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Separation of toxic heavy metals from its aqueous so-
lution using environmentally benign vegetable oil as
liquid membrane

Kamal Kumar Bhatluri,* Sushma Chakraborty,* Mriganka Sekhar Manna,*' Aloke Kumar
Ghoshal* and Prabirkumar Saha**

This paper presents an experimental investigation of simultaneous extraction and recovery of
harmful heavy metals from the industrial wastewater through Bulk Liquid Membrane (BLM) based
technology. The selective extraction and stripping are achieved through the transportation of two
such heavy metals viz., lead and cadmium. The environmentally benign coconut oil is selected as
solvent of the Liquid Membrane (LM) through two phase equilibrium studies. Same studies are
performed to optimize various physico-chemical parameters, such as pH of feed phase, concen-
trations of feed and strip phases, temperature, speed of stirring of feed phase, run time (duration
of extraction), concentration of carrier efc., on the extraction of cadmium. The performance of LM
is enhanced with respect to run time by the use of a suitable extracting agent i.e. carrier. Three
phase transportation studies are thereby conducted through BLM at the same optimized operat-
ing parameters obtained in two phase studies. The extraction and recovery are found to be 72%
and 64%, respectively. Further experimentations through BLM were conducted for transportation
of lead with the same set of operating parameters. Both the extraction (82%) and recovery (77%)
are found comparatively higher for lead as opposed to that of cadmium.

metals such as chemical precipitation, coagulation, electrodialy-

The streams of industrial wastewater contain many toxic com-
pounds such as non-biodegradable and highly toxic heavy metals
viz. cadmium and lead which cause serious damage to the en-
vironment and the human health in particular.! Industries such
as pulp and paper, battery, fertilizer, chlor-alkali, alloy and steel,
paints and pigments, petrochemicals and mining activities include
the major source of these toxics.%? These heavy metals tend to
bio-accumulate and bio-magnify in the food chain causing severe
health problems. 1™ The allowable limits of lead and cadmium in
drinking water, as guided by World Health Organization (WHO),
are 3 ppb and 10 ppb respectively.® Hence, these heavy metals
should be removed from wastewater, at least to their permissible
limits, before their disposal to the larger aquatic environment.
Conventional methods are available for separation of heavy
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sis, solvent extraction, reverse osmosis, adsorption, ion exchange
and chemical oxidation and reduction. However, each of these
conventional techniques have got some inherent disadvantages
such as loss of solvent, high cost, high energy consumption, etc.
involved in their processing.™© In recent times, LM techniques
are extensively studied by researchers in various fields viz. or-
ganic, inorganic and analytical chemistry, biomedical engineering
and biotechnology, chemical engineering and wastewater treat-
ment etc. due to certain advantages such as the scope of simul-
taneous extraction and recovery of solute, simplicity of process,
high separation factor and most importantly requirement of less
amount of solvent and carrier. Out of the various types of LM
configurations, viz., BLM, Emulsion Liquid Membrane (ELM) and
Supported Liquid Membrane (SLM), BLM has the simplest design
for performing LM processes. 712

Castro et al.'® used the BLM configuration for separation

and pre-concentration of Cd ions in natural water using 2-
acetylpyridine benzoylhydrazone as the mobile carrier, toluene
as the organic solvent and nitric acid as the stripping agent. He et
al.1# studied the kinetics of transport of cadmium through BLM
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employing tricaprylamine as the carrier, xylene as the solvent and
0.5 M ammonium acetate as stripping agent. The performances of
acidic carriers, viz., TOPS-99 (or di-2-ethylhexylphosphoric acid)
for separation of cadmium were studied by various group of re-
searchers. 1>-18 Tripathy et al. 17 used H,SOy as a stripping agent.
They achieved the maximum flux of cadmium with 0.1M carrier
in the membrane phase. Bidari et al. 18 investigated the influence
of acetate ions as stripping agent on the extraction of cadmium
ions with kerosene as the solvent and D2EHPA as the acidic car-
rier. They found that the presence of acetate ions can increase the
efficiency of extraction of cadmium to a great extent.

On the other hand, Grudpan et al.!® used the alkaline carrier,
Aliquat 336 as a carrier for the extraction of cadmium from aque-
ous sulfate solution using aqueous perchloric acid as the stripping
agent and carbon tetrachloride as the solvent. McDonald et al.?°
also studied the performance of Aliquat 336 for the separation of
lead using EDTA as stripping agent and achieved 80% extraction.
Altin et al.?! used 0.06 M EDTA as stripping solution with 0.1 M
Aliquat 336 as carrier and toluene as a solvent for transportation
of cadmium and achieved 82% transportation efficiency.

Nevertheless, most of the experiments for the separation of
heavy metals were conducted using conventional organic solvents
which are flammable, highly toxic and volatile in nature. On the
other hand, vegetable oils are very good alternative to such haz-
ardous organic solvents. They possess all the properties of good
extractants, yet they are non-toxic and non-volatile. Moreover
they are inexpensive too. Very few researchers conducted LM
experiments using environmentally benign solvents such as veg-
etable oils. Chakraborty et al.® used coconut oil as the solvent for
the separation of Hg(II) from aqueous solution using SLM config-
uration. Trioctylamine (TOA) as the carrier, coconut oil as the sol-
vent and PVDF as the membrane support were employed for the
study. Coconut oil was also used as a solvent by Venkateswaran
et al.?2 with D2EHPA as the carrier, PTFE as the membrane sup-
port and H,SO4 as the stripping agent to separate copper ions
via SLM. In our previous work !, LM based technology was devel-
oped for the separation of Cd(II) from wastewater using low cost
environmentally benign coconut oil as the solvent.

In the present work, coconut oil is explored as solvent in the
BLM for simultaneous separation of two heavy metals lead and
cadmium. Aliquat 336 is used as the carrier in the LM. The sepa-
ration feasibility is checked by two phase equilibrium studies for
extraction only prior to three phase transportation studies. Var-
ious parameters for the transportation are optimized initially for
cadmium. Later, those conditions are employed for the trans-
portation of lead also and compared with that of cadmium. The
preferential transportation of lead over the cadmium is found out
experimentally.

2 Materials and Method

2.1 Chemicals and reagents

The chemicals and reagents used for this research were all
of Guaranteed Reagent (GR) grade. Disodium ethylenedi-
aminetetraacetate (Na;-EDTA) and cadmium chloride monohy-
drate (CdCl,. H,O) were obtained from Merck (India), Lead
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chloride (PbCl,) was procured from Loba Chemicals Pvt. Ltd.
(India), Aliquat 336 (methyl-tri-capryl ammonium chloride) was
procured from Sigma Aldrich (India). Parachute® coconut oil
(Marico India limited, India), refined sunflower oil, Dhara® re-
fined mustard oil (Mother Dairy Fruit & Vegetable Pvt. Ltd., In-
dia) and refined soybean oil (Adani Wilmar limited, India) were
purchased from local market.
cadmium and lead solutions (1000 ppm) for Atomic Absorption
Spectrophotometer (AAS) analysis were procured from AccuStan-
dard (USA).

The stock solution (1000 ppm) of cadmium (Cd) and lead (Pb)
were prepared by dissolving of 1.6308 g of CdCly.H20 and 1.342
g of PbCly in one liter volumetric flasks. The solutions were
shaken well and required amount of this concentrated solution
(1000 ppm) was taken in 1000 mL volumetric flask and diluted
with Milli-Q® deionized water. The feed phases were prepared
by diluting required quantity of the stock solution with water
up to the desired concentration. The stripping phase was pre-
pared by Na,-EDTA by dissolving the required amount of strip-
ping agent in 500 ml of Milli-Q® deionized water. In order
to prepare the membrane phase, appropriate amount of carrier
agent (i.e., Aliquat 336) was dissolved in various organic sol-
vents (viz., toluene, chloroform, 1,2-dichloroethane, isooctane
and n—heptane) or vegetable oils (viz., coconut oil, sunflower oil,
mustard oil and soybean oil).

Accutrace® reference standard

2.2 Analytical instruments

Concentrations of the solutes, viz., lead and cadmium in feed
and strip phases were measured by AAS (Varian Australia, Model:
AA240FS) in flame mode. For the two phase equilibrium study,
thorough mixing of the aqueous and the organic phases were ac-
complished in shaking incubator (Daihan Labtech Co. Ltd, LSI
3016R). The pH of the solutions was measured using a digital pH
meter (Eutech Instruments, EUTECH 510). The viscosity and in-
terfacial tension were measured by a rheometer (Thermo Electron
Corporation, HAAKE Rheostress RS1) and a tensiometer (Kruss
Germany, K9), respectively.

2.3 Two phase equilibrium distribution

Two phase equilibrium studies were performed in order to check
the feasibility of extraction of solute by the organic phase. The
whole experiment was designed in sequential steps. First the or-
ganic phase is selected, then the influential parameters for effi-
cient extraction are optimized. For easy reference of metals, we
represent them with a common symbol ‘M’ in the rest of the doc-
ument, where M refers to either of lead and cadmium. Equal
amounts (20 mL) of the individual aqueous phase of M and the
organic phase were taken in a 100 mL conical flasks and the mix-
tures were agitated for 6 h at a speed of 200 rpm in a shaker.
The mixtures were taken out from the shaker and allowed to set-
tle in beakers until two separate layers of the aqueous and or-
ganic phases were obtained. The experiments were conducted
at room temperature (25°C). Samples from the aqueous phases
were collected with the help of a syringe and were analyzed by
AAS. Concentrations of cadmium and lead in the aqueous phases

This journal is © The Royal Society of Chemistry [year]
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were measured at a wavelength of 228.3 nm and 283.3 nm, re-
spectively. All the experiments were performed thrice and the
results were reported with the help of error bar.

2.4 Solute transport methodology

Stripping agent plays an important role for re-extraction of metal
ions from LM. From our previous studies of BLM! and SLM?
configurations, we reported that Na,-EDTA is an efficient strip-
ping agent for the stripping of M from the membrane phase due
to its metal chelating capacity. We used Na,-EDTA as stripping
agent in this study too. In the feed solution, metal chloride
(MCl,) salts are transformed into anion (MCIZ‘) in presence of
HCI. Solute-carrier complex of (R4N+)2MC13_ are formed at the
feed-membrane interface in presence of carrier agent, Aliquat
336 (expressed as R4yNTCI™). Due to the concentration gradi-
ent of solute-carrier complex in the LM, it diffuses from the feed-
membrane interface to membrane-strip interface, whereby the
solute-carrier complex undergoes decomplexation in presence of
stripping agent. The schematic diagram for the transportation of
M in the co-transport mode is reported in Fig. 1.

Strip Phase
(aqueous)

Membrane Phase
(organic)

Feed Phase
(aqueous)
MCl, + 2HCI

2R,N*CI” Na, — EDTA

(RyN*), MCIZ~(org) + 2Cl~(aq)

Feed-Membrane Interface
Strip-Membrane Interface

H* CI- (RN*),MCL, ] M — EDTA, NaCl

(Rm*)z MCI3~ (org) + Na, — EDTA (aq) = 2R4N*Cl~(org) + M(EDTA)(aq) + 2NaCl (aq)

2R,N*Cl™(org) + MCI3~ (aq)

Fig. 1 Schematic diagram of transport of heavy metals, viz. Cd(ll) and
Pb(ll), through liquid membrane

The reaction mechanism for the transportation of M is as fol-
lows:

Complexation of M by chloride ions in the feed solution: 23

MCl, +2Cl~ = MCl;~ 1)

In presence of carrier agent, MCli’is exchanged with ClI~ of
(R4N+)2MCIZ’ in the membrane phase:

2R4N*Cl™ (org) + MCI2~ (aq) = (R4NT),MCI2~ (org) +2C1™ (aq)
(2)

The stripping reaction:

(R4N"),MCI2~ 4 Nay — EDTA = 2R4N* Cl~ +M — EDTA + 2NaCl
(3

This journal is © The Royal Society of Chemistry [year]
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2.5 Experimental setup and procedure

Fig.2 shows the schematic of experimental setup. This setup had
already been used in our previous work and hence the detailed
description has been provided elsewhere.! The feed and strip
phases were poured carefully and slowly into the respective com-
partments and the membrane phase being lighter than aqueous
phases was placed on the top of both the aqueous phases. Both
the aqueous phases were stirred by magnetic stirrer. The height
of the separating plate is such that chance of accidental mixing
of feed and the strip phases (due to stirring) is greatly reduced,
yet there is no hindrance of transport of solute through mem-
brane phase. The working volume of each of the aqueous phases
were 65 mL and that of membrane phase was 30 mL. Area of
membrane-aqueous phase interfaces at both sides of the LM was
about 19.5 cm?.

liguid membrane phase |

Feed phase Strip phase

=

/

[ ———

\

barrier sepa'rating
the aqueous phases

magnetic stirrers

Fig. 2 Schematic of the experimental set up

Experiments were performed in order to study the effects of
operating conditions on extraction and recovery of M. The per-
formance of the LM is reported in terms of % extraction and %
recovery calculated by following equations:

Cr —Cr
%Extraction = -1« 100 4
Chi
G
%Recovery = —— x 100 (5
Cti

where, Cy, and Cy are the initial and final concentrations of M
in the feed phase whereas C; is the final concentration of M in
stripping phase.

3 Results and discussions

3.1 Two phase equilibrium study

The two phase studies were carried out in order to measure the
extent of solute extraction capability of LM with various physico-
chemical conditions of aqueous phase. The operating parameters
for extraction were optimized prior to the BLM study. The carrier
agent in three phase LM study is more appropriately referred to
as extractant in two phase study. Also it is more appropriate to
refer the LM as organic phase.
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3.1.1 Selection of solvents

Solvent plays a key role in LM based separation process. Ide-
ally, solvents should have low volatility, low viscosity, immiscibil-
ity with the aqueous phases and high extractability. In this work,
both conventional hazardous organic solvents and environmen-
tally benign vegetable oils were tested. The extraction capacity
of each pure solvent (without adding any extractant in organic
phase) was measured as % extraction (Table 1).

Table 1 Performance of various solvents for extracting Cd(Il) in absence
of any extractant in two phase study (pH of aqueous phase = 6.5, Time
of stirring = 6 h)

Solvent Saturated fatty Extraction (in %)
acids (in %)

Coconut oil 92.4 92.10
Soybean oil 14.4 19.50
Sunflower oil 5-16 17.92
Mustered oil 10-12 0.79
Chloroform - 63.90
Toluene - 5.33
iso—octane - 3.61
Dichloroethane - 2.76
n-heptane - 0.060

It was observed that negligible transfer of solute Cd(II) took
place when n—heptane and mustard oil were used as the solvent.
On the other hand, maximum extraction (92.1%) was observed
with Parachute® coconut oil. Other organic solvents such as chlo-
roform, toluene, iso—octane, dichloroethane and vegetable oils
such as soybean oil and sunflower oil showed lower extraction
capacity, as 63.90%, 5.33%, 3.61%, 2.76%, 19.50% and 17.92%,
respectively.

High extraction capacity of coconut oil, even in absence of
any extractant, is not surprising. Coconut oil contains maximum
amount of saturated fatty acids as compared to other vegetable
oils.2* It has 45.9%-50.3% lauric acid (CH3(CH,);oCOOH).
Chen et al.2> described the mechanism of metal ion complexa-
tion with fatty acid by the following equation:

Mt +2CH;3(CH,)9COOH = M[CH;(CH,)oCOO], +2H" (6)

In other words, fatty acid itself serves the purpose of an extractant
in this case and facilitates the highest extraction of metal cations
in absence of any conventional extractant/carrier. Hence the co-
conut oil is the best alternative to conventional extractant among
the tested solvents.

Table 2 Surface tension and interfacial tension of various vegetables oils

Name of the sam- Surface tension at Interfacial tension

ple 25°C, mN.m ! (oil and water),
mN.m™!

Water (Milli-Q®  72.8 -

deionized water)

Coconut oil 31.5 13.9

Sunflower oil 33.5 24.8

Soybean oil 32.9 22.1

Mustered oil 35.7 24.8
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Moreover the interfacial tension of coconut oil (with Milli-Q®
deionized water) is minimum too (Table 2). The lower interfa-
cial tension (13.9 mN.m~!) favored the interphase mass transfer
of solute. Coconut oil showed highest extraction and it is envi-
ronmentally benign too. Hence, coconut oil was chosen as the
suitable solvent for further studies.

3.1.2 Effect of pH of feed phase

In order to study the effect of pH of feed phase, two phase equi-
librium study was carried out at different pH ranging from 3 to
8. The extraction of cadmium increases with increase in pH up to
6.5 and decreases thereafter as shown in Fig. 3.

100
90 -
80 A
70 A
60 -
50 -
40 1
30 -

% Extraction of Cd(IT)

20

10 -

0

25 3 35 4 45 5 55 6 65 7 75 8 85
pH

Fig. 3 Effect of pH on the equilibrium distribution of Cd(ll) in absence
of extractant: initial concentration of aqueous phase = 5 ppm, Volume
of aqueous phase = 20 mL, Volume of organic phase = 20 mL, stirring
speed = 200 rpm, duration of extraction = 6 h and Temperature = 25 °C

The experiments were performed in absence of any extractant
in the organic phase. In the mildly acidic condition (pH = 6.5),
cadmium is ionized and cations (Cd™™) are available in the aque-
ous phase for subsequent complexation at aqueous-organic inter-
face. The saturated fatty acids of carbon chain Cjy to Cy4 (viz.
lauric, myristic, caprylic acids) present in coconut oil act as good
extractants2> of Cd*+ as described in Sec. 3.1.1. The extrac-
tion of cadmium increased at higher pH since cadmium stays in
cationic form at mild acidic condition. ! In higher acidic condition
of aqueous phase, extraction decreases because cadmium forms
H,CdCly complex at higher acidic condition (low value of pH) and
this complex in turn forms a co-ordination complex with some
components of coconut oil at the aqueous-organic interface. 2 For-
mation of cation ceases towards the neutrality and/or alkalinity
of aqueous phase. Hence, pH of aqueous phase was maintained
at 6.5 in the subsequent experiments.

3.1.3 Role of extractant on duration of extraction

The addition of extractant (i.e. Aliquat 336) in organic phase
facilitates quick extraction. Because presence of extractant yields
formation of complex at the aqueous-organic interface which sub-
sequently diffuses in the organic phase. The diffusivity is en-
hanced through the complexation. Experimental findings pre-

This journal is © The Royal Society of Chemistry [year]
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sented in this section substantiate the justification of addition of
extractant. Experiments were performed both in presence (0.5%
(v/v) Aliquat 336) as well as in absence of extractant in organic
phase. It is observed that extraction of cadmium reached equi-
librium (maximum 90%) in 2 h in presence of extractant. On
the other hand, equilibrium (maximum 88%) is reached after 6
h when no extractant was added to the organic phase (Fig. 4).
Hence, further experiments were carried out in presence of ex-
tractant and for 2 h only.

95 — ——=
- -
-~

85 1 -
=) 75 A
=1
Q
s 65 1
=
2
S 55 1
I
*
2 a5
NS 1 —0.5% Aliquat 336

[
354 ! —-No carrier
1
25 T T T T T T
0 1 2 3 4 5 6 7

Time (h)

Fig. 4 Role of extractant on the time to reach the equilibrium: initial
concentration of aqueous phase = 5 ppm, Volume of aqueous phase =
20 mL, Volume of organic phase = 20 mL, stirring speed = 200 rpm, pH
of aqueous phase = 6.5 and Temperature = 25 °C.

3.1.4 Effect of concentration of extractant

The experiments were carried out with various concentrations of
extractant in the range of 0 to 2% (v/v). Results are reported in
Fig. 5. The addition of extractant initially enhances the rate
of extraction for obvious reasons however extraction declines be-
yond a concentration of 0.5% (v/v) due to the crowding effect.
The excess extractant creates an extra resistance to solute transfer

90 1
S)
3
S s0
=]
=
£
3
£ 70
]
=
B
60 1
50

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Concentration of extractant, volume (%)

Fig. 5 Effect of concentration of extractant on the extraction of Cd(ll):
initial concentration of aqueous phase= 5 ppm, Volume of aqueous phase
=20 mL, Volume of organic phase = 20 mL, stirring speed = 200 rpm, pH
of aqueous phase = 6.5, duration of extraction = 2 h and Temperature =
25°C

This journal is © The Royal Society of Chemistry [year]
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65

55

4 —=0.5% (v/v) Aliquat 336

45 .

% Extraction of Cd(II)

| ¢ — -no extractant
35 4

25 T T T r r
0 50 100 150 200 250

Stirring speed (rpm)

Fig. 6 Effect of stirring speed on the extraction of Cd(ll): initial concen-
tration of aqueous phase = 5 ppm, Volume of aqueous phase = 20 mL,
Volume of organic phase = 20 mL, concentration of exractant = 0.5%(v/v)
Aliquat 336, pH of aqueous phase = 6.5, duration of extraction = 2 h and
Temperature = 25 °C

from aqueous phase to the organic phase at the interface. Hence,
0.5% extractant in organic phase is considered as the saturation
concentration for the extraction purpose and in the subsequent
studies this concentration of extractant was maintained.

3.1.5 Effect of speed of stirring

A gentle stirring was provided to the mixture of aqueous and or-
ganic phases to minimize the concentration polarization of the so-
lute and/or solute-extractant complex at the aqueous-membrane
interface. The higher the speed of stirring higher was the re-
duction of concentration polarization. However at very rigorous
stirring the emusion is formed between the organic and aqueous
phases. Hence, the speed of stirring is optimized for the efficient
extraction. In order to determine the optimum stirring speed, two
phase experiments were conducted at different stirring conditions
ranging from 50 rpm to 250 rpm. The experiments were carried
out for two different cases: with and without the extractant in the
organic phase. The experimental results are reported in Fig. 6.

It is observed that extraction increased to a great extent with in-
crease in stirring speed for both cases; however it is more promi-
nent when no extractant was added to the organic phase. This
kind of behavior was noticed up to 200 rpm beyond which there
was practically no change in the percentage of extraction up to
250 rpm. Beyond, this speed of stirring, there was emulsion for-
mation between the phases. Hence, optimum stirring speed was
selected to be 200 rpm for further studies.

3.1.6 Effect of initial concentration of pollutant in aqueous
phase

Initial concentration of pollutant in aqueous phase also plays a
vital role in the extraction process. Earlier it was observed from
Fig. 4 that, at 5 ppm initial concentration of Cd(II), the extraction
is about 76.81% and 92.24% with no extractant and 0.5% (v/v)
Aliquat 336 respectively.

Similar experiments were carried out with other initial concen-
trations of Cd(II) ranging from 3 ppm to 10 ppm. The results are

Journal Name, [year], [vol], 1-9 |5
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% Extraction of Cd(II)
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Time (h)

Fig. 7 Effect of initial concentration of Cd(ll) in two phase study: Volume
of aqueous phase = 20 mL, Volume of organic phase = 20 mL, stirring
speed = 200 rpm, pH of aqueous phase = 6.5, concentration of extractant
= 0.5% (v/v) Aliquat 336, duration of extraction = 2 h and Temperature =
25°C

reported in Fig. 7. The interfacial area of solute transport in ex-
perimental setup is 19.5 cm?. It is observed that optimum extrac-
tion is achieved with initial concentration of Cd(II) at 5 ppm. Any
other initial concentration yields lower extraction. Initial con-
centration below 5 ppm yields comparatively lower driving force
for the transportation of solute between the aqueous and organic
phases. The flux of cadmium increases with increasing concen-
tration in the feed phase due to higher concentration gradient.
However, an optimality is reached at 5 ppm as the initial cadmium
concentration over 5 ppm causes crowding effect at the aqueous
side interface and causes reduction of the extraction. Hence, sub-
sequent experiments were carried out using initial concentration
of Cd(II) at 5 ppm.

3.1.7 Effect of temperature

The temperature range of 25°C to 50°C was chosen for study-
ing the effect of temperature for the extraction of cadmium. The
experiments were conducted both in presence and absence of ex-
tractant (Aliquat 336) in organic phase. As it is argued before,
the fatty acid of coconut oil acts as an extractant in absence of
Aliquat 336. In such case, the extraction of cadmium increased
with the increase in temperature and reaches an optimum value
at 35°C and subsequently decreases significantly with further rise
in temperature beyond 35°C (Fig. 8).

Such behavior is due to combination of various facts with tem-
perature such as different aqueous/organic interfacial reactions
in absence of a Aliquat as mentioned elsewhere. 10 The properties
of the fatty acid change with the change of temperature that af-
fects the % of extraction. However, in presence of Aliquat 366 the
extraction was due to the more effective extracting agent (Aliquat
336) and the change of properties of coconut oil with tempera-
ture did not affect the % extraction (92.24%). The summary of
two phase equilibrium studies is tabulated in Table 3.

6| Journal Name, [year], [vol.],1—9

3.2 Transportation of solute through three phase BLM
Three phase transportation studies were performed through the
BLM configuration with the operating condition obtained from
two phase equilibrium studies (Table 3). In addition, concen-
tration of EDTA in stripping phase was optimized for efficient
transportation of solute from LM to strip phase. As opposed to
the two phase study where an extractant is needed for complex-
ation purpose, three phase BLM involves a de-complexation phe-
nomena whereby the complex is dissociated at the membrane-
strip interface and frees itself for back-diffusion to the feed-
membrane interface and thereby re-complexation of solute with
stripping agent is possible. Moreover, the ratio of organic phase
to feed phase was less compared to two phase equilibrium stud-
ies. Hence, the requirement of carrier in BLM should be different
than extractant in two phase studies. Finally, transportation ef-
ficiencies were compared for two different metals, cadmium and
lead for the identical operational parameters.

3.2.1 Effect of concentration of EDTA in strip phase

Selection of stripping agent is very important for the efficient re-
covery of the solute. In this work, EDTA is used as a stripping
agent taking the reference of previous research work.12 EDTA
is a well-known metal chelator and it re-extracts cadmium at
the membrane-strip interface and forms Cd-EDTA complex (Eq.
3). Experiments were conducted with different concentrations
of EDTA in stripping phase ranging from 0.005M to 0.03M. Other
operating conditions were as follows: initial concentration of feed
phase = 5 ppm, pH of feed phase = 6.5 and concentration of car-
rier 0.5% (v/v) Aliquat 336 in solvent (coconut oil). The results
are reported in Fig. 9.

It was observed that with increase in the concentration of the
stripping phase up to 0.015 M, both the extraction and recovery of
the solute increased. The maximum extraction and recovery were
72% and 64%, respectively. However, beyond 0.015 M concentra-
tion, both extraction and recovery start decreasing. Solubility of
EDTA in the strip phase and back extraction of cadmium ions to
the membrane phase were the major reasons behind their reduc-

95 1
x 1 — ¥ —
— ! $ 44— —
90 1
P S
- I

o 851 ¢ S~ 4e
5t /7 Tt~y
$ 80+ .
] {'/
=
=]
g 751
£
=
HQ 70 A ——0.5% (v/v) Aliquat 336
N

65 1 —e-No Aliquat 336

60 r T T T T T

20 25 30 35 40 45 50 55
Temperature (°C)

Fig. 8 Effect of temperature on the separation of Cd(ll) in two phase
study: Volume of aqueous phase = 20 mL, Volume of organic phase = 20
mL, stirring speed = 200 rpm, pH of aqueous phase = 6.5 and duration
of extraction =2 h
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Table 3 Summary of optimum condition for transport of Cd(ll) in two phase equilibrium study

Parameter Range studied Optimum value
Solvent Various vegetable oils Coconut oil

pH of aqueous phase 3-8 6.5

Concentration of extractant  0-2% (v/v) Aliquat 336 0.5% (v/v) Aliquat 336

In absence of extractant: 6 h

In presence of 0.5% (v/v) Aliquat 336: 2 h

5 ppm

In absence of extractant: 35°C

In presence of 0.5% (v/v) Aliquat 336: significant variation

Duration of extraction 0-6 h
Initial concentration of 1-10 ppm
Cd(II) in aqueous phase

Temperature 25-50°C
Speed of stirring 50-250 rpm

200 rpm

80

404 - —o—Extraction —e-Recovery

% Extraction/Recovery of Cd(II)

30

0 0.005 0.01 0.015 0.02 0.025 0.03

Strip phase concentration (M)

Fig. 9 Effect of concentration of EDTA in strip phase on the recovery of
Cd(Il): initial concentration of feed phase = 5 ppm, Volume of each aque-
ous phase = 65 mL, Volume of organic phase = 30 mL, concentration of
carrier = 0.5%(v/v) Aliquat 336, pH of feed phase = 6.5, duration of three
phase operation = 6 h

tion. These behaviors were observed also by Altin et al.2! Hence,
0.015 M EDTA was chosen as the optimum concentration of the
stripping solution.

3.2.2 Effect of carrier concentration

Concentration of carrier in the organic phase was re-optimized in
the range 0-1% (v/v). The results are reported in Fig. 10. Ac-
cording to Eq.3, in presence of a carrier in the membrane phase
a metal-carrier complex (Cd-Aliquat 336 complex in this case)
is formed at the feed-membrane interface which results in the
increase of mass transfer rate through the interface and hence
higher separation is achieved. The experiments showed that the
solvent phase got completely saturated with 0.5% (v/v) Aliquat
336 and yielded the maximum extraction of 72%. The carrier Ali-
quat 336 being very viscous (1500 mPa.s at 30°C) increases the
viscosity of the organic phase when added in higher concentra-
tion. The rate of diffusion of the cadmium complex through the
LM becomes lower and the recovery decreases with the increase
in the concentration of carrier. The optimum concentration of
carrier in organic phase was thus taken to be 0.5% (v/v). An

This journal is © The Royal Society of Chemistry [year]

80

’ ——% Extraction

40 ¥

% Extraction/Recovery of Cd(II)

—e-% Recovery

30

0 0.25 0.5 0.75 1
Carrier concentration, volume (%)

Fig. 10 Effect of concentration of carrier in organic phase on the trans-
port of Cd(ll): initial concentration of feed phase = 5 ppm, Volume of each
aqueous phase = 65 mL, Volume of organic phase = 30 mL, concentra-
tion of EDTA in strip phase = 0.015 M, pH of feed phase = 6.5, pH of strip
phase = 4.76, duration of three phase operation = 6 h

extraction of 72% and recovery of 64% were achieved in 6 h of
oeration.

3.2.3 Individual transportation of cadmium and lead

It is desired to examine whether the operating condi-
tions/parameters, standardized as above, are relevant in case of
some other solute, lest a condition of binary pollutants is detected
in the wastewater in question. In view of this, lead has been se-
lected as the second heavy metal that is widely available in the
wastewater emanating from the industries that are targeted for
Cd mitigation. The selected LM and the various parameters opti-
mized for the transport of cadmium were employed for the trans-
port of Pb(II). Identical conditions of feed and stripping phases
were maintained. Higher extraction (82%) and recovery (77%)
were observed for transportation of lead. The accumulation (5%)
of metal in the organic phase at equilibrium i.e. at the end of the
batch experiments was lesser in case of transportation of lead as
compared to that of cadmium (8%). Experimental results were
reported in Fig. 11.

The reasons could be explained by the difference in the elec-
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Fig. 11 Transportation of individual metals through BLM: initial concen-
tration of feed phase = 5 ppm, Volume of each aqueous phase = 65 mL,
Volume of organic phase = 30 mL, concentration of EDTA in strip phase
=0.015 M, pH of feed phase = 6.5, pH of strip phase = 4.76, temperature
=25°C

tronic configurations of lead and cadmium and the consequent
differences in their chemical properties for the complexation
and de-complexation as well as in stability criterion. Pb(II)
has an atomic number of 82 with electronic configuration as
[Xe]4f'45d!96s! 6p3, whereas, the atomic number of CA(II) is 48
with electronic configuration as [Kr] 5s24d'0. The stability of Pb-
EDTA complex is higher in comparison to the Cd-EDTA complex
formed in the stripping solution of Na,-EDTA which led to higher
affinity of the Pb%>* ions towards forming Pb-EDTA complex than
of cadmium towards forming Cd-EDTA complex. In fact, the sta-
bility constant of Pb-EDTA complex (18.0) is higher than that of
Cd-EDTA complex (16.6).2627 Moreover, higher shielding effect
of Pb(II) owing to its higher effective nuclear charge (5.65) com-
pared to Cd(I) (4.35) (Slater’s rule) contributed in its higher re-
covery. 28 Hence, the designed LM can be used to remove both the
heavy metals with preferential removal of Pb(II).

4 Conclusion

An efficient BLM comprising of environmentally benign coconut
oil has been used for the simultaneous extraction and recovery
of hazardous heavy metals, viz. Cd(II) and Pb(Il), from the in-
dustrial wastewater. Certain physico-chemical parameters related
to aqueous and organic phases were optimized in equilibrium
studies. The parameters were then employed for the recovery of
Cd(I) in BLM configuration with additional variable such as con-
centration of stripping phase. The conditions, so obtained, were
employed for the transportation of another heavy metal, Pb(II)
and the results were compared. The optimized parameters for ef-
ficient extraction are tabulated in Table 3. Maximum recovery of
metals was observed with the 0.5 % (v/v) Aliquat 336 in coconut
oil in organic phase and 0.015 M EDTA in stripping phase. The
efficacy of coconut oil as an useful extractant has been substan-
tiated with the performance. The maximum extraction and re-
covery of Cd(II) are 72% and 64% respectively whereas the same
for Pb(II) are 82% and 77% with same optimum conditions. The
transportation of lead is relatively higher due to their favorable

8| Journal Name, [year], [vol.],1—9

electronic configuration.
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