xylenol orange [28]. Cobalt (II)
ion concentration in the membrane phase was established
from the material balance. For practical reasons, dimen-
sionless reduced concentrations of cobalt (I) in the feed
(Rf), membrane (R ) and product phases (Rp) were used
(Rf= Cﬂ/CO, R =C /C and Rp = Cp/CO, thesumof R, +R +
R, obviously being unity). In the experiments with different
membrane volumes, a “corrected concentration”, related
to feed volume, was defined in the membrane phase (C
Vm-Cm,/Vf) in order to use the relation R - R + Rp =1.

mt’

4. Results and discussion

The influence of membrane phase volume, Span
concentration in membrane phase and stirring speed
on cobalt transport are represented in Figs. 3, 4 and 5,
respectively. An increase in the membrane phase volume
leads to a slight decrease in total cobalt transport, and an
increase in the cobalt mass in the membrane. An increase
in Span concentration in the membrane phase leads to a
substantial decrease in the total cobalt transport, and an
increased amount of cobalt retained in the membrane
phase. A higher stirring speed leads to a noticeable in-
crease in cobalt transport.

Numerical analysis of experimental results by non-
linear curve fitting permits the rate constants of the
kinetic process to be determined (Table 1). The values
of k, are directly obtained by iteration from Eq. (5). This
value is introduced as a constant value in Eqgs. (6) and
(7). An initial value of k, is obtained in each case from
Eq. (10), then introduced in Egs. (6) and (7) and iterated.
Two values of the rate constant k, are obtained in each



270 G. Leon, M.A. Guzmdn / Desalination and Water Treatment 13 (2010) 267-273

a * Rf ARM' ® Rp * Rf ARM' ® Rp

1
n
08 0,8
0,6 0,6
R R
0,4 0,4 1
0,2 0,2

1 0 T T T T 1
25 0 5 10 15 20 25

Time (hours) Time (hours)

¢ d)

1 1
038 0.8 "
06 06
R R
04 04
02 0,2
A
" T 0 "

25 0 5 10 15 20 25

Time (hours) Time (hours)

Fig. 3. Influence of membrane phase volume on Co (II). Membrane phase volume: a) 12.5 cm?; b) 25.0 cm?; ¢) 23.5 cm?; d) 50.0 cm?.
(Points, experimental values; lines, model values).
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Fig. 4. Influence of Span concentration in the membrane phase on Co (II) transport. Span concentration in the membrane
phase: a) 0.0%; b) 0.2%; c) 0.5%; d) 2%. (Points, experimental values; lines, model values).
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Fig. 5. Influence of stirring speed on Co (II) transport. Stirring speed: a) 50 rpm; b) 100 rpm; c) 150 rpm; d) 200 rpm. (Points,

experimental values; lines, model values).

Table 1

Rate constants for extraction (k,) and stripping (k,) processes and maximum flux (J__ ) of cobalt (II) transport at different mem-
brane phase volumes, Span concentrations in membrane phase and stirring speeds (feed phase cobalt (II) 0.0025 M, product
phase sulphuric acid 1 M, membrane phase D2EHPA 6% in kerosene)

Membrane phase volume (cm?)

12.5 25.0 375 50.0
k, (h™) 0.141 0.156 0.164 0.181
k, (h™") (average value) 0.281 0.223 0.188 0.142
J. (07 0.070 0.068 0.064 0.059

Span concentration in membrane phase (%)

0.0 0.5 2.0 5.0
k, (h™) 0.156 0.140 0.131 0.127
k, (h™') (average value) 0.223 0.127 0.071 0.053
] (07 0.068 0.049 0.034 0.028

Stirring speed (rpm)

50 100 150 200
k, (h™) 0.097 0.114 0.144 0.156
k, (h™") (average value) 0.176 0.195 0.201 0.223
J (07 0.047 0.054 0.062 0.068

case, one derived from Eq. (6), k,,, and the other derived
from Eq. (7), k,,. Good agreement between k, and k,
constants was observed in all experimental COndlthl’lS
Maximum fluxes calculated from Egs. (14) and (16) are
also included in Table 1.

Model curves of time dependence of R, R and R,
for the different experimental conditions, calculated
from Egs. (5)—(7) are also shown in Figs. 3, 4 and 5. Good
agreement between experimental and model data can be
observed.
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Anincrease in the membrane phase volume leads to a
slight increase in the extraction constant and to a decrease
of stripping constant, the result being a decrease in maxi-
mum cobalt flux. An increase in the volume of membrane
phase, while not modifying cobalt concentration in feed
phase, diminishes the concentration of cobalt (II)-carrier
complex in membrane phase and decreases the total
cobalt transport.

An increase of Span concentration in membrane phase
leads to a decrease of both the extraction and the strip-
ping constants (especially the latter), and, accordingly,
to a significant decrease of maximum cobalt flux. An
increase in surfactant concentration of the membrane
phase leads to an increase of mass transfer resistance due
to both the increase of the viscosity of membrane phase,
which causes a reduction on the difusivity of carrier and
cobalt (II)—carrier complex in the membrane phase [29],
and the presence of more surfactant at the feed—mem-
brane and membrane—product interfaces [30].

The higher stirring speed leads the higher both, the
extraction and the stripping constants, and, consequently,
accompanied by an increase in maximum cobalt flux.
These results suggest that a decrease of the size of the
limit layers at both sides of the feed-membrane and
membrane—product interfaces results from the increase
of stirring speed, leading to an increase of transport rates
[31] with no alteration of the hydrodinamic stability of
the two interfaces.

5. Conclusions

The effect the membrane phase volume, Span concen-
tration in the membrane phase and stirring speed on the
kinetics of the transport of cobalt (II) ions through bulk
liquid membrane containing di(2-ethylhexyl) phosphoric
acid (D2EHPA) as mobile carrier in kerosene and protons
(H,SO,), as counter ions, in the product phase was stud-
ied in this paper. The transport kinetics was analysed
by means of a kinetic model involving two consecutive
irreversible first order reactions. The rate constants of the
extraction and stripping reactions were determined by
numerical analysis of the experimental results in all the
experimental conditions studied. Good agreement between
model and experimental data is observed.

Anincrease in the membrane phase volume leads to an
increase of the extraction constant and a higher decrease
of stripping constant, resulting in a decrease of maximum
cobalt flux. An increase of Span concentration in the mem-
brane phase leads to a decrease of both the extraction and
the stripping constants (being the latter more significant),
leading to a significant decrease of maximum cobalt flux.
An increase of stirring speed leads to an increase of both
the extraction and the stripping constants, resulting in an
increase of maximum cobalt flux

Acknowledgements

We would like to thank Mr. A. Guzman and Mr. J.A.
Lépez for the manufacture of the experimental cell.

References

[1] S. Rengaraj and S.H. Moon, Kinetics of adsorption of Co(II)
removal from water and wastewater by ion exchange resins,
Water Res., 36(7) (2002) 1783-1793.

[2] C.Gomez-Lahoz, F. Garcia-Herruzo, ].M. Rodriguez-Maroto and
J.J. Rodriguez, Cobalt(Il) removal from water by chemical reduc-
tion with sodium borohydride, Water Res., 27(6) (1993) 985-992.

[38] J. Riera-Utrilla and M.A. Ferro-Garcia, Study of cobalt adsorp-
tion from aqueous solution on activated carbons from almond
shells, Carbon, 25(5) (1987) 645-652.

[4] K.A. Krishnan and T.S. Anirudhan, Kinetic and equilibrium
modelling of cobalt (II) adsorption onto bagasse pith based sul-
phurised activated carbon, Chem. Eng. J., 137(2) (2008) 257-264.

[5] K. Vijayaraghavan, J. Jegan, K. Palanivelu and M. Velan, Bio-
sorption of copper, cobalt and nikel by marine green alga Ulva
reticulata in a packed column, Chemosphere, 60(3) (2005) 419-426.

[6] J.S.Kim and M.A. Kaene, The removal of iron and cobalt from
aqueous solutions by ion exchange with Na-Y zeolite: batch,
semi-batch and continuous operation, J. Chem. Technol. Biotec-
nol., 77(6) (2002) 633-640.

[71 M. Kara, H. Yuzer, E. Sabah and M.S. Celik, Adsorption of
cobalt from aqueous solutions onto sepiolite, Water Res., 37(1)
(2003) 224-232.

[8] A. Zvezdov and K. Ishigure, The effect of corrosion particles
present in water solutions on the behavior of strong acid cation-
exchange resins during the process of cobalt removal, Desalina-
tion, 154 (2003) 153-160.

[9] ED.Mendes and A.H. Martins, Selective sorption of nickel and
cobalt from sulphate solutions using chelating resins, Int. J. Min.
Process., 74(1-4) (2004) 359-371.

[10] A.M. Haura and V. Ramachandhran, RO performance analysis
of cellulose acetate and TFC polyamide membrane systems
for separation of trace contaminants, Desalination, 104 (1996)
175-183.

[11] J.A. Thompson and G. Jarvinen, Using water-soluble polymers
to remove dissolved metal ions, Filtr. Separ., 36(5) (1999) 28-32.

[12] LD. Atamanenko, A.P. Kryvoruchko, L.Y. Yurlova and B.Y.
Kornilovich, Concentration of heavy metal by pressure-driven
membrane methods, Desalination, 158 (2003) 151-156.

[13] A.P. Kryvoruchko, I.D. Atamanenko and L.Y. Yurlova, Con-
centration/purification of Co(ll) ions by reverse osmosis and
ultrafiltration combined with sorption on clay mineral mont-
morillonite and cation-exchange resin KU-2-8n, J. Membr. Sci.,
228 (2004) 77-81.

[14] R.Mohapatra, S.B. Kanungo and P.V.R.B. Sarma, Kinetics of the
transport of Co(ll) from aqueous sulphate solution through a
supported liquid membrane containing di(2-ethylhexyl) phos-
phoric acid in kerosene, Sep. Sci. Technol., 27(6) (1992) 765-781.

[15] G. Ledén and M.A. Guzmadn, Facilitated transport of cobalt
through bulk liquid membranes containing diethylhexyl phos-
phoric acid, Desalination, 162 (2004) 211-215.

[16] G.Ledén and M.A. Guzman, Kinetic study of the effect of carrier
and stripping agent concentrations on the facilitated transport
of cobalt through bulk liquid membranes, Desalination, 184
(2005) 29-87.

[17] M.S. Gasser, N.E. El-Hefny and J.A. Daoud, Extraction of Co(II)
from aqueous solution using emulsion liquid membrane, J.
Hazard. Mater., 151 (2007) 610-615.

[18] R.A. Kumbasar and I Sahin, Separation and cioncentration of
cobalt from amoniacal solutions containing cobalt and nickel by
emulsion liquid membranes using 4,7-dibromo-8-hydroxyquin-
oline (DBHQ), J. Membr. Sci., 325 (2008) 712-718.



(19]

[20]

[21]

[22]

(23]

[24]

[25]

G. Leon, M.A. Guzmiadn / Desalination and Water Treatment 13 (2010) 267-273

AM. Sastre, A. Kumar, J.P. Shukla and R.K. Singh, Improved
techniques in liquid membrane separations: An overview, Separ.
Purif. Meth., 27(2) (1998) 213-298.

J. Gyves and E. Rodriguez, Metal ion separations by supported
liquid membranes, In. Eng. Chem. Res., 38(6) (1999) 2182-2202.
C.F. Vandergrift and E.P. Horowitz, Interfacial activity of liquid—
liquid extraction reagents — I: Dialkyl phosphorous based acids,
J. Inorg. Nucl. Chem., 42(1) (1980) 119-125.

I. Komasawa, T. Otake and Y. Higaki, Equilibrium studies of
the extraction of divalent metals from nitrate media with di-
(2ethylhexyl) phosphoric acid, J. Inorg. Nucl. Chem., 43(12)
(1981) 3351-3356.

M. Szpakowska and O.B. Nagy, Membrane material effect on
copper coupled transport through liquid membranes, J. Membr.
Sci., 64 (1991) 129-143.

M. Szpakowska and O.B. Nagy, Non-steady state vs. steady state
kinetic analysis of coupled ion transport through binary liquid
membranes, J. Membr. Sci., 76 (1993) 27-38.

M. Szpakowska, Kinetics of coupled transport of Cu(Il) ions
through liquid membranes composed of technical solvents and

[26]

[27]

[28]

[29]

[30]

[31]

273

paraffin mixtures, J. Membr. Sci., 92 (1994) 267-273.

D. He, M. Ma and Z. Zhao, Transport of cadmium ions through
a liquid membrane containing amine extractants as carriers, J.
Membr. Sci. 169 (2000) 53-59.

K. Oseo-Asare and D.J. Chaiko, Microemulsion liquid mem-
branes. I. Cobalt transport in a surfactant-dodecane system, J.
Membr. Sci., 42 (1989) 215-231.

M.A. Chaudry, M.T. Malik and A. Ali, Transport of Co(II) ions
through di(2-ethylhexyl) phosphoric acid—CCl4 supported lig-
uid membranes, Sep. Sci. Technol., 25(11-12) (1990) 1161-1174.
R. Sabri, A. Hafez, M. Khedr and A. El-Hassanin, Removal of
lead by en amulsion liquid membrane. Part I, Desalination, 212
(2007) 165-175.

C. Das, M. Rungta, G. Arya, S. DasGupta and S. De, Removal
of dyes and their mixtures from aqueous solutions by liquid
emulsion membrane, J. Hazard. Mater., 159(2-3) (2008) 365-371.
T.M. Fyles, On the rate limiting steps in the membrane transport
of cations across liquid membranes by di-benzo-18-crown-6
and lipophilic crown ether carboxylic acids, ]. Membr. Sci., 24
(1985) 229-243.



