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This  study  focuses  on  the role  of  a  hydrophobic  ionic  liquid  1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide,  [BMIM]+[NTf2]− in  the  preparation  of emulsion  liquid  membrane
(ELM)  phase  containing  kerosene  as solvent,  Span  80 as  surfactant,  NaOH  as internal  phase  and
TOMAC  (tri-n-octylmethylammonium  chloride)  a second  ionic  liquid  as  carrier.  The  first  time  used
[BMIM]+[NTf2]− in  ELM  was found  to  play  the role of a stabilizer.  The  emulsion  prepared  using [BMIM]+

[NTf2]− has  a  long  period  of  stability  of  about  7  h  (at 3% (w/w)  of [BMIM]+[NTf2]−)  which  otherwise  has  a
mulsion liquid membrane
BMIM]+[NTf2]−

OMAC
hromium
emoval

brief  stability  up to  only  7  min.  The  stability  of  the emulsion  increases  with  the  increase  in concentration  of
[BMIM]+[NTf2]− up to 3%  (w/w).  Nevertheless,  with  further  increase  in  concentration  of  [BMIM]+[NTf2]−,
a reduction  in  the  stability  occurs.  The  extraction  experiments  were  carried  out  after  holding  the ELM
for  2 h after  the  preparation  and  a  removal  efficiency  of approximately  80%  was  obtained  for  Cr.  The
destabilization  of the  emulsion  was  studied  by  observing  the  change  in the interface  height.  An empirical
correlation  for  the  stability  of  the  emulsion  has  been  proposed.
. Introduction

Liquid membrane technology is well known for its wide applica-
ion in extraction processes to separate hydrocarbons [1–3], heavy

etals [4–6], amin o acids [7,8] and biological compounds [9,10].
he potential advantages of liquid membrane techniques are low
apital and operating costs, low energy and extractant consump-
ion, high concentration factors and high fluxes. This technology
as an edge over solvent extraction because it requires less energy
nd operates in a single stage for extraction and stripping. The main
ypes of liquid membrane systems include emulsion liquid mem-
rane, supported liquid membrane and bulk liquid membrane.
owever, the liquid membrane techniques have not been adopted

or large scale industrial processes primarily due to problems in
aintaining its stability.
Emulsion liquid membrane (ELM) was invented by Li [11] to

eparate hydrocarbons and this technique has been utilized for
any other applications such as metal extraction [5,6], wastewater

reatment [6] and bio-medical separation [9].
Stability of emulsion is a major concern in the effective use of
LM either in laboratory scale or industrial scale. The resistance to
upture of liquid membrane at high shear stress defines the sta-
ility of the emulsion liquid membrane. Repeated coalescence of

∗ Corresponding author. Fax: +60 3 79675319.
E-mail address: alihashim@um.edu.my (M.A. Hashim).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.03.024
© 2011 Elsevier B.V. All rights reserved.

the internal droplets on the interface, creaming due to density dif-
ference, Ostwald Ripening and flocculation cause the instability of
the emulsion. Several techniques to overcome the stability problem
have been proposed, and these include the use of aliphatic solvent
instead of aromatic solvent [12], the increment of the carbon chain
length of the aliphatic solvent [13], the increment of the surfactant
concentration [14], the increment of membrane viscosity [13,15],
the use of co-surfactants [16], non-Newtonian conversion of the
membrane phase [17], the use of Janus particles as stabilizers in
emulsion polymerization [18] and the use of functionalized silica
particles for high internal phase emulsion [19]. All of the reme-
dies have their own  tradeoffs and compromises with the overall
extraction efficiency.

Room temperature ionic liquids (RTILs) possess unique
and exceptional properties such as negligible vapor pressure,
inflammability, thermal stability even at high temperatures,
highly polar yet non-coordinating solvent and application based
adjustable miscibility/immiscibility in chemical processes [20–25].
These properties have made them potentially useful in a wide range
of applications in industries as well as in research. Ionic liquids
possess a very negligible vapor pressure that has enabled them
to be used as a “green solvent” in synthesis [23,24,26–28], sep-
aration and purification [29–34],  and electrochemical applications

[35]. RTILs being stable and in the liquid form at room temperature,
are made of organic cation and organic/inorganic anion. The physi-
cal and chemical properties of RTILs can be altered by changing the
cation or anion or both to facilitate a particular task, hence they are

dx.doi.org/10.1016/j.jhazmat.2011.03.024
http://www.sciencedirect.com/science/journal/03043894
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Table 1
Physical and thermodynamic properties of [BMIM]+[NTf2]− [36].

Property Temperature (◦C) Value

Density (g/ml) 25 1
.43

Viscosity (cP) 25 52

Surface tension (dyne/cm)
(Water equilibrateda)

25 36
.8

Thermal decomposition temperature (◦C)
(Water equilibrateda)

394

Water content (mg/l)
(Water equilibrateda)

25 3280

Melting point (◦C)
(Driedb)

4

a Water equilibrated denotes that [BMIM]+[NTf2]− was kept in contact with water.
[NTf2]

Fig. 1. Structures of TOMAC and [BMIM]+[NTf2]− .

ometimes referred as “task specific” ionic liquids [24]. However,
ery few studies have been reported on the application of ionic
iquids in emulsion liquid membrane. Hence, an effort to incorpo-
ate ionic liquids with emulsion liquid membrane has been made
y investigating the stability and % removal efficiency of emulsion

iquid membrane in the presence of ionic liquids. Chromium metal
as selected to investigate the removal efficiency of emulsion liq-
id membrane.

The present study focuses on enhancing the stability of
LM, identification of the role of a hydrophobic ionic liquid
BMIM]+[NTf2]− in it and extraction efficiency of the ELM. Ionic
iquid [BMIM]+[NTf2]− was chosen over other ionic liquids due to
ts hydrophobicity, minimum toxicity, relatively less viscosity and
ensity.

. Materials and methods

.1. Chemicals

Ionic liquids [BMIM]+[NTf2]− and TOMAC, with structural for-
ulae illustrated in Fig. 1, were directly obtained from Merck

Germany) and used without any further purification while
erosene of boiling point ranged from 180◦C to 280 ◦C was received
rom ACROS (USA). Span 80 (Sorbitan oleate or Sorbitan (Z)-

ono-9-octadecenoate) a non-ionic surfactant with a ratio of 4:3
f hydrophilic to lipophilic (HLB), was purchased from Merck
Malaysia). Sodium hydroxide pellets, potassium dichromate and
ydrochloric acid were procured from R&M Chemicals (UK). The
olution of sodium hydroxide of desired normality was prepared
y dissolving appropriate weight of pellets in de-ionized water.
imilarly, Cr solution of 500 mg/L was prepared by mixing suit-
ble amount of potassium dichromate in de-ionized water. The
repared Cr solution was diluted with de-ionized water according
o the required concentration.

.2. Analytical instruments

An ICP-spectrophotometer (Perkin Elmer, model: Optima 7000
V) was used for the measurement of the Cr concentration. The
mulsion was prepared using a high speed homogenizer (IKA,
odel: T25 digtal Ultra Turrax) and the dispersion of the emul-

ion in the feed phase was carried out by a stirrer (IKA, model:
W11 Lab Egg). pH values were measured using a CyberScan 510
H meter while photographs were taken using a digital camera
NIKON, model: DSLR D3000). Surface tension was measured by a
ensiometer (Fisher Scientific, model: Tensiomat 21®) using a Pt/Ir
u Noüy ring.

.3. Procedure
.3.1. Preparation of emulsion and stability analysis
The emulsion was prepared in a 100 mL  unbaffled beaker by

ixing organic solvent and an appropriate amount of non ionic
urfactant Span 80. Subsequently, the carrier and ionic liquid (sta-
b Dried stands for water equilibrated [BMIM]+[NTf2]− that was  dried at 70 ◦C for
4  h on a vacuum line.

bilizer) were added to the mixture. The mixture was  homogenized
for up to 5 min  by the homogenizer at 8400 rpm. NaOH was added
drop-wise into the mixture, keeping the whole mixture homoge-
nized for the next 5 min. The ratio of internal to organic phase (I/O)
was kept at 1:3 for all the experiments. The surfactant concentra-
tion (Span 80) (wherever applicable) was kept 3% (w/w) which is
an optimized concentration in order to avoid swelling and to pro-
vide sufficient stability. Photographs of the beaker containing the
emulsion were taken at regular intervals to analyze its stability. The
photographs were analyzed by AUTOCAD to determine the phase
separation rate of the emulsion.

2.3.2. Extraction of chromium
The prepared emulsion was poured into another 250 mL beaker

containing the Cr solution of 100 mg/L. The ratio of emulsion to
feed phase (E/F) was  kept at 1:2 for all the extraction experiments.
The pH of the feed phase was  maintained below 1.5 to estab-
lish a pH difference between the internal and external phases,
hence maintaining a driving force for Cr to diffuse through the
membrane. The whole mixture was gently stirred by a mechani-
cal stirrer, and an agitation speed of 300 rpm was  found to be the
best to generate fine globules of emulsion with lowest possible
breakage. Samples were taken at a regular interval using dispos-
able syringes and the syringes were kept left undisturbed for some
time until the emulsion and the feed phase were separated. The
feed phase was  then taken out, filtered and analyzed using ICP-
spectrophotometer.

3. Results and discussion

Physico-chemical properties of this ionic liquid are as shown in
Table 1.

3.1. Identification of the role of [BMIM]+[NTf2]− in emulsion
without TOMAC

As the first stage of this study, the role of ionic liquid
[BMIM]+[NTf2]− is conjectured to behave as one of the following:
either as a carrier, surfactant, solvent or stabilizer. In order to sub-
stantiate its role, the following experiments were conducted and
discussed below.
3.1.1. Consideration of [BMIM]+[NTf2]− as a carrier
In order to identify the role of [BMIM]+[NTf2]− as a carrier,

emulsion was  prepared by taking kerosene as solvent, Span 80
as surfactant, NaOH (0.1 N) as internal phase and varying amount
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ig. 2. % removal of Cr with time as a function of [BMIM]+[NTf2]− concentration (%
atio  was  taken at 1:2.

f [BMIM]+[NTf2]−. I/O ratio was maintained at 1/3 and Span 80
oncentration was kept at the value of 3% (w/w). The initial Cr con-
entration in the feed phase was 100 mg/L and the pH of the feed
as maintained below 1.5. The effect of ionic liquid on the percent-

ge removal of Cr in an emulsion liquid membrane is, as shown in
ig. 2.

Generally, the role of a carrier in emulsion liquid membrane
xtraction is to enhance the final removal and to increase the
ate of extraction. In the absence of TOMAC (carrier), Cr extrac-
ion is facilitated by type-I mechanism if [BMIM]+[NTf2]− cannot
lay the role of a carrier. If the ionic liquid was presumed to act
s a carrier in the emulsion, then the final % removal of Cr and the
ate of % removal of Cr should have increased with the increase
n the ionic liquid concentration. On the contrary, an insignifi-
ant decrease in the final removal and a significant decrease in
he rate of removal can be seen upon increasing the concentration
f [BMIM]+[NTf2]− from 0 to 2% (w/w), as shown in Fig. 2. More-
ver, both the parameters keep on decreasing with the increase
n the concentration of ionic liquid up to the value of 4% (w/w).
his indicates that the [BMIM]+[NTf2]− is not involved in making
omplex and transporting the metal from the feed phase to the
nternal phase. Hence, it’s a type-I facilitation where no carrier is
resent.

The decrease in the % removal of chromium with an increase in
oncentration of [BMIM]+[NTf2]− can be explained as the increased
ass transfer resistance caused by [BMIM]+[NTf2]− during the time

f extraction and stripping. It was believed that the diffusion of
r was hindered by the big size of [BMIM]+[NTf2]−. Electrostatic
nd Van der waal’s attraction also slowed down the transport
f Cr. A sudden decrease in the % extraction of chromium was
bserved at 6% (w/w) of [BMIM]+[NTf2]− after 50 min. This discrep-
ncy can be explained by the aggregated sedimenting tendency of

BMIM]+[NTf2]− due to its high density after a long time and at
igher concentration of the ionic liquid. From these observations
nd facts, it can be concluded that [BMIM]+[NTf2]− cannot act as a
arrier for this operation.
) of Cr without any TOMAC. Span 80 = 3% (w/w); I/O = 1:3. Emulsion to feed phase

3.1.2. Consideration of [BMIM]+[NTf2]− as a surfactant
The role of a surfactant in ELM is to minimize the interfacial

energy (interfacial tension) between the organic and the aque-
ous phase. There is no literature available regarding the use of
[BMIM]+[NTf2]− as a surfactant, so is for their HLB number. [BMIM]+

has the properties that can make this ionic liquid to act as a surfac-
tant. Interfacial tension of kerosene and NaOH interface and CMC
(Critical Micelle Concentration) of [BMIM]+[NTf2]− were experi-
mentally determined.

Emulsion preparation with kerosene as solvent, NaOH as inter-
nal reagent and [BMIM]+[NTf2]− as surfactant (assumed) was also
tried out to check the feasibility of [BMIM]+[NTf2]− acting as a
surfactant. [BMIM]+[NTf2]− is a hydrophobic ionic liquid. It has a
density more than kerosene and NaOH. Several combinations of the
concentration of organic phase (kerosene); aqueous phase (NaOH)
and [BMIM]+[NTf2]− were tested. No emulsion was  yielded even
if the mixture was homogenized at 15,000 rpm. The concentration
of [BMIM]+[NTf2]− was also varied from in the range of 0.40–7%
(w/w) for all of the above combinations of phases but no emulsion
was observed.

The failure of micelle formation of [BMIM]+[NTf2]− in kerosene
can be explained by two possible reasons [37]. The first is the
small hydrocarbon tail (butyl) attached to the cationic group
of [BMIM]+[NTf2]− that does not interact well enough with
the kerosene hydrocarbon chain to yield the micelles of the
ionic liquids. The other reason that may  be attributed is the
big size of [NTf2]− anion which is hard to fit the micelle sur-
face region (Stern Layer). Therefore, it can be concluded that
[BMIM]+, the cationic part of [BMIM]+[NTf2]− does not behave
as a surfactant for the above mentioned solvent and the internal
phase.
3.1.3. Consideration of [BMIM]+[NTf2]− as a solvent
Ionic liquids have been proved to be the solvents of future, pri-

marily based on their unique properties over organic solvents. In
order to verify the feasibility of ionic liquid [BMIM]+[NTf2]− as a
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Fig. 3. Emulsion prepared with 3% (w/w) Span 80, TOMAC = 0.29% (w/w);
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liquid membrane when it was present up to a certain maximum
concentration. If the emulsion liquid membrane contained more

F
(

BMIM]+[NTf2]− = 0% (w/w) (after 7 min); scale bar = 1 cm.

olvent for emulsion liquid membrane the emulsion was prepared
sing [BMIM]+[NTf2]− as a solvent, Span 80 as a surfactant and
aOH as the receiving phase while keeping the proportions of each
omponent the same as it was prepared with kerosene as a solvent
n the previous sections.

The concentrations and volumes of [BMIM]+[NTf2]−, Span 80
nd NaOH and homogenizing speed and time were varied in order
o get a stabilized membrane but the stability lasted only for

 min  with the best composition. The density difference between
BMIM]+[NTf2]− and NaOH solution is higher than the difference
etween kerosene and NaOH therefore, proclivity of sediment-

ng of the former emulsion is much higher than the latter. Hence,
mulsion formed with [BMIM]+[NTf2]− as solvent lasted only for

 short duration. The adsorbed amount of Span 80 on the sur-
ace of [BMIM]+[NTf2]− was found to be very small and hence
nterfacial tension was not too reduced to make fine internal
roplets of NaOH. The formation of small droplets of Span 80
ook place on the surface of ionic liquid upon increasing the Span
0 concentration above 0.3% (w/w). Hence, another reason for
he reduced stability may  be explained as the insufficient reduc-
ion in the interfacial tension of the solvent by Span 80. From
he above discussion, it could be concluded that [BMIM]+[NTf2]−

annot be used as a solvent for the above mentioned surfactant

nd the internal phase to make a stable emulsion liquid mem-
rane.

ig. 4. (a) Emulsion prepared with [BMIM]+[NTf2]− = 3% (w/w); TOMAC = 0.29% (w/w) (a
w/w)  (after 5 h); scale bar = 1 cm.
Fig. 5. The effect of the concentration of [BMIM] [NTf2] on the stability time of
ELM. Span 80 = 3% (w/w); TOMAC = 0.29% (w/w), I/O = 1/3.

3.1.4. [BMIM]+[NTf2]− as a stabilizer when TOMAC is used as a
carrier

TOMAC is a very good phase transfer catalyst which is rel-
atively less expensive, easily available and less toxic. Hence,
TOMAC was selected as a carrier to study the effect of ionic liq-
uid ([BMIM]+[NTf2]−) on the stability of emulsion and subsequent
removal efficiency of the same.

The problem with TOMAC when it is used as a carrier
in the emulsion liquid membrane with no concentration of
[BMIM]+[NTf2]−, stability lasted only for 7 min, as shown in Fig. 3
which is not sufficient for the extraction to take place and for sub-
sequent demulsification. From Fig. 4(a), it can be observed clearly
that the emulsion was  stable for up to 7 h when 3% (w/w) of the
ionic liquid [BMIM]+[NTf2]− is added. On the other hand, Fig. 4(b)
depicts the separated organic and aqueous phases after 5 h when
there is no concentration of [BMIM]+[NTf2]− present in the emul-
sion. In fact, the phase separation started only after 7 min  without
[BMIM]+[NTf2]− in the emulsion.

The stability time with the varying concentration of
[BMIM]+[NTf2]− is, as shown in Fig. 5. The stability time increases
with an increase in the concentration of [BMIM]+[NTf2]− for up to
3% (w/w)  of [BMIM]+[NTf2]−. After 3% (w/w)  of [BMIM]+[NTf2]−

onwards, the stability time decreased which consolidated the
fact that the [BMIM]+[NTf2]− helped to stabilize the emulsion
than this concentration then emulsion sedimentation took place
due to the higher density of ionic liquid. Each experiment was

fter 7 h), (b) Emulsion prepared with [BMIM]+[NTf2]− = 0% (w/w); TOMAC = 0.29%
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Fig. 6. % removal of Cr with time as a function of [BMIM]+[NTf2]− concentration

onducted twice and the results for the stability time were
eproducible with minor difference between two  corresponding
alues.

The increased stability of the emulsion liquid membrane by
ddition of [BMIM]+[NTf2]− may  be explained by Coulombic inter-
ctions of the charges on the ions of ionic liquids [BMIM]+[NTf2]−

nd TOMAC. The other interactions present in the emulsion are
etween other chemical complex groups such as Span 80 and
OMAC; TOMAC and NaOH; [BMIM]+[NTf2]− and NaOH. These
trong interactions help to avoid the coalescence of the internal
roplets but they also cause the hindrance to Cr–TOMAC complex
iffusion through the membrane.

Apart from strong interactions between ions, there is a possi-
ility of hydrogen bonding present between [BMIM]+[NTf2]− and
OH]− group of NaOH. The hydrogen bonding may  cause a strong
rotection surrounding the internal droplets to avoid coalescence.
BMIM]+[NTf2]− is capable of developing a polymeric structure
ith large cavities [38] when it is used for different kinds of reac-

ions. These polymeric structures of ionic liquid may  also help to
nderstand the cause for the enhanced stability. The polymeric
tructure of ionic liquid [BMIM]+[NTf2]− may  behave like poly-
eric surfactant of the A–B, A–B–A or (BA)n graft type to generate

 repulsive barrier to prevent the collapse of the emulsion liquid
embrane.

.1.5. The removal efficiency of the emulsion liquid membrane
tabilized by ionic liquid [BMIM]+[NTf2]− with TOMAC

The prepared emulsion was kept for 2 h to verify its sta-
ility then it was poured into an unbaffled beaker containing
r feed phase. The emulsion was prepared with varied concen-
ration of [BMIM]+[NTf2]−. The samples were taken at regular
ntervals.

The effect of ionic liquid [BMIM]+[NTf2]− on the removal effi-
ient of the emulsion liquid membrane having TOMAC as a carrier
s, as shown in Fig. 6. TOMAC concentration was kept at a con-
tant value of 0.29% (w/w) for all the experiments. On the contrary,

he percentage removal of the emulsion liquid membrane prepared
ith TOMAC and [BMIM]+[NTf2]− decreases due to the hindrance

aused by both of the compounds. From Fig. 6, the time taken for
0% of the removal of chromium is only 5 min.
/w) with TOMAC. TOMAC = 0.29% (w/w); Span 80 = 3% (w/w); I/O = 1:3. E/F =1:2.

3.1.6. Effect of [BMIM]+[NTf2]− concentration on phase
separation rate of the stabilized emulsion

The emulsion was  prepared by taking kerosene as solvent, Span
80 as surfactant, NaOH (0.1 N) as internal phase, TOMAC as carrier
and varying amount of [BMIM]+[NTf2]−. I/O ratio was maintained at
1/3 and Span 80 concentration was  kept 3% (w/w). TOMAC concen-
tration was kept at a constant value of 0.29% (w/w). The stabilized
membranes started to separate into organic and aqueous phases
after their maximum time of stability which is dependent on the
concentration of [BMIM]+[NTf2]−. Creaming and coalescence are
the main causes for emulsion sedimentation for the current com-
position of emulsion. The sedimentation of the emulsion due to
Ostwald ripening is insignificant, since aqueous NaOH and kerosene
are almost insoluble in each other.

The stabilized membrane was  held for the next 3 h after it
started to destabilize to analyze the stability with respect to the
concentration of [BMIM]+[NTf2]−. The calculation of the phase sep-
aration was done by noting the height of the interface from the
bottom of the beaker at a regular interval. The normalized height
of the emulsion is a ratio of the height of the interface from the
ground level and the total height of the emulsion. Therefore, it’s
a dimensionless quantity. The stabilized membrane stability time
and their phase separation with respect to time are shown in Fig. 7.
It can be observed from Fig. 7 that an increment in the concentra-
tion of [BMIM]+[NTf2]− to 3% (w/w) increases the final (after 3 h)
interface height of the destabilized emulsion. It implies that the
sedimentation rate decreases upon increasing the concentration
of [BMIM]+[NTf2]− up to 3% (w/w). The decreased sedimentation
rate may  be explained by the effective electrostatic interactions
between the two ionic liquids, [BMIM]+[NTf2]− and TOMAC, over
the density of ionic liquids and NaOH. Fig. 7 illustrates that an
increment in the concentration of [BMIM]+[NTf2]− above 3% (w/w)
decreases the interface height of the destabilized emulsion. It
means that the sedimentation rate of the destabilized emulsion
increases upon increasing the concentration of [BMIM]+[NTf2]−

above 3% (w/w). The increased sedimentation could be understood
by the dominance of the density of [BMIM]+[NTf2]− and NaOH over

electrostatic interactions between ionic liquids [BMIM]+[NTf2]−

and TOMAC. However, the complete phase separation of the sta-
bilized membrane into its original phases took place only after
2–3 days.
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Table 3
Comparison between experimental stability time and predicted and stability time.

Concentration of
[BMIM]+[NTf2]−

ts,exp (min) ts,pred (min) % deviation

0.6 220 221.4 0.6
1.5  330 335.3 1.6
2.0  400 365.9 8.5
3.0  425 430.5 1.3
4.0  465 457.7 1.5
ig. 7. The effect of ionic liquid concentration (% w/w)) [BMIM]+[NTf2]− on the ph
/O  = 1:3.

The experimental data of stability time and initial rate of sed-
mentation of the emulsion prepared with TOMAC = 0.29% (w/w);
pan 80 = 3% (w/w); I/O = 1:3 has been given in Table 2.

The stability time of the emulsion as a function of
BMIM]+[NTf2]− concentration (% w/w) (x1) and initial rate of
edimentation (x2) is correlated to be as

s, pred = axb
1 + xc

2 + 7 (1)

here a, b and c are parameters.
The term 7 min  in the above correlation takes care of stabilized

ime when concentration of [BMIM]+[NTf2]− is equal to zero in
mulsion liquid membrane containing TOMAC as carrier, NaOH as
tripping phase and kerosene as solvent. The parameters are esti-
ated using data in Table 1, by nonlinear parameter estimation

cheme with the help of MATLAB 7.0.4 software and the predicted
tabilized time relationship is given as

s, pred = 1446.6x0.54549
1 x0.38057

2 + 7 (2)

The stability time of the emulsion is dependent more on the con-
entration of [BMIM]+[NTf2]− than the initial rate of sedimentation
f the emulsion, as observed from Eq. (2).  The comparison between
he predicted values and experimental values has been reported

n Table 3. The low values of deviations as summarized in Table 3
mply the accuracy of the correlation.

The predicted and experimental stabilized times are in good
greement within ±9% deviation as shown in Fig. 8. However, the

able 2
xperimental data on stabilized time with ionic liquid concentration
BMIM]+[NTf2]− and initial rate of sedimentation height with TOMAC = 0.29%
w/w); Span 80 = 3% (w/w); I/O = 1:3.

Concentration of
[BMIM]+[NTf2]− (%
w/w)

Initial rate of
sedimentation time
(min−1)

Experimental stability
(min)

0.6 0.0150 220
1.5  0.0120 330
2.0  0.0100 400
3.0  0.0086 425
4.0  0.0067 465
Fig. 8. Experimental stability time versus predicted stability time.

correlation is only applicable for lower range of the ionic liquid
concentrations. It does not hold the accuracy for the higher con-
centrations of ionic liquid [BMIM]+[NTf2]−.

4. Conclusion

The present work focuses on the stability aspects of emul-

sion liquid membrane and in this context, the experimental
investigation identifies the use of hydrophobic ionic liquid
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
[BMIM]+[NTf2]− as a stabilizer with the preparation of the emul-
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ion liquid membrane containing TOMAC as a carrier. The enhanced
tability of the emulsion liquid membrane caused by the addition
f [BMIM]+[NTf2]− could be explained by the strong interactions
uch as coulombic, dipolar and ionic interactions among the ionic
iquids and NaOH. It was observed that the stability of the emul-
ion liquid membrane could be enhanced for a duration of up to

 h. Experiments had proved that the stability of the emulsion liq-
id membrane can be enhanced for a duration of up to 7 h. 80%
emoval of chromium could be achieved even after keeping the
mulsion for 2 h before the extraction experiments were carried
ut. The sedimentation rate of the stabilized membrane for the
ext 3 h after its maximum stability time was found to be decreas-

ng with the increase in concentration of [BMIM]+[NTf2]− up to 3%
w/w). It starts to increase with further increase in the concentra-
ion of [BMIM]+[NTf2]−. An empirical correlation relating stability
ime of emulsion as a function of [BMIM]+[NTf2]− concentration
% w/w) and initial rate of sedimentation of the emulsion is pro-
osed and the predicted stability times are in good agreement with
he experimental stability times. Ultimately, this paper reflects the
otential use of “task specific” ionic liquids as a stabilizer in the
eld of emulsion liquid membrane.

ist of symbols
, b, c constant
/F emulsion to feed phase ratio
/O internal to organic phase ratio
s, exp experimental stability time of the emulsion (min)
s, pred predicted stability time of the emulsion (min)
1 concentration of [BMIM]+[NTf2]− (% w/w)
2 initial rate of sedimentation of the emulsion (min−1)
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