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bstract

Aqueous solution containing copper (cation) and potassium permanganate (anion) was treated by ultrafiltration using mixed micellar system
omprising of sodium dodecyl sulfate and cetylpyridinium chloride. Simultaneous separation characteristics of both cation and anion, as well as
ermeate flux were studied for various operating conditions, namely, transmembrane pressure drop and cross-flow rate. The study was carried over
wide concentration range of both solutes. In the mixture, copper concentration was in the range from 0.05 to 4.0 kg/m3 and that of potassium

ermanganate was 0.05 to 0.25 kg/m3. Retention of copper was in the range of 90–100% and that of potassium permanganate was 96–99%.
ermeate flux was found to be less in the mixed micellar system compared to single surfactant system. A four step chemical treatment process was
roposed to recover and reuse the surfactants.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Waste water from various industries, e.g., metal plating,
eachate from metal mines, coal refining, etc., contains dissolved
ons which are potential source to environmental pollution. With
tricter environment protection regulations, research efforts
re directed for efficient treatment of such individual waste
ater. Traditional methods for treatment of waste water con-

aining ionic pollutants include, adsorption [1], ion exchange
2], precipitation [3], flocculation [4], etc. These equilibrium
overned processes are extremely slow [5]. Therefore, energy
fficient membrane separation processes are emerging as poten-
ial separation technique in this regard. Typical membrane based
rocess for separation of ionic pollutant is reverse osmosis.
owever, it requires quite high operating pressure (more than
5 atm) resulting in high capital and operating cost. In micellar
nhanced ultrafiltration (MEUF), metal ions are solubilized in
he oppositely charged micelles. This system can run at much

ower operating pressure (6–8 atm) leading less consumption of
nergy. Application of MEUF for removal of cationic pollutants
Cu2+, Pb2+, Ni2+, Al3+, Mn2+, Co2+, Cd2+) is available in lit-
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rature [6–12]. Most of these studies are for single component
ystem, i.e. waste water containing one ionic pollutant. Removal
f anionic pollutants like, chromate, nitrate, permanganate, etc.
sing MEUF is also reported [13–15]. Few references for treat-
ent of binary ionic mixture using MEUF are available [10–15].
gain these are for same kind of ionic pollutants, i.e., either
inary mixture of cations [10–12] or anions [13–15]. Use of
EUF to treat waste water containing both cationic and anionic

ollutants is not available in the literature. A system of mixed
icelles containing cationic as well as anionic surfactants is

equired for this purpose. Micelles of cationic surfactants sol-
bilize the anionic pollutants and those for anionic surfactants
olubilize the cationic pollutants. MEUF using mixed micel-
ar system is reported in the literature for removal of single
ation only [16–19]. But in all these studies, mixed micelles are
enerated from an ionic surfactant and a non-ionic surfactant.
he primary aim of all these works was to reduce the critical
icellar concentration on the ionic surfactant by the non-ionic

urfactant so that the solubilization capacity of ionic micelles
ncreases.

In the present work, simultaneous separation of both cations

copper ions) and anions (permanganate ions) using MEUF has
een attempted with mixed micelles of sodium dodecyl sul-
ate (SDS) and cetylpyridinium chloride (CPC). The effects
f operating conditions, namely, transmembrane pressure drop,

mailto:sde@che.iitkgp.ernet.in
dx.doi.org/10.1016/j.cej.2008.01.006
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tion in the feed. The concentrations (in kg/m3) of solutes were
Cu2+:PP = 0.05:0.25; 2:0.2; 3:0.15; 3.5:0.1; 4:0.05. To observe
the effects of transmembrane pressure drop and cross-flow rate,
three pressures in the range of 345–483 kPa and three flow rates

Table 1
Operating conditions for single solute system

SDS (kg/m3) 25
CPC (kg/m3) 10

2+ 3
Fig. 1. Schematic of MEUF and recovery of surfactant.

ross-flow rate and composition of the feed (having both pollu-
ants) are studied on the retention characteristics of each solute
nd permeate flux of the system. The performance is compared
ith the single solute system in the same range of operating

onditions. A four step chemical treatment method is proposed
o recover surfactants from the permeate stream for reuse. A
chematic of the process is shown in Fig. 1.

. Experimental

.1. Materials

The chemicals, sodium dodecyl sulfate (C12H25NaO4S, MW
88), copper sulfate (CuSO4·5H2O, MW 250), sodium carbon-
te (Na2CO3, MW 106), potassium permanganate (KMnO4,
W 158), potassium iodide (KI, MW 166), cupric chloride

CuCl2·2H2O, MW 170) and chloroform (CHCl3, MW 119)
ere obtained from Merck Ltd., Mumbai, India. The surfac-

ant CPC (C21H38ClN·H2O, MW 358) was procured from
ISCO Research Laboratories, Mumbai, India. Calcium chlo-
ide (CaCl2, MW 111) was procured from S. D. Fine Chem. Ltd.,
ndia. Hyamine 1622 (0.004 M) (C27H42NO2Cl, FW 448) and
isulfine blue (C27H31N2NaO6S2, MW 567) was obtained from
erck KGaA, 64271 Darmstadt, Germany and dimindium bro-
ide (C20H18BrN3, MW 380) was procured from Loba Chemie,
umbai, India.

.2. Membrane

A thin film composite (TFC) membrane with a polyamide
kin of molecular weight cut-off 5 kDa was used for
ll the MEUF experiments. The membrane was supplied
y M/s, Permionics Membranes Pvt. Ltd., Gorwa, Vado-

ara, India. The membrane was hydrophilic in nature and
sed without any further treatment. Membrane permeability
as measured using distilled water and was found to be
.62 × 10−11 m/Pa s.
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P
P
C

g Journal 144 (2008) 35–41

.3. Experimental set up

.3.1. Cross-flow cell
A rectangular cross-flow cell, made of stainless steel, was

esigned and fabricated. A schematic of the experimental set up
as shown elsewhere [20]. The cell consisted of two matching
anges. The inner surface of the top flange was mirror polished.
he bottom flange was grooved forming the channel for the
ermeate flow. A porous stainless steel plate was placed on the
ower plate to provide mechanical support to the membrane.
wo silicon rubber gaskets were placed over the membrane.
he effective length of the membrane was 37.2 × 10−2 m and
idth was 5.0 × 10−2 m. The channel height after the tightening
f the flanges was determined by the thickness of the gasket and
as found to be 3.5 × 10−3 m. The micellar solution of different

olutes was placed in a stainless steel feed tank of 10 × 10−3 m3

apacity. A plunger pump was used to feed the micellar solution
nto the cell. The retentate stream was recycled to the feed tank.
he permeate stream was also recycled to maintain a constant
oncentration in the feed tank. A bypass from the pump delivery
o the feed tank was provided. The two valves in the bypass and
he retentate lines were used to vary the pressure and the flow
ate through the cell, independently.

.4. Design of experiments

.4.1. Selection of surfactant concentrations in feed
The feed anionic surfactant concentration was determined by

onducting six experiments using only SDS solution in the range
f concentration of 5–40 kg/m3 (5, 10, 15, 20, 30, 40 kg/m3) at
76 kPa pressure and cross-flow rate of 1.67 × 10−5 m3/s. The
oncentration of cationic surfactant in the feed was determined
y conducting five experiments using CPC solution only in the
ange of concentration of 2–30 kg/m3 (2, 5, 10, 20, 30 kg/m3) at
ame a pressure and cross-flow rate as that of SDS experiments.

.4.2. Micellar enhanced ultrafiltration experiments
MEUF experiments were conducted with selected surfac-

ant (CPC and SDS) concentration. Seven feed concentrations
f copper were taken in the range of 0.04–4 kg/m3 and six
eed concentrations potassium permanganate (PP) were taken
n the range of 0.05–0.25 kg/m3, in the single solute system.
ive combinations of composition of the binary mixture were
elected, to observe the effect of solute (copper, PP) concentra-
u only (kg/m ) 0.05, 1, 2, 2.5, 3, 3.5 and 4
P only (kg/m3) 0.05, 0.1, 0.15, 0.2 and 0.25
ressure (kPa) 345
ross-flow rate (×105 m3/s) 0.835
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Table 2
Operating conditions for mixture

SDS (kg/m3) CPC (kg/m3) (Cu2+ + PP) in mix. (kg/m3 + kg/m3) Pressure (kPa) Cross-flow rate (×105 m3/s)

25 10 0.05 + 0.25, 2 + 0.2, 3 + 0.15, 3.5 + 0.1 and 4 + 0.05 345 0.835, 1.25 and 1.67
2 + 0.1
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5 10 0.05 + 0.25, 2 + 0.2, 3 + 0.15, 3.5

n the range of 0.835 × 10−5 to 1.67 × 10−5 m3/s were selected.
verall 37 MEUF experiments were conducted. The experimen-

al conditions are given in Tables 1 and 2 for single solute system
nd for binary mixture, respectively.

.4.3. Chemical treatment for recovery of the surfactants
Recovery of surfactants from the permeate stream before final

isposal was carried out by four successive processes, chemical
reatment I (SDS precipitation), chemical treatment II (dissolu-
ion of calcium dodecyl sulfate), chemical treatment III (CPC
recipitation) and chemical treatment IV (dissolution of CPI).
he reactions involved in all the steps are presented in Appendix
. Optimum ratio of calcium chloride to SDS for maximum
recipitation of the SDS in chemical treatment I and the ratio
f sodium carbonate to calcium dodecyl sulfate in chemical
reatment II for maximum regeneration of SDS were obtained
rom literature [21]. Optimum ratio of KI to CPC in chemical
reatment III and the optimum ratio of CuCl2 to CPI were also
vailable [13].

.5. Procedure

.5.1. MEUF experiments
In cross-flow experiments, a fresh membrane was compacted

t a pressure of 690 kPa for 3 h using distilled water. Flux values
t various operating pressures were measured and the membrane
ermeability was determined from the slope of flux versus pres-
ure plot. For MEUF experiments, feed was pumped to the cell
nd cumulative volumes of the permeate were collected at differ-
nt times for analysis. Permeate flux values at different points of
ime were calculated from the slopes of cumulative volume ver-
us time plot. The duration of a cross-flow experiment was 1 h.
fter each experiment, the membrane was thoroughly washed,

n situ, by distilled water for 30 min. The cross-flow channel
as dismantled thereafter, and the membrane was dipped in
istilled water for 30 min. It was then washed carefully with dis-
illed water to remove traces of surfactant. The cross-flow cell
as reassembled and the membrane permeability was measured

gain. It was observed that the membrane permeability remained
lmost constant between successive runs. All the experiments
ere conducted at a temperature of 32 ± 2 ◦C. The observed

etention of each solute was defined as Ro = 1 − (Cp/Co), where,
p and Co where the solute concentrations in the permeate and

eed, respectively.
.5.2. Chemical treatment
A typical permeate sample of MEUF experiment was selected

or the chemical treatment I. Measured amount of CaCl2 (from

(
w
a
r

and 4 + 0.05 345, 414 and 483 0.835

ptimum CaCl2 to SDS ratio) was taken in 100 ml volumetric
ask. The experiment was conducted at 30 ◦C and then cooled

o freezing temperature to force precipitation as surfactant solu-
ions stay supersaturated for long period. The solution was then
ept in a constant temperature bath at 30 ◦C for 4 days and was
haken periodically. After complete precipitation, the solution
as filtered. The equilibrium concentration of SDS in the fil-

rate was measured by standard technique (as discussed in the
ext section). The amount of precipitated SDS was calculated by
aterial balance. The precipitated SDS in chemical treatment I
as treated with the optimum amount of Na2CO3 in chemical

reatment II. Percent redissolution of calcium dodecyl sulfate
as calculated in the same way as in chemical treatment I. The
ltrate of chemical treatment I was subjected to chemical treat-
ent III with optimum KI to CPC ratio. The solution was filtered

fter complete precipitation. The equilibrium concentration of
PC in the filtrate was measured using UV-spectrophotometer
nd the amount of CPC precipitated had been calculated by mate-
ial balance. In chemical treatment IV, the precipitated CPI was
reated with optimum amount of CuCl2 solution. Percent redis-
olution of CPC was calculated in the same way as in chemical
reatment III.

.6. Analysis

.6.1. Measurement of copper concentration
Copper present in various samples was estimated by Orion

plusTM Benchtop Ion Meter (supplied by M/s, Thermo Elec-
ron Corporation, Beverly, MA, U.S.A.) using ion specific
lectrodes.

.6.2. Measurement of potassium permanganate and CPC
Feed and permeate concentrations of CPC and PP were mea-

ured by a UV-spectrophotometer (make: Thermo Spectronic,
SA; model: GENESYS 2). The wavelengths at which maxi-
um absorption occurred and molar extinction coefficients of

he different species were obtained from the measurements of
he pure components and were shown elsewhere [13]. A stan-
ard method was used to calculate the concentrations of PP and
PC in the mixture [22].

.6.3. Measurement of SDS concentration
SDS concentration was determined by a two-phase titration

ccording to Epton [23]. The titrant was benzothonium chloride

often called hyamine 1622), a cationic surfactant, the indicator
as an acidic mixture of a cationic dye (dimindium bromide)

nd an anionic dye (disulfine blue VN). The titration was car-
ied out in a water chloroform medium. SDS concentration was
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copper system reported in Fig. 3 is at a transmembrane pressure
of 345 kPa while that of the surfactant only system is at 276 kPa
(Fig. 2). Therefore, if the flux of the surfactant-copper system at
345 kPa is compared with pure surfactant flux at an even higher
Fig. 2. Selection of feed surfactant concentrations.

etermined using the following equation:

SDS concentration

= a × molar concentration of hyamine × 288.38

5 ml of sample
(1)

here a was the volume (ml) of hyamine 1622 required for
itration.

. Results and discussions

.1. Micellar-enhanced ultrafiltration

.1.1. Selection of surfactant concentrations
Variations of permeate flux and permeate concentration for

ach of the surfactants are shown in Fig. 2. It is observed from
he figure that the permeate flux decreases and permeate con-
entration increases with surfactant concentration in the feed.
uring filtration, surfactant micelles form a gel layer over the
embrane surface. Thickness of this gel layer increases with

urfactant concentration resulting in further decrease in perme-
te flux. Permeate concentration of surfactant increases with
eed concentration. As surfactant concentration increases, per-
eate concentration may even go beyond the CMC level due

o the leakage of smaller sized micelles. Therefore, feed surfac-
ant concentration is selected such that permeate concentration
s around the level of CMC. Based on these criteria and from
he results presented in Fig. 2, feed surfactant concentrations are
elected as 25 kg/m3 for SDS (CMC = 2.33 kg/m3) and 10 kg/m3

or CPC (CMC = 0.322 kg/m3). On mixing the two surfactants
t these concentrations (SDS = 25 kg/m3 and CPC = 10 kg/m3),
o precipitation is observed. However, it may be noted here that
hen SDS and CPC solutions are mixed in the concentration (in
g/m3) range of 0.3:3.3 to 2.6:0.4 (corresponding molar con-
entration ratio 1:9 to 9:1), which are substantially lower than
hat used herein, immediate precipitation occurs. Therefore, it

s clear that precipitate forms in a certain concentration range.
imilar observations were made in a related study by Stellner
nd Scamehorn [24] where they presented a precipitation phase
oundary plot, clearly showing the existence of a “precipita-

F
i

ig. 3. Effect of feed concentration on permeate flux and solute retention for
opper in the single component system.

ion zone” flanked by “clear solution zones” at lower and higher
oncentrations.

.2. MEUF of single component system

.2.1. Effect of feed concentration on permeate flux and
etention of copper and PP

Effects of feed concentration of solute on the permeate flux
nd retention of copper and potassium permanganate (PP) in
ingle solute system are shown in Figs. 3 and 4, respectively. It
s observed from these figures that permeate flux decreases with
eed concentration of solute. It may be observed that permeate
ux of 25 kg/m3 SDS solution is about 4.8 × 10−6 m3/m2 s (refer
ig. 2), whereas addition of 1 kg/m3 solute brings down the flux
y almost 40% (Fig. 3). It may be noted that the flux of surfactant-
ig. 4. Effect of feed concentration on permeate flux and solute retention for PP
n the single component system.
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system is shown in Fig. 6 for various feed composition of cop-
per and potassium permanganate. It is observed that the flux
increases almost linearly with pressure at fixed concentrations
of copper and PP due to enhanced driving force. For example,
Fig. 5. Variation of permeate flux with cross-flow rate in the mixture.

ressure of 345 kPa (resulting in higher flux), this percentage
ecrease would be even higher. This signifies that the gel layer
oncentration of SDS is reduced on addition of counter ions.
opper being positively charged can act as bridge between neg-
tively charged micelles, leading to larger micelles and earlier
nset of the gel-layer over the membrane surface at lower sur-
actant concentration. In case of CPC, addition of 0.25 kg/m3 PP
educes the flux by about 30%, compared to pure CPC solution
refer Figs. 2 and 4). It may be noted that the flux of surfactant-
P system reported in Fig. 4 is at a transmembrane pressure of
45 kPa while that of the surfactant only system is at 276 kPa
Fig. 2). Therefore, if the flux of the surfactant-PP system at
45 kPa is compared with pure surfactant flux at an even higher
ressure of 345 kPa (resulting in higher flux), this percentage
ecrease would be even higher. When PP is added to CPC
olution, attachment of bulkier permanganate group (MnO4

−)
o CPC micelles increases the size of the micelles leading to
nhancement of gel layer resistance over the membrane sur-
ace causing a flux decline. This effect is more pronounced as
he solute concentration increases. Since, surfactant concentra-
ion remains constant, the solubilization capacity of the micelles
emains constant. Hence, an increase in solute concentration,
eads to permeation of unsolubilized solutes in the permeate side,
esulting in decrease in the observed retention. The observed
etention decreases from about 100% to about 90% for copper
nd about 99 to 96% for potassium permanganate.

.3. MEUF of binary mixture of copper and PP

Variation of permeate flux for five composition of mixture
ith the cross-flow rate is shown in Fig. 5. It is observed

rom the figure that the permeate flux is reduced significantly
n the mixed micellar system. The flux is in the range of 2.7
o about 3 × 10−6 m3/m2 s for SDS and it varies from 4.4 to
.2 × 10−6 m3/m2 s for CPC at various concentrations of counter
ons in single solute system. In the mixed micellar system,
he flux varies from about 0.5 to 1.4 × 10−6 m3/m2 s. There-
ore, in mixed micellar system, inter micellar interaction of the

ppositely charged micelles (negative for SDS and positive for
PC micelles) is quite strong in the gel type layer deposited
ver the membrane surface. Apart from that, presence of both
ype micelles leads to formation of more compact gel layer
ig. 6. Variation of permeate flux and solute retention with transmembrane
ressure in the mixture.

ith larger thickness. For example, at 345 kPa pressure and
.67 × 10−5 m3/s flow rate but without the presence of cop-
er or PP, flux is 2.97 × 10−6 m3/m2 s for a 25 kg/m3 SDS and
0 kg/m3 CPC mixture. Hence, the flux of mixed micellar sys-
em is much less compared to single component system (Fig. 2).
t is also observed from Fig. 5 that flux decreases by about 3.5
imes as copper concentration increases from 0.05 to 4 kg/m3.
iscosity of the feed mixtures increases drastically from 1.2

o 10 × 10−3 (Pa s) as copper concentration in feed increases
Fig. 5 inset), resulting in sharp flux decline with copper con-
entration. Effect of cross-flow rate is negligible on this system.
s observed from this figure, flux improvement is marginal for
00% increase in cross-flow rate. This also suggests viscosity
eing one of the causes of this decline which should remain
naffected with flow rate.

Effect of transmembrane pressure on the mixed micellar
Fig. 7. Variation of solute retention with cross-flow rate in the mixture.
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Table 3
Performance of MEUF for a typical feed condition at the end of experiment

Substrate �P (kPa) Cross-flow rate
(×105 m3/s)

Feed concentration
(kg/m3)

Permeate
concentration (kg/m3)

Retention (%) Flux (×106 m3/m2 s)

SDS 345 0.835 25 2 92 0.7
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PC 10
u2+ 3.5
P 0.1

t copper and potassium permanganate composition of 4:0.05,
ux is 0.47 × 10−6 m3/m2 s for pressure 345 kPa. At 414 kPa,
ux is 0.55 × 10−6 m3/m2 s (17% increase). At 483 kPa, flux

s 0.63 × 10−6 m3/m2 s (34% increase with respect to flux at
45 kPa). From Fig. 6, it is clear that effect of operating pressure
s also insignificant on solute retention, in the mixed micellar
ystem. Therefore, the operating conditions, namely, cross-flow
ate and operating pressure do not affect the solute retention. It is
overned solely by solubilization of counter ions on the micel-
ar surface. Variation of solute retentions with cross-flow rate
s presented in Fig. 7. The figure shows that observed retention
aries from 90 to 100% for copper and 96 to 99% for potassium
ermanganate in the mixed micellar system. Theses values are
uantitatively same with the single solute system. Hence, the
olubilization capacity of mixed micellar system remains same.
t is evident from the figure that cross-flow rate does not affect
he observed retention of the solutes.

Observed retention of SDS varies in a range of 92–93.5%
nd that of CPC is in the range of 96–97.5% for a cross-flow
ange of 0.835–1.67 × 10−5 m3/s and for a pressure range of
45–483 kPa. Hence, retention of surfactants is independent of
perating conditions.

.4. Chemical treatment for the recovery of surfactant from
he permeate stream
.4.1. Chemical treatment I
A typical MEUF permeate stream, as shown in Table 3, is

elected to test the efficacy of the surfactant recovery from the
ermeate. In the first treatment, calcium chloride is added to the

able 4
erformance of chemical treatment I to IV for a typical permeate concentration

ixture Copper PP

opper (kg/m3) 3.5
P (kg/m3) 0.1
ermeate SDS concentration (kg/m3) 2.0
ermeate CPC concentration (kg/m3) 0.36
aCl2/SDS (w/w) 0.384
DS precipitated (%) 91
a2CO3/calcium dodecyl sulfate (w/w) 0.71
I/CPC (wt/wt) 1.5
PC precipitated (%) 86.1
P in filtrate (kg/m3) 0.0023
uCl2/CPI 3.75

ecovered with respect to permeate (%)
SDS 86.75
CPC 80.6

d
t
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8
c
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f
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f
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s
t

0.36 96.5
0.302 91
0.003 97

ermeate stream resulting in a precipitation of calcium dodecyl
ulfate. The relevant reaction is presented in Appendix A. The
ptimum CaCl2 to SDS ratio is found out to be 0.384 [22]. With
his optimum value, SDS precipitation is 91%.

.4.2. Chemical treatment II
Calcium dodecyl sulfate obtained from chemical treatment

, cannot directly be recycled to the main feed of MEUF. It is
ecessary to get back the surfactant in aqueous medium. So, cal-
ium dodecyl sulfate should be transformed to a water-soluble
odium salt. In this case, solution of sodium carbonate (Na2CO3)
s added to the precipitate obtained from chemical treatment I.
he relevant reactions are presented in Appendix A. The opti-
um Na2CO3 to calcium dodecyl sulfate concentration is taken

s 0.71 [22]. The percent redissolution of SDS for this optimum
a2CO3 to calcium dodecyl sulfate concentration ratio is 95.3

nd SDS recovery is about 86.8% with respect to the permeate
tream.

.4.3. Chemical treatment III
Potassium iodide is added to the filtrate of chemical treatment

resulting in the precipitation of cetylpyridinium iodide. The
ptimum KI to CPC, obtained from literature is 1.5 [13]. CPC
recipitation is 86.1% for this optimum KI to CPC ratio.

.4.4. Chemical treatment IV
CPI obtained from chemical treatment III, cannot be recycled

irectly to the main feed of MEUF. So, CPI is treated with CuCl2
o get back CPC. The optimum CuCl2 to CPI ratio is taken from
iterature and is 3.75 [13]. The relevant reactions are presented
n Appendix A. The redissolution of CPC is 93.6% and about
0.6% CPC is recovered from permeate stream. The results of
hemical treatment I to IV are summarized in Table 4.

. Conclusions

Simultaneous separation of cation (copper) and anion (PP)
rom their aqueous binary mixture was studied using MEUF
ith mixed micellar system comprising of SDS and CPC. The

eed anionic surfactant (SDS) and cationic surfactant (CPC) con-
entrations were selected as 25 and 10 kg/m3, respectively to
e used with a 5 kDa membrane. A wide range of concentra-
ion of both solutes was studied (0.054–4.0 kg/m3 for copper;

.05–0.25 kg/m3 for PP). Retention of copper and PP was in the
ange of 90–100% and 96–99%, respectively. For copper–PP
ystem, retention of copper and PP was found to be quantita-
ively same with single solute system. Hence, the solubilization
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apacity of mixed micellar system remained same. Retention
alues were found to be independent of MEUF operating con-
itions, e.g., cross-flow rate and transmembrane pressure drop.
he permeate flux of the mixed micellar system was found to
e quite less than that of the single surfactant-solute system.
four step chemical treatment process was used for surfactant

ecovery. In the first step, for the optimum weight ratio of 0.38

f CaCl2 to SDS, the SDS precipitation was found to be 91%
nd with second step, percent redissolution of SDS was about
5.3 for the optimum Na2CO3 to Ca(DS)2 ratio of 0.71. About
7% SDS was recovered from permeate stream. In the third step,
6% CPC was precipitated for optimum KI to CPC ratio of 1.5
nd with the fourth step, redissolution of CPC was about 94%
or the optimum CuCl2 to CPI ratio of 3.75.
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ppendix A

Reaction occurring during chemical treatment I:

2C12H25SO4
−Na+(aq)

+ CaCl2(aq) � Ca2+(C12H25SO4
−)2(s) ↓ + 2NaCl(aq)

eaction occurring during chemical treatment II:

Ca2+(C12H25SO4
−)2(aq)

− +
+ Na2CO3(aq) � 2C12H25SO4 Na (aq) + CaCO3(s)

eaction occurring during chemical treatment III:

I � K+ + I−

[

[
[
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Reactions occurring during chemical treatment IV:

uCl2 � Cu2+ + 2Cl−
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