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EXTRACTION OF CADMIUM(I) BY
SUPPORTED LIQUID MEMBRANE USING
TOPS-99 AS MOBILE CARRIER

Sushree Swarupa Tripathy, Kadambini Sarangi,” and
Radhanath Prasad Das

Regional Research Laboratory, Bhubaneswar 751 013,
Orissa, India

ABSTRACT

The permeation rate of Cd(II) from a dilute aqueous sulfate media
using supported liquid membrane technique has been studied. The
microporous polypropylene film celgard 2500 was used as solid
support for the liquid membrane and TOPS-99 was used as mobile
carrier. Effect of different parameters such as stirring rate, Cd(Il)
concentration in feed solution, pH of feed solution, extractant
concentration in membrane phase, and acid concentration in strip
solution on cadmium flux was studied. It was observed that
stirring speed of 500 rpm was sufficient to minimize the resistance
due to aqueous boundary layer. Cadmium flux, Jcgar increases
with increase in pH of feed solution from 3.0 to 6.0 as well as with
increase of cadmium concentration in feed solution. Also with
increase in TOPS-99 concentration in membrane phase up to
100 mol/m® Jecaqr increases and then becomes constant.
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INTRODUCTION

Cadmium and its compounds are toxic and poisoning occurs through
inhalation and ingestion. In spite of its toxicity, it is used in different industries
such as electroplating, pigments, synthetic chemicals, ceramics, metallurgical
products, and photographic products.!") Most often cadmium enters the water
system through industrial discharge necessitating its removal from effluents.
Using precipitation methods, cadmium can be removed as carbonates (pH 7.5—
8.5), as hydroxides (pH 8—11), and can also be removed by co-precipitation at pH
6.5 with FeCl; when a Fe(OH); floc is formed.!"! Such precipitation processes
have inherent problems of solid—liquid separation, high cost, and slow kinetics.
As an alternative, removal of metal ions from dilute solutions/industrial effluents
through supported liquid membrane (SLM) process offers operational simplicity,
low solvent inventory, and low energy consumption over precipitation process.
The SLM technique was first proposed by Bloach” and later used for
extraction/separation of different metal ions such as Cr,B‘S] Au,“ﬂ Cu, Zn,[7_9]
AL Ce, M pt 1121 and Fe(T1D)."? This technique is also used for the removal of
organic compounds such as phenols,''* amino acids, etc.!"”!

The chemistry of metal extraction in liquid membrane process is similar to
that of liquid-liquid extraction. A survey of the literature for liquid—liquid
extraction of cadmium showed extensive use of a variety of extractants like
alamine 336!'°" and D2EHPA."'”! Studies have also been made using mixed
extractants such as carboxylic acid and trialkyl phosphine sulfide.!"® Separation
and recovery of Cd from systems like Zn—Cd—Co—Ni,'”! Zn-Cd,"**! Zn—-Cd-
Hg'?'~%* have also been investigated.

Although considerable work has been reported for the liquid—liquid
extraction of cadmium, studies concerning the liquid membrane extraction of
cadmium are rare. The kinetics of Cd(Il) transport through a bulk liquid
membrane using tricaprylamine in xylene as mobile carrier has been reported.**!
Effect of paraffin and surfactant on coupled transport of Cd(II) through bulk
liquid membrane was studied by He and Ma'**! Tri-octyl amine in xylene was
used as an extractant and it was reported that transport of Cd(II) ions was coupled
by the co-transport of protons.

Di-(2-ethylhexyl) phosphoric acid is a widely used extractant for the
extraction of different metal ions and the extraction mechanism is well
established.'** =" It is also used as a mobile carrier for SLM.*%*!! The present
work examines the possibility of using SLM technique to remove Cd(II) from
dilute solutions using TOPS-99 as an extractant (TOPS-99 is di-2-ethyl hexyl
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phosphoric acid produced by Heavy Water Plant, Talcher, Orissa, India). The
equilibrium studies were carried out to find out the extraction mechanism of
Cd(I) with TOPS-99. In SLM studies, the various process variables include
effect of stirring rate, effect of D2EHPA concentration, effect of Cd(II)
concentration, effect of acid concentration in strip solution, and effect of Cd(II) in
strip solution on cadmium flux.

THEORY

The formation of the Cd(IT)-TOPS-99 complex at the feed side-membrane
interface involves monomerization of (TOPS-99),, distribution of monomer
between aqueous interface and organic medium and acid dissociation of
monomer at the interface. These reactions are represented as follows:

(HA), < 2(HA) (1)
(2HA) < 2(HA) ()
2(HA) < HA; + HF (3)

where, HA is TOPS-99 and designates the organic phase.
Then ionized TOPS-99 reacts with Cd(II) at the feed side-membrane
interface, which is followed by formation of neutral Cd(II) species at the interface.

Cd*" + HA, & CdHAS

CAHAS + 2(HA) ;< CdAy(HA), or + HT

So the mechanism by which a metal ion is extracted from an aqueous phase
using TOPS-99 can be written as

Mi(? + 2(HA)20rg < MAy(HA), org ZHL @

The equilibrium constant, K of the reaction can be written as:

_ IMA(HA) Lo [H'T; ®)
[M2H] g [(HA), 12,
or,
D[H']
[H'L, 6)

" [HA),

org
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where D = [MA;(HA), lorg /[M** ], or,

Analysis of the experimental value of distribution ratio (D) as a function of
equilibrium pH and extractant concentration at constant value of other
parameters, allows estimation of the number of extractant molecules associated
with the extractant metal complex.

EXPERIMENTAL
Reagents

The commercial extractant TOPS-99 (di-(2-ethyl-hexyl) phosphoric acid)
was supplied by Heavy Water Plant, Talcher, Orissa, India and was used as
received. Distilled kerosene (bp 190-210°C) was used as the diluent. Tri-n-butyl
phosphate (TBP) 5 vol% was used as modifier.

All other chemicals used such as 3CdSO,4-8H,0, H,SO,4, NaOH, etc., were
of analytical reagent grade. Stock solution of 1kg/m® Cd(Il) was prepared and
working solutions were prepared by dilution.

Membrane

Microporous polypropylene film Celgard 2500 supplied by Hoechest Inc.,
USA was used as the solid support for the liquid membrane. As per the
specification provided by the supplier, the membrane has a porosity of 41%,
thickness of 25.4 um, and pore dimensions (W X L) = 0.04 X 0.12 um.

Methods

The microporous film was impregnated with TOPS-99 of desired
concentration under vacuum and was clamped in between two half cells using
PVC gaskets forming two compartments each having a capacity of 100 cm>.!
The active membrane area (geometric area X porosity) was 0.14735m”. The
aqueous feed solution containing Cd(II) in the concentration range 0.44—
44.48 mol/m® was adjusted to the desired pH value using dilute H,SO4 or NaOH
before the start of the experiment. Sulfuric acid solution of 900 mol/m’
concentration was used as strip solution in all experiments excepting those
involving effect of concentration on the flux. The feed and strip solutions were
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kept under agitation using mechanical stirrers. Sampling was done by
withdrawing 1.0cm® of solutions from both the compartments at desired time
interval and the samples were analyzed for Cd(II) concentration using atomic
absorption spectrophotometer (AAS, Perkin Elmer, model 372, accuracy for
cadmium is =0.01 ppm).

RESULTS AND DISCUSSION
Equilibrium Study

For equilibrium studies 10cm® of the aqueous solution containing
0.88 mol/m* of cadmium was equilibrated with an equal volume of TOPS-99 in a
separating funnel for 10 min. After complete phase disengagement, the aqueous
phase was separated and was analyzed for Cd(II) concentration. The
concentration of Cd(Il) in the organic phase was calculated from the difference
between the metal-ion concentration in the aqueous phase before and after
extraction. The TBP (5vol%) was used as modifier. There may not be any
synergic extraction for cadmium using TBP, as there was no literature found on
this.

Effect of Equilibrium PH

The extraction of cadmium from sulfate media containing 0.88 mol/m?® of
Cd(II) was studied using TOPS-99 (30 mol/m3) within the equilibrium pH range
3.0-3.4. Percentage extraction increases with the increase in equilibrium pH
(Fig. 1). There was no extraction below equilibrium pH 3.0. Figure 2 shows the
plot of log D vs. equilibrium pH. The plot is linear with a slope of 2.2, indicating
the exchange of 2mol of H" with 1 mol of the extracted metal species, which
supports the reaction mechanism shown in Eq. (7)

Effect of Extractant Concentration

The effect of TOPS-99 concentration on the extraction of cadmium
(0.88 mol/m3) was studied in the range 0.5-20 mol/m>. It was observed that
percentage extraction of Cd(II) increased with increase of extractant
concentration (Fig. 3). The log D vs. log[extractant] plot shown in Fig. 4 is a
straight line with slope 2.15. This indicates that 2 mol of extractant is associated
with the extracted metal species.
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Figure 1. Effect of equilibrium pH on the extraction of cadmium.

Transport of Cd(II) by Supported Liquid Membrane

Effect of the following parameters was studied on transport of Cd(II) by
liquid membrane using TOPS-99 as mobile carrier: (a) stirring speed, (b) pH of
the feed solution, (¢c) TOPS-99 concentration in the membrane, (d) concentration
of Cd(Il) in feed solution, and (e) acid concentration in strip solution. It was
observed that Cd(II) concentration decreases in the feed compartment linearly
with time for 2 hr and increases with time in the strip compartment at the same

y =2.2081x - 7.2995

log D
1)
F-9

3.00 3.25 3.50 3.75 4.00
Equilibrium pH

Figure 2. Plot of equilibrium pH vs. log D.
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Figure 3. Effect of extractant concentration on the extraction of cadmium.

rate as it decreases in feed solution. (V/A )d[Cd(II)] was plotted against df for each
experiment and from the slope of the initial straight line, flux of the cadmium
(JCd(H)) was calculated:
where, V is the volume of the solution on each side of the membrane, (m3 ); A, the
effective membrane area, (mz); t, the time, (sec).

log D

3.0

2.0 H

1.0 4
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y =2.1508x + 5.9902

-3.5 -3.0 2.5 -2.0 -1.5
log [HA] (mol/m®)

Figure 4. Plot of log [HA] vs. log D.
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Effect of Stirring Rate

Permeation of metal ions through aqueous boundary layer is one of the
major resistances in liquid membrane technique. To minimize this resistance,
solutions in both the compartments were kept under agitation. The impeller of
diameter 1.5 cm was used for stirring. The stirring rate was varied between 50 and
600 rpm and the effect of stirring speed on cadmium flux is shown in Fig. 5. It was
observed that cadmium flux increases with increasing stirring rate between 50
and 500 rpm and the flux remains constant thereafter. So it was assumed that a
stirring rate of 500rpm is sufficient for this experimental set up to achieve
minimum resistance due to aqueous film boundary layer and further experiments
were carried out with the above stirring rate.

Effect of pH

The effect of pH in the feed solution on the transport of cadmium was studied
at two different TOPS-99 concentration (50 and 300 mol/m?) in the membrane
phase. The cadmium concentration in feed solution was kept constant at
0.88 mol/m>. The value of log Jeaan was plotted against pH in Fig. 6, which
shows that with 50 mol/m> TOPS-99, cadmium flux increases with the increase in
pH from 3.0 to 4.0 and a plateau region is obtained at higher pH values. There was no
extraction of cadmium below pH 3.0. With an increase in pH (3.0—4.0), dissociation

1.95

1.75 +

1.55

1.35 ¢

Jeamy [(mol/m? .sec)x10-3]

0.75 t } } } } }
0 100 200 300 400 500 600

Stirring rate (rpm)

Figure 5. Effect of stirring rate on Jeqgqn.
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Figure 6. Effect of pH on Jegq)-

of TOPS-99 molecule increases at the feed-membrane interface, which leads to
increased formation of Cd(II)-TOPS-99 complex and increase of Jcqar). Between
pH 4.0 and 6.0, further dissociation of TOPS-99 and formation of Cd(Il)-TOPS-99
complex is very small, because the dissociation of TOPS-99 and complex formation
have already attained maximum. Therefore, a plateau was obtained at pH region of
4.0-6.0. However at higher concentration of TOPS-99 (300 mol/m* ), the feed-
membrane interface was saturated with TOPS-99—Cd(II) complex even at pH 3.0
and so a plateau was obtained for the whole pH region.

Effect of Extractant Concentration

The effect of the concentration of TOPS-99 in the membrane phase on the
cadmium flux was studied in the range 25-400 mol/m>. The Cd(I) concentration
and pH of the feed solution was kept constant at 0.88 mol/m® and 6.0,
respectively. Figure 7 shows the log—log relationship of Jcqqr) and concentration
of TOPS-99 in its dimeric form. Cadmium flux increases with increase in TOPS-
99 concentration up to 100 mol/m® ([HL], = 50 mol/ m?) and further increase in
extractant concentration has no significant effect on permeation rate of cadmium.
As per Eq. (4) with increase in TOPS-99 concentration, the formation of Cd(II)—
TOPS-99 complex increases at the feed side-membrane interface and since at a
lower extractant concentration, the same interface is not saturated by the
extractant, the flux increases with an increase in extractant concentration. The
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Figure 7. Effect of extractant concentration on Jecqqn).

plateau region beyond 100 mol/m* TOPS-99 can be explained as the combined
effect of saturation of feed-membrane interface with the complex and viscosity of
the membrane phase.

Effect of Cd(II) Concentration in Feed Solution on Jeqar

Effect of Cd(II) concentration on Jcqqry was studied in the range 0.444—
44 48 mol/m> with three different TOPS-99 concentration (25, 100, and
300 mol/m?) in the membrane phase, keeping the pH of feed solution constant
at 6.0. Figure 8 shows the log—log relationship between the metal flux Jcqqry and
the feed concentration of Cd(II). It can be observed from the figure that up to
8.89 mol/m> of Cd(IT) concentration, a linear relationship is obtained with slope
value of 0.4. Within this concentration range of Cd(II) in feed solution, the
availability of Cd(II) at the feed side-membrane interface increases with increase
in the Cd(II) concentration. So interfacial chemical reaction becomes faster,
which leads to increase in Jcg(IT). With further increase in Cd(IT) concentration,
the membrane phase tends to get saturated with Cd(II)-TOPS-99 complex. In
addition, the concentration gradient between bulk feed phase and the feed-
membrane interface diminishes sharply. All these factors lead to the plateau
region of Jcqgar across the membrane at higher concentration of Cd(II) (beyond
8.89 mol/m?) in the feed compartment.
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Figure 8. Plot of log [Cd(ID] vs. log Jcaan-

Effect of Acid Concentration in Strip Solution

Stripping reaction with respect to the metal—TOPS-99 in the presence of an
acid at membrane-strip side interface is very fast. The stripping kinetics was
studied with different concentrations of acid solutions (180, 360, 900, and
1800 mol/m3). Figure 9 shows the effect of acid concentration on Jeqqr. It was
observed that Jcqqr) increased with increase in the acid concentration from 180 to
900 mol/m>. The percentages of stripping with H,SO,4 of 900 and 1800 mol/m’
concentration were identical, which indicates that a strip solution having
900 mol/m> H,SO, is sufficient for this stripping study.

Effect of [Cd(II)] in Strip Solution on Jcqg)

Liquid membrane is a process, where permeation of metal ions from feed
solution to strip solution can take place against concentration gradient. The
maximum extent to which the metal ions can be concentrated in strip solution
depends on the concentration difference in the coupled ion across the membrane.
According to Donnan Equilibrium, for ion M"*, where n is the valency of the
metal ion, transfer of metal ion from feed solution to strip solution will be
continued until the equilibrium (8) is attained.'**!

M) _ [H');
(M7, [HF,

(8)
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Figure 9. Effect of acid concentration in strip solution on Jegan.

where, f and s designate the feed and strip compartment respectively. Therefore,
experiments were carried out with strip solutions having 900 mol/m?> H,SO, and
different concentrations of cadmium (4.44—-88.96 mol/m3). It was observed that
with increase in the cadmium concentration in strip solution from 4.44 to
88.96 mol/m>, there is no change in cadmium flux and cadmium ion continues to
be transferred from feed side to strip side.

CONCLUSIONS

Extraction of Cd(II) was carried out by liquid membrane technique using
TOPS-99, produced by Heavy Water Plant, Talcher, India, as mobile carrier. In
addition, equilibrium studies with shake flask were carried out. Following
conclusions may be drawn from the studies.

(a) For equilibrium studies, the percentage extraction of Cd(Il) increased
with increase in extractant concentration. The slope analysis studies
of log D vs. log (HA) indicates that 2 moles of the extractant was
involved with 1 mol of the extracted metal species.

(b) The stirring rate of 500 rpm was found to be sufficient for minimizing
the resistance due to aqueous boundary layer.

(¢) The cadmium flux increases with increase in pH from 3.0 to 4.0 and
then forms a plateau. There was no extraction below pH 3.0.
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(d) Also Jcq4 increases with increase in extractant concentration up to
100 mol/m* and then remains constant.

(e) It was observed that 900 mol/m? H,SOy, is sufficient for the stripping
studies. The cadmium ion could be concentrated in strip solution
against its concentrated gradient which is according to Donnan
equilibrium equation.
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