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inorganic contaminants by micellar enhanced ultrafiltration with mixed
micelles
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ABSTRACT: Lead, chromium, and chlorobenzene (CB) were removed simultaneously by micellar enhanced ultrafiltration with a mix-
ture of anionic and nonionic surfactants. The process parameters, including the molar ratio of the nonionic surfactant to the ionic
surfactant (o), surfactant to metal ion (S/M) molar ratio, applied pressure, and inlet flow rate, were investigated. As o was varied
from 0 to 1.5, the rejection of the metal ions increased. The optimum o value was 0.5. The permeate flux decreased by 28% with
increasing o from 0 to 1.5. The S/M ratio was optimized at 10 in the presence of CB. The addition of CB increased the rejection of
surfactants and decreased the metal-ion rejection. The effect of the applied pressure and inlet flow were studied and found to be opti-
mum at 1 bar and 150 mL/min, respectively. The optimized parameters were applied to the steady-state process. The multiple-solute
model was applied to the steady-state data. The relative error for solute rejection was varied from 5 to 9%, and the relative error for

flux was 5%. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41435.
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INTRODUCTION

Potable water is quite often polluted by civil and industrial
wastewater; this results in its scarcity. Civil wastewater contains
mainly commodity chemicals, metal ions, edible oil traces, and
biological wastes. Industry waste contains heavy-metal ions of
copper, chromium, nickel, zinc, lead, and so on, and organic
solvents such as chlorobenzene (CB), tetrachloroethylene, tri-
chloroethylene, methylene chloride, 1,1,1-trichloroethane, car-
bon tetrachloride, and paints." Conventional processes, such as
chemical precipitation, extraction, and distillation, are used to
treat industry wastewater. However, these methods have their
own disadvantages and seem to be economically unfeasible;”
hence, it is essential to find a better alternative. Membrane sepa-
ration will be a good alternative for the treatment of industrial
wastewater. Reverse osmosis and nanofiltration can be directly
applied to treat wastewater for the removal of heavy-metal ions.
However, these processes are highly energy intensive and have a
high capital cost.” The surfactant has the characteristic of form-
ing micelles above a particular concentration called the critical
micelle concentration (cmc). The micelle has an inner core that
is hydrophobic, and its surface is hydrophilic. Metal ions bind
to the micelle, and organic compounds go inside the micelle.
The micelle is bigger than the ultrafiltration (UF) membrane;
hence, it is rejected by the membrane in the ultrafiltration

© 2014 Wiley Periodicals, Inc.
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process.4 Thus, micellar-enhanced ultrafiltration (MEUF) com-
bines the advantages of both a high flux and a high rejection rate.

Huang et al’ removed divalent metal ions, such as lead, cad-
mium, copper, nickel, and zinc, individually and simultaneously
with deoxycholic acid, lecithin, and sodium dodecyl sulfate
(SDS). They concluded that the optimum surfactant to metal
ion (S/M) molar ratios for SDS and deoxycholic acid were 5
and 3, respectively.

Generally, anionic surfactants possess higher cmc values than
cationic and nonionic surfactants. It was found that a surfactant
with the higher cmc needs a greater amount of surfactant for
proper micellization and better rejection by MEUFE. This may
also result in a high surfactant concentration in the permeate
stream. Hence, there is a need to decrease the cmc of anionic
surfactants. Most nonionic surfactants, except glucose-based
surfactants, have oxyethylene chains, which act as hydrophilic
heads, and alkyl chains, which act as hydrophobic tails of the
surfactant. The polyoxyethylene head shows less repulsion than
other surfactant heads. Hence, nonionic surfactants show lower
cmc’s than anionic surfactants.® The addition of a nonionic sur-
factant to an anionic surfactant solution reduces the cmc of a
mixture. Huang et al.” removed Cd*" ions with surfactant pairs,
including SDS-Brij 35 and SDS-Triton X-100 (TX-100). Aoudia

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41435
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Table 1. Properties of the Membrane and Surfactants
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Molecular weight cutoff/

Surfactant Structure molecular weight (Da) cmc (mM)
BES o 10,000 =
1010
6 %
SDS o 288 8
Hac\/\/\/\/\/\/of‘?zo
Tween 80 9 1310 0.04

x+y+7=20

CHy

et al® removed chromium(Ill) with an SDS-nonyl phenol
ethoxylate pair. Huang et al.’ simultaneously separated methyl-
ene blue dye and Cd*" from aqueous waste. Lee et al.'® simul-
taneously extracted chromate ions and trichloroethylene with
cetyl pyridinum chloride (CPC) and Tween 80 (TW80). Li
et al'' separated cadmium ions and phenol with an SDS—
TX100 system. Yenphan et al.'* separated lead ions from waste-
water with the surfactant mixtures SDS-TX100 and SDS-NP12.
Zhao et al."® worked on the removal of CB and nickel ions and
optimized the o, pH, and pressure values. Thus, literature avail-
able on the SDS-TW80 surfactant pair is scarce.

The resistance in a series model based on Darcy’s law was inves-
tigated; it was based on the dependence of the flux on the pres-
sure gradient and viscosity (u)."*'7 A general membrane-
fouling model that accounted for the internal clogging, partial
and total clogging, cake deposition, and cake deposition with
retro flux for an ultrafiltration system was developed by Ghaf-
four."® Damak et al.'® developed a fluid dynamic model for the
cross-flow filtration of tubular membranes. Katsikaris et al.”’
developed a mathematical model for the simulation of an ultra-
filtration system; it accounted for the concentration polarization
phenomena on the basis of thin film theory. Ahmad et al*'
worked on Palm Qil Mill Effluent (POME) waste and also mod-
eled the flux and concentration of each solute with time.

The objective of this study was to examine the effectiveness of
MEUF for complex synthetic wastewater containing Pb, Cr, and
CB and to optimize the process parameters and its application
to steady-state processes. Another objective was the simulation
of the experimental results and the validation of the model with
steady-state data.

EXPERIMENTAL

Chemicals

All of the reagents were analytical grade. SDS was procured
from Merck India Pvt., Ltd. (Mumbai, India). Lead nitrate
[Pb(NO3),-7H,0, 98% pure], chromium chloride (CrCl;-6H,0,
99% pure), and polyoxyethylene (20) sorbitan monooleate
(TW80) were obtained from S. D. Fine Chemicals, Ltd. (Mum-
bai, India). The properties of the surfactants are given in

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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Table 1. All of the samples for the experiments were prepared in
deionized (DI) water (conductivity = 0.05 uS/cm).

Membranes

A flat-sheet membrane made up of poly(ether sulfone) (PES)
material was used. The membrane was hydrophilic in nature.
The details about the membrane are given in Table I. The mem-
brane was supplied by Hydronautics Nitto Denko Co., India.

Experimental Setup and Method

Figure 1 shows the schematic experimental setup. The mem-
brane holder was fabricated in house and was made up of poly-
tetrafluoroethylene. The
21.53 cm® A peristaltic pump having a maximum sustainable
pressure of 6 bars was used to pressurize the system. The mem-
brane was cleaned by DI water at a high inlet flow rate and zero
pressure.

effective area for filtration was

In each experimental run, all of the samples were prepared by
DI water. The applied pressure and flow rate were taken as 25
kPa and 100 mL/min, respectively, for the optimization of «
and the S/M ratio. In these experiments, the permeate and
retentate were recycled to the feed tank to maintain a constant
feed concentration. All of the experiments were performed at
room temperature (~28°C). The samples for each experiment
were taken after 30 min to achieve the equilibrium state.

The removal efficiency of the solutes or the pollutant (%R) was
calculated by the following equation:

FLOW VALVE
RETENTATE STREAM

L

PERMEATE STREAM
PRESSURE GUAGE

MEMBRANE

FLOW METER

FEED TANK PERISTALTIC PUMP

Figure 1. Schematic of the experimental setup.
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%R= (1—9)><100 1)
Gy

where C,; is the concentration of species 1’ in permeate stream
(kmol/m?®) and C, is the concentration of the pollutant in the
feed tank (kmol/m?). The permeate flux was calculated by the
following equation:

J == (2)

where ] is the absolute permeate flux (m®> m™2? s 1), Vis the
volume of the permeate sample collected (m?), t is the time
needed (s) to collect the permeate volume (V,), and A is the
membrane effective area. In addition, the relative flux was cal-
culated as the ratio of the absolute flux to the pure water flux
obtained under identical experimental conditions.

Measurement and Analysis

The concentration of SDS was measured by the methylene blue
spectrophotometric method.”> The concentration of SDS was
determined at a wavelength of 652 nm. An inductively coupled
plasma spectrophotometer (i-Cap 6000, Thermo-Fisher India)
was used for the detection of chromium and lead ions. The
UV-2700 Chemito ultraviolet—visible spectrophotometer was
used for all of the previous spectrophotometric detections.
High-pressure liquid chromatography (HPLC) method was used
for the detection of TW80 and CB. The HPLC instrument
(Thermo Scientific) was operated at a 1 mL/min flow rate with
a mobile phase of acetonitrile/water (85/15 v/v) at UV wave-
lengths of 232 and 254 nm for TW80 and CB, respectively. A
C18 symmetry column (Knauer) was used for the operation.

THEORY OF SIMULATION

Multiple-Solute Model
In the cross-flow ultrafiltration of the multiple-solute system,
the following assumptions were made:

1. The membrane rejected the multiple solutes by a sieving
action, and the membrane-solute and solute—solute interactions
were neglected.

2. Because the membrane—solute and solute—solute interactions were
neglected, the concentration of each solute was obtained by mass bal-
ance analysis with the consideration of the back-transport effect.

3. In the gel layer, each solute will have its independent value of
diffusion, mass-transfer and back-transport coefficient.?*?

For the simplicity of the model, the mass balance in the bound-
ary layer was ignored, with the assumption that the total mass
of the solute obtained in the boundary layer was negligible
compared to total mass of the solute obtained in the gel layer.

The mass of the total solutes in the gel layer at any filtration
time (t) was

Vo Co=(V,+Vy) C—=V,Cy— My, (3)
where C; as bulk feed concentration (C,), Vg is the volume
of gel layer in m’, C, gel layer concentration in kmol/m’,

and M, is the bulk mass transport rate in kmol/second. The
total mass balance of the system was the sum of the mass

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

41435 (3 of 8)

Applied Polymer

SCIENCE

balance of the individual solutes. Therefore, eq. (1) can be
written as follows:

n n n n
VgZCg,-=(Vp+ Vg) Z Cbi_VpZCpi_ ZMbti (4)
i=1 i=1 i=1 i=1

where C,; is the concentration of each solute in the gel layer, Cy;
is the bulk concentration of each solute, C,; is the permeate
concentration of each solute, and M,; is the back-transport
mass of each solute.

M,,; is given by
Myi=KipivC;i (5)

where Kj,; is the back-transport coefficient of each solute and v
is the superficial velocity.

The total volume flux of the permeate (J,) could be calculated
with the osmotic pressure model:****

- 1 dV, AP—An ©)
#(Ryr)

where A,, is the membrane area; AP, or TMP, is the transmembrane
pressure; A7 is the osmotic pressure difference; and Ry is the total
hydraulic resistance (m™ ), which is the sum of the membrane
resistance (R,; m~ ') and resistance due to the gel layer (Ry m ).
Jp can also be calculated with Darcy’s law. When these equations are
combined, a final equation for resistance in a series model can be
obtained to calculate the volume flux of the permeate as

1
—=a1+a2Vp—a3t (7)
Jp

where the coefficients a,, a,, and a3 are given by

_ MRy
Y (AP A7) ®
a0 = u Zizl (Ci—Gpi) (9)
AP, (AP—Am) Zi:] (Coi—Cii)
where P, is the permeability coefficient. In addition
" K Cg
as= nv 2121 8 (10)

AnPu(AP=AT) N7 (Cy—Cy)
Cgi is calculated by*®

(Cgi_ Cpi) —exp (&)

(Cpi—Cpi) k; (1

where k; is the mass-transfer coefficient, and J,, is the Permeate

flux at steady state in m>.m ™ %s~ ", C,i is calculated by*!

_ KyivGyi
A]VSS

Determination of the Model Parameters

The multiple-solute model is characterized by operating param-
eters, such as TMP, v, C;, and Cp; and membrane parameters,
such as R, Am, P,, i, k;, and Kj; The model parameters for
the simultaneous removal of CB (C4HsCl), Pb(II), and Cr(III)
with the mixed surfactants SDS and TW80 were determined
with experimental data. R,, was estimated from the slope of a
plot of the DI water flux versus AP/pu.

Cp,‘ = Cb,’ ( 12)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41435
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START

Input parameters (feed concentrations of each
solute, operating and membrane parameters)

Initial guess of the permeate concentrations of
each solute (Cpi guess)

'

Initial guess of volume flux of permeate in the
steady state (J pss puess)

.

Calculate the concentration of each solute in
gel layer and its total concentration

¥

Generate t v/s V|, data using Runge-kutta method
Calculate volume flux of permeate and steady
state permeate flux

i

A
Compare Jp s guess and Jp.s cakulated

£< 5% No

Yes

Calculate the concentration of each solute in
permeate

|

Compare Cpi guess and Ci calculated

Figure 2. Algorithm of simulation.

C,i was determined by the mass balance with the gel polariza-
tion model. Kj; was determined from the slope of the graph of
Cpi versus vCylA, ], (Where ], is the steady-state permeate
flux), with the intercept kept constant at Cy;.*>

The simulation procedure is shown in Figure 2. Input to the
model, such as the initial feed condition and membrane
parameters, were provided with guess values. V, could be
obtained by the integration of eq. (7) with a higher order
Runge-Kutta method® at equispaced time intervals. The gel
layer concentration of the solutes was obtained with eq. (11).
The permeate flux became constant over a period of time
attaining a steady state. This permeate flux was called J, ..
The C,; values were calculated with eq. (12). The concentra-
tion of each solute in the permeate was calculated only when
the error in the predicted and guess values of ], were less
than or equal to 5%. The calculation procedure was termi-
nated when the error in the guess value of the solute concen-
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Figure 3. Effect of o on the rejection of solutes.

tration in the permeate and the predicted value was less than
or equal to 5%.

RESULTS AND DISCUSSION

Effect of the Nonionic Surfactant to Ionic Surfactant Molar
Ratios («) on the Rejection and Permeate Fluxes

The ultrafiltration experiments were done to estimate the effect
of o on the rejection of the solutes and the permeate flux. The
experiments for chromium and lead ions were carried out indi-
vidually at a TMP of 25kPa and an inlet velocity of 100 mL/
min. The metal-ion concentration was 0.5 mM, and the total
surfactant concentration was 4 mM. The results are shown in
Figure 3. At a zero o value, that is, for the pure SDS surfactant,
the rejections of the Cr and Pb ions were 57 and 75%, respec-
tively. This was attributed to the concentration polarization and
led to gel layer formation or to a drop in the cmc of SDS in the
presence of metal salts. This may also have been due to the
entrapment of metal ions in the gel layer formed on the mem-
brane surface. Now, at a 0.1 value of o, the rejections of chro-
mium and lead were 80 and 96%, respectively. This showed that
the small addition of the TWS80 surfactant led to a sharp
increase in the rejection of the metal ions. The rejection of the
metal ions increased up to a 0.5 value of o and decreased with
further increases in o. The rejections of the metal ions at a 1.5
value of o was found to be 86 and 72% for lead and chromium,
respectively. The addition of TW80 to the SDS surfactant solu-
tion decreased the cmc of mixture and increased the number of
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e ® [} ® L4
o ® o
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. " X L 13603 &
- x X %
2 X n g
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g . 1 &
T 40 b4
& £
X %RSDS(Cr) A%RSDS(Ph) 7.5€-04 §
2011 S %RTWE0(Cr)  @%RTWS0(Pb) B
B Permeate flux
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a

Figure 4. Effect of o on the rejection of the surfactants and the permeate
flux of the solute.
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Figure 5. Effect of the S/M ratio on the rejection of (a) Cr, (b) Pb, (c¢) SDS, and (d) TW80.

micelles in the solution. This indicated an increase in the
micelle loading, which increased the metal-ion rejection. A fur-
ther increase in the TW80 surfactant in the mixture decreased
the surface charge density of the micelle; hence, fewer metal
ions adsorbed on the micelle. This led to a decrease in the rejec-
tion of metal ions. These results were in agreement with Auodia
et al,® Fang et al,”” and Huang et al,” Figure 4. The rejection
of TW80 was constant at 97%, whereas there was an increase in
the rejection of SDS with increasing o. An increase in SDS
rejection was observed from 62 to 92% as o varied from 0.1 to
1.5, respectively. The decrease in the relative flux was observed
with increasing o. The flux decreased by 27% as o varied from
0 to 1.5. This may have been due to the formation of a dense

100 x 'H_x_x_x_x 3.0E-05
80 4 :
A A A A - 2.5E-05 #
- A =
) A =
< 60 E
e A [ g 5
T 2.0E-05 é

z
‘T 40 =z
-4 g
b 15605 £
20 - ' g
X Cr m Pb ——CB A Permeate flux
0+ T + 1.OE-05
0 50 100 150 200
Pressure (Kpa)

Figure 6. Effect of TMP on the rejection and permeate flux of the solute.
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gel layer on the membrane surface with the addition of the
TW80 surfactant. Thus, a was empirically optimized at 0.5.

Effect of the Total Surfactant Concentration on the Rejection
of the Solutes

The dependence of the solute rejection and permeate flux on
the total surfactant concentration at the optimum value of o
was investigated, and the data are shown in Figure 5(a—d). The
initial chromium and lead ion concentrations in the feed were
0.5 mM each. As shown in Figure 5(a), the rejection of chro-
mium at a 1 mM total surfactant concentration without CB was
40%, and it rose with the addition of surfactant. At an S/M

100 - ﬁ_!_!_x—* 2.0E-05
[ |
A A A A
80 &
N f 1.86-05 %
z z
< 60 - ‘5
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= - 1.5€-05 ¥
g g
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inlet flow (ml/min)

Figure 7. Effect of the inlet flow on the rejection and permeate flux of the
solute.
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: - 15603 § Membrane resistance R 1.00 x 102
< g0 4 -
g 1 §— Osmotic pressure difference An 8.16 x 10*
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Figure 8. Effect of the operation time on the rejection of the solutes and Mass-transfer coefficient ks 2.74 x10°5
for CB
solvent flux.
Mass-transfer coefficient ka 2.56 x 1075
ratio of 5, the rejection was 92% and increased up to 99% at for SDS o B
S/M ratio=7 and remained constant further. According to Mass-transfer coefficient ks /.52 1075
Figure 5(b), lead-ion rejection without CB was 32%, and it for TW80 - B
increased sharply with increasing S/M ratio. The maximum Back-transport coefficient Kb1 830 x 1076
rejection of lead was obtained as 99.5% at an S/M ratio was 5 1O Pb(1l)
and remained constant with the further addition of surfactant. Back-transport coefficient Kb 8.00 x 1076
These results were in line with the experimental findings of  for Cr(ll])
Auodia et al.® Huang et al.’ Yenphan et al,'? and Vibhandik Back-transport coefficient Kpz 20.0 x 1076
and Marathe.?® The addition of CB was done to check the effect for CB
of organics on the rejection of the solutes. The CB concentra- Back-transport coefficient Kpa 20.0 x 1076
tion was 300 ppm up to its solubility limit at 28°C. According  for SDS
to Figure 5(a,b), we observed that the addition of CB decreased Back-transport coefficient Kps 30.0 x 1076
the with respect to (w.r.t.) rejection of metal ions without the for TW80

addition of CB at respective S/M ratios. This may have been
due to the accumulation of CB in the palisade layer and core of
the micelle. Initially, without the addition of CB, metal ions
may have accumulated in the palisade layer. After the addition
of CB, there was no space for metal ions in the palisade layer to
accumulate; hence, this lowered the rejection of metal ions.

Figure 5(c) shows the rejection of SDS with respect to the S/M
ratio. The rejection of SDS increased from 75 to 83% with
increasing S/M ratio from 1 to 15. Furthermore, the SDS rejec-
tion increased with the addition of CB by about 5-10%. The
rejection of TW80 was observed to be constant at 95% over the
entire range of S/M ratios, as shown in Figure 5(d).There was a
marginal increase in the rejection of TW80 in the presence of
CB. This may have been due to the decrease in the cmc of the

Table II. Feed Stream Conditions

Parameter Abbreviation Value
Transmembrane pressure AP 100,000
Membrane area Anm 21.5 x 1074
Superficial velocity % 0.00116
Total bulk concentration Cp 6.71 (13.8)
Feed concentration of Pb(ll) Ch1 0.103 (0.5)
Feed concentration of Cr(lll) Cpo 0.026 (0.5)
Feed concentration of CB Chs 0.300 (2.6)
Feed concentration of SDS Cha 1.92 (6)
Feed concentration of TW80  Cps 435 (3.32)
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surfactant mixture in the presence of CB. This led to an increase
in the micellization of more surfactant monomers and resulted
in a higher rejection. The S/M molar ratio was optimized at 10.

Effect of the TMP

The effects of TMP on the rejection of the solutes and the per-
meate flux were observed by MEUF experiments at the opti-
mized o and S/M ratio. The results are depicted in Figure 6. As
shown in figure, the permeate flux increased from 2 X 107> to
2.4 X 107> m® m % s ! as the pressure was varied from 25 to
100 kPa and remained constant with further increases in TMP.
Because of the pressure gradient between the two sides of the
membrane, the solution was transported toward the membrane
and was rejected on the membrane surface. This resulted in the
formation of the gel layer. Thus, the gel layer had a high con-
centration of solutes that was transported back to the bulk
stream. At 100 kPa, the convective flux of the solute was coun-
terbalanced by back-transport flux; hence, the permeate flux
was observed to be constant.”® The rejection of solutes was
observed to be constant over the entire range of TMPs. The
TMP was optimized at 100 kPa.

Effect of the Inlet flow Velocity

The experiment was conducted to check the effect of the inlet
flow on the rejection of solutes and permeate flux. The results
are shown in Figure 7. The permeate flux increased from 1.4 X
107°t0 1.9 X 10> m’ m > s~ ! as the inlet flow varied from 75
to 150 mL/min. The increase in the flux was about 20% com-
pared to the initial flux. The permeate flux remained constant
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Parameter Notation Experimental value Predicted value Error (%)
Steady-state permeate flux Joss 1.86 x 10° 1.94 x 1075 4.2
Concentration of Pb(ll) in the permeate Cp1 261 x 1072 273 x 1073 4.8
Concentration of Cr(lll) in the permeate Cpo2 0.87 x 10°3 0.93 x 10°3 6.0
Concentration of CB in the permeate Cos 436 x10°3 482 x10°3 9.5
Concentration of SDS in the permeate Coa 2645 x 1073 278.7 x 103 51
Concentration of TW80 in the permeate Cos 561.0 x 10" 3 592.0 x 10" 3 5.2

with further increases in the inlet flow. This was because of the
increase in the cross-flow velocity on the membrane surface,
which minimized the gel layer thickness. Up to 150 mL/min, the
gel layer was eradicated to its minimum level, and further eradi-
cation was not possible. Hence, there was no increase in the per-
meate flux above a 150 mL/min flow rate. The rejections of CB,
Cr, and Pb were found to be constant at 98, 98.5, and 99%,
respectively. These results were in agreement with Vibhandik and
Marathe.*® The inlet flow was optimized at 150 mL/min.

Parametric Evaluation for a Continuous System

The steady-state ultrafiltration experiment was done under opti-
mum operating conditions, namely, TMP = 100 kPa, « = 0.5, S/
M ratio = 10, and inlet velocity = 150 mL/min. The permeate
and retentate streams were recycled to the feed tank to ensure
that the initial feed concentration was constant. The results are
depicted in Figure 8. The rejections of SDS, TW80, and CB
were 90, 96, and 98.5%, respectively, whereas there was increase
in the rejections of Cr and Pb as the time was varied from 5 to
15 min. The rejection of Cr increased from 75 to 96%, whereas
the Pb rejection increased from 78 to 98% when the time was
varied from 5 to 15 min. This increase in rejection may have
been due to the formation of the gel layer, which offered resist-
ance to the flow and indicated a decline in the permeate flux.
As shown in the figure, we concluded that the equilibration
time for the process was 12 min.

Validation of the Mathematical Model

An attempt was made to validate experimental data of the
steady-state process with a mathematical model. Detailed theory
of the mathematical model is depicted in a previous section. The

3.0E-05
= X Experimental
H' | m Predicted
g 25605 X
= X
z X
g x
=
E 2.0E-05 * = 2 = = =
z X X X X X
1.56-05 + T T T
0 5 10 15 20

Time (min)
Figure 9. Comparison between the experimental and predicted permeate
flux values.
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application of a multiple-solute model was proposed by Man-
chalwar et al®® was tried to validate it with experimental data.
The experiments were carried out at TMP = 100 kPa and opti-
mized inlet feed velocity = 150 mL/min; the corresponding v was
0.001162 m/s. Equation (7) was solved with the Levenberg—
Margdaut method with a Gauss—Newton algorithm. Azn and P,
were calculated by the solution of egs. (8) and (9), respectively.
We found that the Az value was 82 kPa. The membrane parame-
ters, including k; and Kj; were determined, as explained earlier.

Jpss and the solute concentrations in the permeate were pre-
dicted at AP=100,000 N/m* and v=0.001162 m/s by the
multiple-solute model. The initial feed condition and the calcu-
lated membrane parameters are depicted in Tables II and IIJ,
respectively. With data from Tables I and II, models 7, 8, 9, and
10 were solved simultaneously with the algorithm given in Fig-
ure 2. The results are shown in Table IV.

As shown in Table IV, the metal-ion concentration was found to
be in good agreement with the experimental data. The TW80
and SDS permeate concentrations showed a 5% departure from
the experimental findings, and the CB permeate concentration
value determined by the simulation shows a 9% relative error
compared to the experimental value. According to Figure 9, the
equilibration time for flux by prediction was 10 min; this was
in good agreement with the experimental findings (12 min).

CONCLUSIONS

MEUEF is a feasible process for simultaneously separating heavy-
metal ions and organics from wastewater. The optimum param-
eters were as follows: S/M molar ratio = 10, o = 0.5, TMP = 100
kPa, and inlet flow rate =150 mL/min. There was about a 27%
decrease in the permeate flux with the addition of TW80. The
rejection of surfactants was increased because of CB, and there
was a decrease in the metal-ion rejection. In the steady state,
the rejection of metal ions increased from 5 to 15 min because
of the formation of the gel layer. ], was obtained as 1.86 X
107> m®> m™? s~'. The multiple-solute model was applied to
the experimental data. The solute concentration predicted by
simulation showed a 4-9% relative error; this was in the accept-
able range. The equilibration time was 10 min by simulation
and was is in close agreement with the experimental value.
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