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ABSTRACT
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The extraction of Cadmium (II) (Cd(II)) ions across a Supported Liquid Membrane (SLM) using Triethyleneamine
(TEDA) in Carbon tetrachloride (CCI4) as a carrier, was investigated. The aforementioned carrier was embodied
within the microporous polypropylene membrane. Hereby, we present the results of optimization of certain
conditions like acid and carrier concentration in feed and membrane phase respectively, stripping phase makeup,
and their effects on stripping of the metal ions from the feed solution. 1.0 M HNO, in the feed solution, 1.5 M in
stripping phase, 3.75 M of TEDA in membrane phase and 2.36 x 10° mol/dm? of Cd(II) metals ions concentrations
were found to be the optimum conditions for the extraction of Cd(II). Some theoretical equations were proposed
which were beneficial in investigating the extraction mechanism and stoichiometry of the physio-chemical processes
occurring in the organic membrane phase. Characterization of the SLM through flux, permeability and diffusion
coefficient and an investigation into its stability for applications in the industry were also carried out.

INTRODUCTION

Various classical techniques are commonly employed, for the
extraction and separation of Cd ions from certain solutions.
Ion exchange, solvent extraction, carbon adsorption, adsorption
chromatography, separation by Carbon Nanotubes (CNTs),
filtration, distillation, evaporation, preparative chromatography,
usage of particular plants and micro-organisms are just a few to
be named [1-4]. However, these extraction methods are deemed
unsuitable for large scale stripping of Cd due to the use of a
voluminous amount of solvents, problematic and unsafe disposal
of large amounts of toxic sludge, inappropriate handling and
operation difficulties [5,6].

Membrane technology is playing a key role in safe extractions
and holds importance in its vast range of applications. A vital
aspect of the selection of a membrane is the transit rate of various
chemical species across the membrane. In controlled drug delivery,
the transit or permeation rate is intermediated from the source
to the body or point of action whereas, in separation techniques
where membranes are employed, its main purpose involves the
permeation of certain component of the mixture while blocking

others [7].

Cd(II) has been extracted across SLM which was incorporated with

thiacalix (4] arene as an extractant. The extractant exhibits a higher
flux of Cd(II) as compared to that of lipophilic extractant lasalocid

(8].

In a comparative transport study, the extraction of Cd(II) through

SIM impregnated with tri-n-octylamine in kerosene has been
compared with that of dispersion hybrid liquid membrane. It
has been reported that the dispersion hybrid liquid membrane is
highly efficient than SLM because of high percentage transport of
solute in the strip, permeability coefficient, depletion of extractant,
extraction efficiency and transport flux [9].

Danesi, et al. [10] reported the stripping of Zn(II) and Cd(II) from
a chloride solution of the feed into the ammonium acetate solution
in the strip through supported liquid membrane impregnated with
trilaurylammonium chloride solution in triethyl benzene as an
extractant.

The transport of Cadmium (Cd), Copper (Cu), and Lead (Pb)
ions were investigated through a hollow fiber SLM consisting
of 1,10-didecyldiaza 18-crown-6 and fatty acid, where a 1:1
combination of toluene and phenyl hexane was used as a mobile
carrier [2]. Extraction flow and non-flow system of a single hollow
fiber module were investigated for metal ions. For examining flow
system for a specific recipient solution, it was retained in the cavities
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of the membrane to investigate the consequences and outcome of
various elements, the volume of the samples, the concentration of
metal ions and the flow rates of the solution in relation to the
preconcentration factor [11,12].

Similarly, the extraction and permeation study of Cd(II) ions with
various carriers like kelex 100, LIX 54 and aliquat 336 soaked in an
SIM was also studied [13]. The flux for LIX-54 was 7.9 x 1011, for
kelex 100 was 1.5 x 10'° and for aliquat was 1.12 x 10° mol/cm? s.

Daoud, et al. [14] worked on the extraction of Cd(II) using a
SIM with Cyanex-302 in kerosene in the presence of other metal
ions like Cu(Il) and Zn(II) and found that the transport of Cd(II)
increased with an increase in stirring rate, and also feed and
strippant concentration. Interestingly, complete removal of Cd(II)
was achieved at pH 2 using Cyanex-302 [14]. Another extraction
process for the removal of Cd(II) from neutral and acidic media was
developed using Cyanex 923 where extraction and rate of transport
was found to be governed by H" and Cl ions. The transport of the
ions dropped down due to the appearance of another phase in the
pores of the flat sheet supported liquid membrane, however, this
condition could be prevented by either using diluent like solvesso
200 or keeping the Cd(II) concentration low. On the other hand,
in neutral chloride media, the extraction seemed to be indifferent
to the Cd(II) ions concentration and pore size of the supporting
membrane. In hollow fiber strip dispersion system, the transport
of Cd(II) was efficient despite the formation of another phase in
acidic chloride medium [15].

Cd(II) ions transport through SLM containing TBP/cyclohexane
from high salinity chloride solution to an EDTA solution was
studied by Nowier, et al. [16] It was shown that permeability
increased with increased pH, increased tri-n-butyl phosphine
(TBP) in the membrane and strip concentration. The extraction
rate dropped to a low value after a further increase in TBP
concentration. The process was controlled by chemical reactions.
Optimum extraction occurred at 25°C with a 50% TBP and 0.04M
EDTA in the strip.

Altin, et al. [17] investigated the optimum conditions for extraction
of Cd(II) using EDTA (0.06M) as a stripping solution with aliquat
336 as a carrier, from a feed solution of 2M HCI, mainly because
EDTA has a high capacity of complexation with Cd(II) ions. The
flow rates were found to be 50 ml/min and 80 ml/min for 2M HCl
and EDTA solution, respectively, with efficiency above 80%.

He, et al. [18] compared the rate of extraction of Cd(II) ions using
two different carrier solutions i.e., tri-n-octylamine (TNOA) and
tricapryl amine (N235) in CCl, solution with ammonium acetate
solution as a strip. The optimum conditions were investigated
extensively and it was found the transport was much efficient
with TNOA. The extraction activation energies were calculated to
be 6.8 and 4.8 k]/mol for tricapryc amine and tri- n-octylamine,
respectively.

The present work is aimed to extract Cd(II) ions from spent
cadmium-nickel battery, to optimize the conditions for maximum
extraction, and investigate the physical and chemical processes
affecting the efficiency of supported liquid membrane, in a hunt
for an efficient extraction method using a novel combination of
carrier and strip solutions. A theoretical model was presented
which explains the mass transfer in the form of metal-carrier
complex. Maximum flux and permeability were observed by using
TEDA as a carrier, HNO, as feed and NaOH as a stripping agent.
Selective complexation of the carrier and the desired metal ions
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is necessary for its removal, so preliminary extraction experiments
were performed to sort out the credibility of the carrier. Finding an
appropriate solvent for extraction is a challenge faced widely. The
behavior of the carrier and its complex with the desired metal ion
is greatly influenced by their interaction with the chosen solvent.
The behaviors of different solvents were observed and CCl, was
defined to be appropriate for the present study. Concentration and
other properties of the feed and stripping are essential in interface
reactions involved in the transport mechanism, therefore, optimum
conditions for strip and feed were sorted out experimentally.
Parameters like flux and permeability were also studied. A literature
survey showed no previous information on the extraction of Cd(II)
using the aforementioned set of carrier, feed, and stripping.

Theory

The metal ions transport through the medium of supported liquid
membrane involves the formation of metal-extractant complex,
followed by its diffusion across the feed-membrane interface to
the strip-membrane interface, as a function of a concentration
gradient. Once it is transported across the membrane, metal-carrier
complex degradation occurs. A theoretical model was proposed
which governs the mass transfer of the Cd(II) ions in the form of
metal-carrier complex through diffusion.

Representing Triethylenediamine (TEDA) by symbol “A”, the
following reactions have been proposed to occur.

A+H" = AH" (1)

According to our proposed mechanism, Cd(NO,), present in the
feed solution undergoes a change due to excess of HNO, present in
the solution, as presented in the following equation.

Cd(NO,), (aq) + nNO; (aq) —>[Cd(NO3 )nﬂ}n—(aq) (2)

The interaction of these oppositely charged ions, i.e., (AH") and
[CANO,) ,,In{aq) results in the formation of a complex at the
feed-membrane interface:

nAH" (org) +[ Cd(NO;), , |n-(aq) = (AH)n.Cd(NO,),, (org)  (3)

Eq. (3) may be represented in terms of the roles played by H" and
NO;, as:

nA(org) +nH' (aq) + Cd(NO; ), (aq) +nNO; (aq) = (AH)n.Cd(NO;)_ (org) 4)
Reactions at strip membrane interface

As shown in eq. (3) and (4), the reaction of oppositely charged
ions leads to the neutral complex formation which gets transported
across the feed-membrane interface to strip-membrane interface.
It is interesting to note that the neutral complex can easily be
extracted in the organic phase. The dissociation of the complex at
the strip-membrane interface is governed by NaOH present in the
stripping phase as follows:

(AH) .Cd(NO,)_ + nNaOH — Cd(II) + 2NO; + H,0 + nNaNO,+ A~ (5)

The carrier molecule (A) undergoes reverse diffusion across the
liquid membrane, once it gets liberated after the decomposition
of the complex, after which it re-plays the process of transport of a
metal ion through complex formation. According to Wilke-Chang,
the diffusion coefficient of complex (AH)n.Cd(NO,) ,, in the
forward direction is quiet lesser than that of the free carrier (A) in
the backward direction, which justifies the proposed hypothesis of
higher TEDA concentration at the feed-membrane interface when
compared with the concentration of the complex.
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The following equation shows the equilibrium constant KCd for
Cd(ID:

[(AH), .Cd(NO,),.,]

K(‘d = n 2+ . —qn+1
[A],, (H'T'],.[Cd™],, .(NO,) " ag (©)

The distribution coefficient (ﬂ’c" ) which governs the distribution
of Cd*" between the membrane and aqueous phases have been

shown as:
AH) .
/'LCd — [( )n Cd(zNOfa)nJrl]org (7)
[Cd™ ],
K /’i'Cd (8)

“T[AT [HT1,.(NO) T aq

org *

And on re-arranging Eq. (8)

Aca =Ky [A]n [HT ]aq'(NOB)_]n+1 aq )

org
Considering the extraction constant, distribution coefficient and
laws of diffusion, an equation can be derived for the flux (J) as
shown:

logy + logT + nlog[A],,, + nlog[H"], + (n+1)log(NO,),, + logC, (10)

org
1

+nlog[H'],,+ (n+1)10g(NO3)aq+ logC; (11)

logIn=

logJ n=constant + nlog[A]

org

The Eq. (10) shows that the flux (J) of Cd*" is directly proportional
to the concentration of nitrate (NO,), proton concentration (H"),
carrier (A) and Cf, at a constant temperature. This equation is
useful in calculating the number of protons present in AH* form
by retaining [NO,], [A] and Cf constant in Eq. (11) and plotting
log Jn vs. log [H']. The resulting slope will be equal to the number
of H* ions present in the complex. Similarly, a slope of the plot of
log Jn vs log [A] shows that 4.0 moles (n) of TEDA contributes in
the formation of a complex with Cd(II), when [NO,], [H*] and Cf

are kept constant.
Materials and Methods
Chemicals and reagents

For investigating the transport of Cd(I), triethylamine (AR grade
Applichem) dissolved in carbon tetrachloride (AR grade BDH) was
employed as a carrier in the liquid membrane phase, HNO, (64%
Merck) as feed solution whereas NaOH (AR grade BDH) was used
as a stripant for Cd(II) recovery.

Apparatus and instruments

Atomic absorption spectrometer, Perkin Elmer 400 with graphite
furnace (resolution 0.001 ppm, accuracy = 0.1 ppm), was used
for measuring the Cd(II) concentration in aqueous phases. The
wavelength and slit width were adjusted as follows: for Cd(II)
285.148 nm, 1.7/1.08 mm.

Neo met pH meter (resolution 0.001 pH, accuracy + 0.003 pH) was
used to find the pH of the feed and stripping solution.

Preparation of supported liquid membrane

For the present study, Celgard 2400 and 2500 hydrophobic,
polypropylene films were chosen which acted as solid support for

the SLM.
Membrane cell

The Cd(II) extraction study was performed in a permeation
cell, which was constructed using Perspex material. The
volume capacity of each of the cell was 0.25 dm?. Two cells or
compartments which carried the membrane between them were
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joined and fixed with flanges. A rubber ring inert to the solution
was placed on the membrane film in order to stop the leakage
and mixing of the solution. The two different solutions present in
both the compartments were constantly agitated at 1200 rpm at a
temperature of 25 + 1°C.

Permeation study

After mounting the compartment of the permeation cell and
fixing the SLM between them, the feed and stripping solutions
(0.25 dm’® each) were added simultaneously, covered and set on
constant agitation. Uniform stirring was done to ensure a uniform
concentration throughout the cell, and hence a concentration
polarization was avoided at the membrane interfaces. A known
quantity (I cm?®) was collected and analyzed for the metal ion
concentration, from both the feed and the stripping phases after
regular intervals.

The following equations were used to find out the flux (J) and
permeability (p):

Concentration change of metal ion (mol ) x solution volume in feed or strip (dm?®
Flux = Ams ( ) ( 1 2)

Effective membrane area (mz) x dt

Initial feed concentration i as
|:In[ %eed concentration at time(t)ﬂ x volume in feed phase (13)

Effective membrane area x At

p=

Where At represents the total permeation time interval (in
seconds).

Results and Discussion
Effect of HNO, concentration in the feed phase

Nitric acid (HNO}) holds an important role in the extraction
procedure because of both the proton and the nitrate ion, resulting
from its dissociation. Both the H" and NO; are essential in the
complex formation (LH)n.Cd(NO,) , ) as per Eq.(4). The effect of
its concentration on the extraction procedure was studied using a
solution of varying molarity (0.5 mol/dm? to 2.0 mol/dm?), keeping
the TEDA concentration at a controlled value of 3.75 mol/dm?
in the liquid membrane phase. The NaOH concentration in the
stripping phase was maintained at 1.5 mol/dm’. Figure 1 shows an
increase in the flux of Cd(Il) with an increase in the concentration
of HNO, from 0.5 mol/dm’ to 1.5 mol/dm’. An increased HNO,

concentration leads to increased availability of H* and NO, and

J 10°%(mol/dn’.sec)
w
|

-1 T i T i T i
0.0 0.5 1.0 15 20

3
HNO,(mol/dm?’)

Figure 1: Influence of HNO, concentration in feed solution on flux (J)

of Cd (1D).
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hence increased complex formation as per Eq. (4), which ultimately
increases the transport of Cd(II). An HNO, concentration higher
than 1.5 mol/dm? results in a lower transport efficiency of Cd(II),
which is due to the formation of Hn.Cd(NO,)n-type species. The
aforementioned species are formed when H"and NO; are present
in excess in the feed and therefore, reaction (3) is inhibited in the
forward direction. Further studies for Cd(II) extraction were carried
out using the optimum HNO, concentration of 1.5 mol/dm’, and
hence investigation of other essential parameters was done.

Effect of stripping phase concentration on the permittivity of
Cd(I1)

The complex ((AH)nCdA(NO,) ) is dissociated at the strip-
membrane interface by the strippant. For studying the effect of
varying NaOH concentration on the transport of Cd(II), various
concentrations in the range of 0.5 mol/dm? to 2.0 mol/dm?® were
used, while maintaining the constant TEDA concentration at 3.75
M and HNO; concentration in feed solution at 1.0 mol/dm’.

The Figure 2 shows that as the concentration of NaOH increases
from 0.5 mol/dm’ to 1.5 mol/dm? the permeability of Cd(II)
increases, this is because of an increase in the OH" concentration in
the strip phase which facilitates the complex break-down as per Eq.
(v). Furthermore, when NaOH concentration is increased beyond
1.5 mol/dm?, the transport of Cd(II) decreases, this is because of
the formation of an insoluble precipitate of Cd(OH), at a higher
OH- concentration.

Cd*" (aq) + 20H (aq) — Cd(OH),(s) (14)

The precipitate blocks the pores of the polypropylene membrane
and therefore Cd(II) extraction decreases.

6.3 Influence of stripping phase concentration on the flux of Cd(II)

The strippant dissociates the complex (AH)nCd(NO,) ) at the
strip-membrane interface. To investigate the effect of varying
concentrations of NaOH on Cd(II) extraction, a number of
concentrations in the range of 0.5 mol/dm? to 2.0 mol/dm? were
used, whereas the TEDA and HNO, concentrations were kept
constant at 3.75 M and 1.0 mol/dm’, respectively in the feed.

In Figure 3, an increase in the flux (J) of Cd(II) could be observed
with the increase in the concentration of NaOH from 0.5 mol/
dm® to 1.0 mol/dm?, which is justified on the basis of increased
availability of OH" and hence enhanced complex breakdown at

70
60 -
50 |

40

p(10?)

30
20

10

0 L e B L B B S A
04 06 0.8 1.0 1.2 14 1.6 18 20 22

NaOH Conc)

Figure 2: Effect of NaOH concentration in strip solution on permittivity

(p) of Cd (11).
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stripping membrane interface occurs as per Eq. (5). However, a
further increase in NaOH concentration beyond 1.0 mol/dm?
results in a lower Cd(II) transport. Hence it may be ascribed to the
production of large quantity of OH ions, which get H" ions from
carrier to restrict further transport.

Effect of feed concentration on the flux of Cd(II)

Different concentrations of Cd(II) ranging from 1.99 x 10?
mol/dm’ to 4.36 x 107 mol/dm?® were used as feed solutions, in
investigating the efficiency of the supported liquid membrane for
metal ions extraction. For the present work, the concentration
of carrier was kept constant (3.75 M) whereas, stripping phase
concentration and HNO, concentration in the feed solution was
maintained at 1.5 mol/dm? and 1.0 mol/dm?’ respectively.

Figure 4 indicates an increase in the permeability of Cd(II) with an
increase in its concentration in the feed as per Eq. (10), where flux
(J) is directly proportional to feed concentration (Cf). This study
shows that at a metal ion concentration of 2.2 x 10? mol/dm’, the
permeability is maximum i.e., 4.3 x 10° and gradually decreases to
2.1 x 10? at 3.2 x 10° mol/dm’. This decrease in the permeability,
in a relationship with a higher metal ion concentration, may be
explained on the basis of saturation of carrier and a decrease in
the effective membrane surface. Additionally, the formation of
the complex cause super-saturation of the membrane by forming

14—
12

104

J 10%mol/dm’sec)
R

o
1 L

-2 T T T T T T T T T
0.0 0.5 1.0 15 20

[NaOH](mol/dm®)

Figure 3: Effect of NaOH concentration in strip solution on flux (J) of

Cd (D).
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Figure 4: Influence of feed concentration on flux (J) of Cd (II).
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Figure 5: Effect of the membrane thickness on flux (J) of Cd (II).

a layer on the membrane interface and hence Cd(II) extraction is
minimized.

The flux and permeability values obtained were reproducible with
an average error of+12%.

Effect of membrane thickness on the extraction of Cd(II)

The influence of membrane thickness on the extraction of Cd(II)
was studied, using microporous hydrophobic membranes of varying
Celgard 1i.e., 2400, 2500 and 4400. Figure 5 shows an inverse
relationship between the flux of Cd(II) and the thickness of the
membranes. The thickest membrane of Celgard 4400 allows the
lowest flux of 1.01 x 10* mol/m?s. The obtained results condone
the proposed theoretical model where the flux and thickness of
membrane have inverse relation as shown in Eq. (10).

Conclusion

Cd(ID) ions were extracted across TEDA-carbon tetrachloride
Supported Liquid Membrane. A theoretical model was proposed,
suggesting the formation of metal-extractant complex, diffusion
through the interface, followed by the degradation of the complex
in the strip solution. The optimum parameters based on the
theoretical model matched well with the experimental values. It
was concluded that one mole of each TEDA and protons interact
with Cd(II) and result in the formation of [(AH)n.Cd(NO,)
(org) type of complex which is responsible for the transport of
Cd(II) ions. Therefore 1.0 M of HNO; in the feed solution, 1.5
M in stripping phase, 3.75 M of TEDA in membrane phase and
2.36 x 10? mol/dm?® of Cd(II) metals ions concentrations were
found to be the optimum conditions for the transport of Cd(II).
The membrane thickness was found to have an inverse relation
with the extraction process. The flux improved with increasing
concentrations of NaOH from 0.5 to 1.0 mol/dm® and declined
back on the further increase, whereas permeability was observed to
increase with an increase of the feed concentration till 2.23 x 10°
mol/dm?, followed by a decline with the further increase due to
maximum saturation of carrier.
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