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Cross-flow  micellar-enhanced  ultrafiltration  had  been  used  to separate  pollutants  from  waste  water
effectively,  while  permeate  flux decline  with  time  because  of the  increase  of  fouling  resistance.  According
to resistances  in  series  theory,  total  transport  resistance  is the  sum  of  two parts:  membrane  hydrodynamic
resistance  and  fouling  resistance.  By  observing  material  balance  and  hydrodynamic  type  of filtration,  we
proposed  an  analysis  method  of fouling  resistance  that  was based  on  cross-flow  filtration  and  took  into
account  the  presence  of  micelles  instead  of traditional  cake resistance  theory  that  was built  from  dead-

1/2

odel

ermeate flux
ouling resistance
ross-flow
EUF

end filtration.  We  found  permeate  flux  decline  not  only  by  the relationship  of  time  t that  traditional
cake  resistance  theory  said,  but also  by  concentration  of fouling  layer  � (or  ϕ). Retentate  non-recycled
and  retentate  recycled  cross-flow  experiments  were  carried  out  under  different  operate  conditions  (i.e.,
transmembrane  pressure  (TMP)  and  initial  concentration)  by  using  artificial  cadmium  (Cd)  contaminated
water  and  sodium  dodecyl  sulfate  (SDS)  and  models  showed  excellent  accuracy  to  predict  permeate  flux
through  correlation  r2 from  0.935  to  0.990.
. Introduction

Micellar-enhanced ultrafiltration (MEUF) is widely used in sepa-
ating pollutants from aqueous stream today, including the removal
f organic and inorganic solids and various anions and cations [1–6].
tudies have shown its effectivity in mechanical filter process for
he unique separation capabilities and low pressure [7–16]. Fig. 1
escribes a schematic of a two components counterion-surfactant
ystem in cross-flow MEUF. The metal ions are absorbed in the sur-
actant micelles surface directly by electrostatic interaction which
s the primary binding power in MEUF [17–19].  Simultaneously,
harged cadmium ions bridged surfactant micelles which make
icelles easily to get together. The surfactant micelles whose sizes

re larger than the pore sizes of ultrafiltration membrane are
etained by membrane and metal ions on the surface of micelles
re removed. However, due to the attachment of micelles to mem-

rane surface, more serious fouling layer was formed in MEUF
rocess than that of general ultrafiltration (UF) [20]. Although
his fouling layer plays a certain role in filtering the solution
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unan University, Changsha 410082, PR China. Tel.: +86 731 88821413;

ax: +86 731 88821413.
E-mail address: huangjinhui 59@163.com (J.-H. Huang).

927-7757/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfa.2012.03.026
© 2012 Elsevier B.V. All rights reserved.

and improves the efficiency of filtration to a certain extent, it
causes serious increase in fouling resistance and permeate flux
decline. Besides of mechanical filtration, MEUF has its unique char-
acteristics, including solubilization, micellization and adsorption
of micelles. Therefore, modeling of fouling resistance and perme-
ate flux in cross-flow MEUF cannot be described with the model of
general cross-flow UF [20]. It is an important and complex research
topic in membrane separation process [21–24].

Various models have been developed to predict permeate flux
in MEUF. Purkait et al. [23] built the model of gel layer thickness
in cross-flow MEUF using hexadecyl (cetyl) pyridinium chloride
as the cationic surfactant. But the formula of gel layer resistance
which they cited was built based on dead-line filtration process.
Rahmanian et al. [24] used fuzzy logic to simulate lead removal and
permeate flux in MEUF based on Box–Behnken design (BBD). Fuzzy
logic has its advantages that it provides a simple and easy approach
to describe the relationships between operational conditions and
permeate flux. However, it lacks of intuitive. Danis et al. [22] used
a model to investigate the performance of MEUF. Although the
model could describe the phenomenon of flux decline in MEUF to
a certain extent, it was  cited from a centrifugation-ultrafiltration

system [25]. Das et al. [21] used localized adsorption model to
predict permeate flux in cross-flow MEUF. They built a bridge
between gel layer concentration and feed counterion concentration
through experimental data fitting while this bridge did not undergo

dx.doi.org/10.1016/j.colsurfa.2012.03.026
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
mailto:huangjinhui_59@163.com
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Nomenclature

a specific surface of micelle (m2/m3)
A area of membrane (m2)
b flux model constant in Eq. (12) (s2/m2)
b′ flux model constant in Eq. (19) (s2/m2)
c flux model constant in Eq. (12) (m s/kg)
c′ flux model constant in Eq. (19) (m s/kg)
C0 initial feed concentration (kg/m3)
Cc retentate concentration of retentate non-recycled

system (kg/m3)
Cp permeate concentration (kg/m3)
Cr feed concentration of retentate recycled system

(kg/m3)
CCd

0 feed Cd concentration (kg/m3)
CSDS

0 feed SDS concentration (kg/m3)
CMC  critical micelle concentration (kg/m3)
f condensed degree of feed in retentate non-recycled

system
J permeate flux (m3/m2 s)
J1 permeate flux in retentate non-recycled system

(m3/m2 s)
J2 permeate flux in retentate recycled system

(m3/m2 s)
L fouling layer thickness (m)
Re Reynolds number
Rf fouling resistance (m−1)
Rf1 fouling resistance in retentrate non-recycled system

(m−1)
Rf2 fouling resistance in retentrate recycled system

(m−1)
Rm membrane hydrodynamic resistance (m−1)
t filtration time (s)
TMP  transmembrane pressure (Pa)
V permeate volume (m3)
V0 total volume in batch cell (m3)
Vc retentrate volume (m3)
Vf filtration volume of the feed (m3)
w return rate in retentate recycled system

Greek symbols
˛  specific fouling resistance (m/kg)
ε fouling layer porosity
� linear velocity based on filter area (m/s)
� dynamic viscosity of the solution (Pa s)
�f density of fouling layer (kg/m3)
� concentration of fouling layer in retentate non-

recycle cross-flow (kg/m3)

t
f
u

[
a
m
T
c
f
t
t
i

ϕ concentration of fouling layer in retentate recycle
cross-flow (kg/m3)

heoretical derivation or study verification. Therefore, modeling of
ouling resistance and permeate flux in cross-flow MEUF is very
rgent and meaningful.

In the present study, Due to traditional cake resistance model
20] was derived from dead-line material balance, we proposed
n analysis method of fouling resistance by establishing cross-flow
aterial balance and took into account the presence of micelles.

hen, using resistances in series theory [20] and mathematic cal-
ulus, model of permeate flux in cross-flow MEUF was  built. We

ound permeate flux decline not only by the relationship of time
hat traditional cake resistance model said, but also the concentra-
ion of fouling layer. Therefore, model parameters � (or ϕ), which
ntegrated from initial concentration and operate conditions, was
icochem. Eng. Aspects 401 (2012) 81– 89

introduced to describe the concentration of fouling layer. Cross-
flow filtration has two types generally: (i) retentate non-recycled
that is the retentate solution does not back to feed tank for filtering
again and (ii) retentate recycled. Experiments were conducted to
verify the models at various conditions (feed concentration, TMP,
types of cross-flow, time) and the results were also collated and
analyzed. In the present study, two types cross-flow permeate flux
were predicted and analyzed from the perspective of fouling resis-
tance.

2. Theory

2.1. The ideas of building a permeate flux decline model

Some assumptions are presented as the premise of models. (i)
In MEUF, Cd2+ ions in the solution were trapped in the electric
field of micelle and moved with the micelles. These ions were no
longer osmotically active [5,26,27]. Therefore, osmotic pressure is
ignored. (ii) The shape of micelle varies not only with the structure
of the hydrophilic head group, but also with changes in the elec-
trolyte content, temperature, pH, and the presence of additives in
the solution [28]. With 30 ◦C, pH = 7, aqueous media, the shape of
SDS micelle can be considered as typical spherical under low critical
micelle concentration (CMC).

The relationship between permeate flux and transmembrane
pressure (TMP) was bridged through laminar Blake–Kozeny equa-
tion. Therefore, fluid type of MEUF must be determined at first by
using Reynolds number. Material balance of cross-flow was used
to eliminate the variable (thickness of fouling layer) of laminar
Blake–Kozeny equation. In addition, different types of cross-flow
had different material balance. Then, equations of fouling resis-
tance in retentate recycled and non-recycled cross-flow MEUF were
found respectively by laminar Blake–Kozeny equation and material
balance. Naturally, models of permeate flux were found by using
resistances in series theory and mathematics calculus.

2.2. Modeling of permeate flux decline

2.2.1. Retentate non-recycled system
According to the definition of permeate flux [29] and resistances

in series model [20]. Equation of permeate flux is obtained:

J = 1
A

dV

dt
= TMP

�(Rm + Rf )
(1)

where J is permeate flux (m3/m2 s), A is area of membrane (m2), V
is permeate volume (m3), t is filtration time (s), TMP  is transmem-
brane pressure (Pa), � is dynamic viscosity of solution (Pa s), Rm is
membrane hydrodynamic resistance (m−1), Rf is fouling resistance
(m−1).

With the operational condition of experiment, Reynolds number
Re = �u0d/�, where, u0 is average velocity in channel, d is diameter
of cross-flow channel, and �, � are solution density and dynamic
viscosity, respectively. With the operating TMP  (60, 100, 150 kPa),
the Reynolds number for all the operating velocity (0.026, 0.032,
0.040 m/s) is far less than 2000. Therefore, hydrodynamic type
of MEUF is laminar flow. For laminar flow, the deduced laminar
Blake–Kozeny equation [29,30] is showed to apply to filtration:

TMP

L
= 5��(1 − ε)2a2

ε3
(2)

where L is fouling layer thickness (m), ε is fouling layer porosity,

a is specific surface of micelle (m2/m3), � is linear velocity based
on filter area (m/s), � is dynamic viscosity of solution (Pa s). For
typical spherical SDS micelle, specific surface a = 6/ds, ds is diameter
of micelle (m)  and diameter of typical spherical SDS micelle is 4 nm
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31]. Linear velocity �, is based on the empty cross-sectional area
nd

 = dV/dt

A
(3)

A material balance is needed to establish a link between Eqs. (2)
nd (3) in retentate non-recycled system and given:

0Vf = LA(1 − ε)�f + CcVc + CpV (4)

here C0 is initial concentration in feed (kg/m3), unchanged with
ltration, Vf is volume of feed which has been filtered (m3), and it
nally equals the total volume of batch cell, �f is density of fouling

ayer (kg/m3), Cc is retentate concentration, Vc is retentate volume
m3), and Cp is permeate concentration.

In Eq. (4),  Vc = Vf − V − εLA and εLA is volume of filtrate held in
ouling layer. The calculated value of L is about 10−3 to 10−4 m by
quation: Rf = specific fouling resistance  ̨ × L. Moreover, εLA turns
ut to be about 0.1–1‰ of volume of feed. Therefore, the volume
f filtrate held in fouling layer is insignificance and neglected [29].
efine f = V/Vf, and f represents condensed degree of feed. It is con-

rolled by using the retentate back valve and keeps unchanged with
ltration. Then, Eq. (4) becomes:

0V = fLA(1 − ε)�f + Cc(1 − f )V + fCpV (5)

Substituting Eq. (3) into Eq. (2) and using Eq. (5) to eliminate L,
 final equation is obtained as:

dV

Adt
= TMP

�(5(1 − ε)a2/�f ε3)((C0 − Cc(1 − f ) − Cpf )V/fA)

= TMP

�(˛(C0 − Cc(1 − f ) − Cpf )V)/fA
(6)

here  ̨ is specific fouling resistance (m/kg),and defined as:

 = 5(1 − ε)a2

�f ε3
(7)

According to resistances in series theory, transport resistance
n filtrating process includes two main contributions: (i) Rm, mem-
rane hydrodynamic resistance, constant in time, which is related
o the properties of membrane. (ii) Rf, fouling resistance. Therefore,
q. (6) indicates the expression of fouling resistance in retentrate
on-recycled system:

f 1 = ˛(C0 − Cc(1 − f ) − Cpf )V
fA

(8)

here Rf1 is fouling resistance in retentrate non-recycled system
m−1). To simplify the equation, we define � = (C0 − Cc(1 − f) − Cpf)/f,
nd � is introduced to depict the integrated result of each parts,
epresented the concentration of fouling layer, and then Eq. (8)
ecomes:

f 1 = ˛�V

A
(9)

Using Eqs. (9) and (1),  Eq. (1) can be integrated to obtain an
xpression of permeate volume versus time in retentate non-
ecycled system as:

 = −�Rm + (�2R2
m + 2�˛�TMPt)

1/2

�˛�/A
(10)

Substituting Eq. (10) into Eq. (9) to eliminate V, a function of

ouling resistance in retentate non-recycled system is obtained:

f 1 =
(

R2
m + 2˛TMP

�
�t

)1/2
− Rm = TMP

�
(b + c�t)1/2 − Rm (11)
icochem. Eng. Aspects 401 (2012) 81– 89 83

where b, c are constant parameters in retentate non-recycled
MEUF, b = �2R2

m/TMP2, c = 2˛�/TMP. Integrating Eq. (10) with ini-
tial condition: t = 0, V = 0, a function of permeate flux in retentate
non-recycled system is obtained:

J1 =
(

�2R2
m

TMP2
+ 2˛�

TMP
�t

)−(1/2)

= (b + c�t)−(1/2) (12)

where J1 is permeate flux in retentate non-recycled system
(m3/m2 s).

2.2.2. Retentate recycled system
Similarly, a material balance was given in retentate recycled

system:

C0V0 = LA(1 − ε)�f + Cr(V0 − V) + CpV (13)

where V0 is total volume in batch cell (m3), C0 is initial concentra-
tion in feed. However, retentate solution is recycled to feed tank
and Cr becomes feed concentration. Define w = V/V0, and w repre-
sents return rate. It changes with the volume of permeate. Then,
Eq. (13) becomes:

C0V = wLA(1 − ε)�f + Cr(1 − w)V + wCpV (14)

Similarly, substituting Eq. (3) into Eq. (2) and using Eq. (14) to
eliminate L, expression of fouling resistance in retentrate recycled
system is obtained:

Rf 2 = ˛(C0 − Cr(1 − w) − Cpw)V
wA

(15)

where Rf2 is fouling resistance in retentrate recycled system (m−1).
In retentate recycled system, we proposed a model parameter
ϕ = (C0 − Cr(1 − w) − Cpw)/w, and ϕ represents the concentration of
fouling layer. Then, Eq. (15) becomes:

Rf 2 = ˛ϕV

A
(16)

From Eqs. (16) and (1),  permeate volume in retentate recycled
system can be expressed as a function of time:

V = −�Rm + (�2R2
m + 2�˛ϕTMPt)

1/2

�˛ϕ/A
(17)

Substituting Eq. (17) into Eq. (16) to eliminate V, a function of
fouling resistance in retentate recycled system is obtained:

Rf 2 =
(

R2
m + 2˛TMP

�
ϕt

)1/2
− Rm = TMP

�
(b′ + c′ϕt)1/2 − Rm (18)

where b′, c′ are constant parameters in retentate recycled MEUF,
b′ = �2R2

m/TMP2, c′ = 2˛�/TMP. Integrating Eq. (17) with initial con-
dition t = 0, V = 0, an equation of permeate flux of time in retentate
recycled system is obtained:

J2 =
(

�2R2
m

TMP2
+ 2˛�

TMP
ϕt

)−(1/2)

= (b′ + c′ϕt)−(1/2) (19)

where J2 is permeate flux in retentate recycled system.
Prediction of parameters � and ϕ, representing concentration

of fouling layer, were mentioned in Section 4.3.  Parameters b, c, b′,
c′ in Eqs. (12) and (19) are obtained by fitting the calculated curve
using Origin software. The value of specific fouling resistance and
membrane hydrodynamic resistance are determined in filtration
experiments by methods mentioned in Sections 4.1 and 4.2.

Eqs. (11), (12), (18) and (19) are built to simulate fouling resis-
tance and permeate flux intuitively in cross-flow MEUF. Each

parameter in those equations has its significance and represents
specific operate factor. Taken advantage of this, specific operate
factor could be obtained by observing intercept or slope of related
graph. We  can also control the filtration process through adjusting
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Fig. 1. A schematic diagram of separati

pecific operate factor and find the most suitable operate condi-
ions. The method of model derivation can be extended to other

embrane filtration processes. From Eqs. (11) and (18), the math-
matical significance of fouling resistance versus �t or ϕt indicates

 parabola. From Eqs. (12) and (19), permeate flux versus �t or ϕt
ndicates an exponential decline curve.

. Experiment

.1. Materials

The chemicals used are as follows: Sodium dodecyl sulfate
SDS) (C12H25NaSO4, MW 288.38, AR, 1 CMC  = 2.2494 kg/m3 [4])
as obtained from Tianjin Kermel Chemical Reagents Development
enter, China. Cadmium nitrate tetrahydrate (Cd(NO3)·24H2O, MW
08.48, AR) was obtained from Shanghai Tingxin Chemical Reagent
ompany, China. Sodium hydroxide (NaOH, MW 40, AR) was  pur-
hased from Sinopharm chemical reagent company, China. The
eionized water used in all experiments was produced from a
ater purification system (type 90007-03) purchased from Lab-

onco, USA.

.2. Ultrafiltration unit

An improved composite biomax membranes of MWCO
0,000 Da, obtained from Pellicon XL Device, Millipore Corpora-
ion, USA. The characteristics of membrane are: pH operating range,
–14; operating temperature, 4–50 ◦C; maximum operating pres-
ure, 5.6 bar; filtration area, 50 cm2.

MEUF system is modified from Millipore LabscaleTM TFF System
or meeting the requirements of feed tank. Set-up of the system is
hown in Fig. 2.

From 10 L feed tank, feed solution is pumped through a cross-
ow filtration cell to two lines A or B. A, retentate non-recycled,
epresents the line that retentate solution do not back to feed tank

fter filtration. B, retentate recycled, represents the line that reten-
ate solution back to feed tank after filtration. The desired TMP in
ltration cell is shown by pressure gauge and controlled by feed
ump and retentate back pressure valve.
etal ions by MEUF using SDS micelles.

3.3. Experiment procedure

The cross-flow MEUF experiments were carried out in batch cell
with two  types: (i) the line of retentate non-recycled, described as
A line in Fig. 2 (ii) the line of retentate recycled, described as the line
of B in Fig. 2. Selected TMP was 60 kPa, 100 kPa, 150 kPa, while SDS
concentration was  controlled at 4 CMC. For all experiments, feed
cadmium ions concentration was  kept constant at 100 mg/L. SDS
concentrations were selected at 1 CMC, 2 CMC, 4 CMC, while TMP
was controlled at 100 kPa. Due to the low concentration of metal ion
compared with that of surfactant concentration, SDS concentration
was defined to solution concentration. Diluted HNO3 and NaOH for
pH adjustment of solutions in experiments were used and pH was
adjusted to 7.0. All the experiments were conducted at 30 ± 2 ◦C
maintained by stirring hot plate.

Before using a flesh membrane, membrane was  washed by dis-
tilled water at the pressure of 100 kPa for 30 min. The pure water
permeate flux at various TMP were measured by flowmeter and per-
Fig. 2. Experimental set-up of batch cross-flow MEUF unit: 1, feed tank; 2, feed
pump; 3, membrane filtration unit; 4, measuring cylinder; 5, flowmeter; 6, feed pres-
sure gauge (in); 7, retentate pressure gauge (out); 8, stirring hot plate; A, retentate
non-recycled line; B, retentate recycled line.
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ig. 3. The variations of SDS concentration in permeate and retentate solution as
etentate non-recycled cross-flow and (b) retentate recycled cross-flow.

s Rm = 1/(�0 × slope), �0 is dynamic viscosity of pure water in 30 ◦C.
he membrane hydrodynamic resistance is 2.64 × 1012 m−1.

Desired feed concentration solution was prepared in retentate
on-recycled and recycled system respectively using deionized
ater and the solution would be placed for 1 h in order to form

admium-micelles. After filling up feed tank, solution was pumped
o cell and volumes of permeate were collected at desired times
sing measuring cylinder. The samples of permeate and retentate
tream were also collected at desired times to analysis SDS con-
entration. The instantaneous permeate and retentate flow was
easured by flowmeter at each time in order to calculate permeate

ux. TMP  was calculated as TMP  = (Pin + Pout)/2.
After each experiment, for recovering its permeability, mem-

rane was washed thoroughly with the help of distilled water for
 h, NaOH (0.5 mol/L) for 30 min, deionized water for 30 min  at the
ressure of 100 kPa.

.4. Analysis

SDS concentratin in permeate and retentate is determined by
ethylene blue spectrophotometric method [32] (ISO-7875-1-

996) with Shimadzu UV-2550 (P/N206-55501-93) spectropho-
ometer, Japan.

. Results and discussion

.1. Determination of specific fouling resistance

The special fouling resistance of each cross-flow types was
btained by fitting experimental data and using following expres-
ion, which was deformed from Eqs. (12) and (19). Retentate

on-recycled system:

−2
1 = �2R2

m

TMP2
+ 2˛�

TMP
�t = b + c�t (20)
s process parameters with time at feed concentration = 4 CMC, TMP = 100 kPa. (a)

Retentate recycled system:

J−2
2 = �2R2

m

TMP2
+ 2˛�

TMP
ϕt = b′ + c′ϕt (21)

where the slope of J−2
1 versus �t plot gave the value of special fouling

resistance. From each set of experiments (i.e., TMP  and feed SDS
concentration), slope of Eq. (20) was showed and the special fouling
resistance was calculated as  ̨ = TMP × slope/2 �. Similarly, special
fouling resistance in retentate recycled system was calculated by
the same method by Eq. (21). Variations of  ̨ with different TMP
and feed SDS concentration were showed in Table 1. Moreover, the
specific fouling resistance was correlated with operating conditions
[23] as: (i) Retentate non-recycled system:

 ̨ = ˛0(TMP)s1

(
CSDS

0

CCd
0

)s2

(22)

where CSDS
0 , CCd

0 are identified as feed SDS and Cd concentration,
respectively. Next, ˛0 = 3.784 × 107 m/kg, s1 = 1.411, s2 = −1.767.
(ii) Retentate recycled system:

 ̨ = ˛′
0(TMP)s3(CSDS

0 /CCd
0 )

s4
(23)

Next, ˛′
0 = 1.353 × 1011 m/kg, s3 = 0.547, s4 = −0.789.

In Eqs. (22) and (23), the specific fouling resistance is directly
proportional to TMP, and inversely proportional to the value of
initial feed concentration. And the effects of TMP  and initial feed
concentration on permeate flux curve could be determined by Eqs.
(20) and (21).

4.2. Determination of membrane hydrodynamic resistance
The method to calculate Rm has been introduced in Section
3.3. However, membrane hydrodynamic resistance also could be
calculated by intercept of the straight-line Eqs. (20) and (21).
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Table  1
The results related to permeate flux decline in various TMP  and feed SDS concentration at CCd

0 = 100 mg/L.

(a) Retentate non-recycled cross-flow

TMP  (kPa) CSDS
0 (CMC) Flux model of retentate non-recycle cross-flow

b × 108 (s2/m2) c × 103 (m s/kg) r2
 ̨ × 1012 (m/kg) Rm × 1012 (m−1)

60 4 3.019 1.993 0.956 0.075 1.70

100
1  1.944 27.788 0.968 1.737 1.74
2  2.002 6.289 0.951 0.393 1.77
4  2.020 2.398 0.974 0.150 1.78

150 4 1.819 2.884 0.936 0.270 2.53

(b)  Retentate recycled cross-flow

TMP  (kPa) CSDS
0 (CMC) Flux model of retantate recycled cross-flow

b′ × 108 (s2/m2) c′ × 103 (m s/kg) r2
 ̨ × 1012 (m/kg) Rm × 1012 (m−1)

60 4 2.995 41.625 0.942 1.561 1.68

100
1  1.827 106.560 0.979 6.660 1.69
2 2.016 43.943 0.974 2.746 1.77
4  1.954 35.675 0.990 2.230 1.75

22 
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rom each set of experiments (i.e., TMP  and feed SDS concen-
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Furthermore, Rm calculated by the method described in Section
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.3. Determination of concentration of fouling layer � and ϕ

In the process of MEUF, variables needed to be considered,
ncluding rate of reflux, concentration of permeate and retentate.
xperimental parameters � and ϕ integrated from these variables
nd represented the concentration of fouling layer. They could be
alculated by the definition introduced at Section 2.2. However, �
ould be seen as a constant after a certain time and ϕ could be pre-
icted with the help of volume reduction factor VRF [33] that were
entioned in the next Section 4.3.2.

.3.1. Prediction of � in retentate non-recycled system
In retentate non-recycled system, the rate of concentration

ould be controlled by retentate back pressure valve, and then a cer-
ain condensed degree of feed f was determined. Variations of SDS
oncentration in permeate and retentate was shown in Fig. 3(a).
t was observed that SDS concentration in permeate and retentate
apidly increased at initial 2800 s and tended to unchanged basi-
ally. Therefore, the value of � could be seen as a constant after

800 s which was shown in Fig. 3(a). Therefore, concentration of
ouling layer could be seen as a constant after 2800 s in retentate
on-recycled system.
icochem. Eng. Aspects 401 (2012) 81– 89 87

4.3.2. Prediction of ϕ in retentate recycled system
In retentate recycled system, studies have been reported SDS

concentration in permeate was  1 CMC  [21]. However, steady per-
meate surfactant concentration in the present study showed in
Fig. 3(b) kept at 0.4–0.6 CMC. This may  be due to solute was fil-
tered by a dense fouling layer besides membrane and this process
improved the rejection of membrane filtration.

The rate of recycled was controlled by retentate back pressure
valve, and return rate w was  determined by volume of solution
remained in feed tank. Fig. 3(b) depicted the trend of SDS con-
centration in permeate and retentate. Permeate SDS concentration
tended to be the same after 1800 s and retentate SDS concentration
rapidly increased with filtration. Fig. 3(b) showed the variations of
concentration of fouling layer ϕ with time. Due to permeate con-
centration tended to be a constant, according to the definition of ϕ,
retentate concentration Cr and volume became the main affecting
factors to ϕ after 1800 s. Furukawa et al. [33] used volume reduc-
tion factor VRF to predict retentate concentration Cr and defined
VRF = Cr/C0 = V0/(V0 − V), then Cr and ϕ could be determinate by VRF.

4.4. Modeling of fouling resistance

4.4.1. Fouling resistance in retentate non-recycled system
Experimental fouling resistance was determined from experi-

mental permeate flux by using Eq. (1).  Fig. 4(a) was mapped for
better illustrate the effects of three typical TMP  of 60 kPa, 100 kPa,
150 kPa and feed SDS concentrations of 1 CMC, 2 CMC, 4 CMC to
fouling resistance. It gradually increased and finally tended to be a
constant. That was  due to a balance between the life force and the
drag force, gradually built up with time [34]. It was evident from the
figure that fouling resistance was greater for higher TMP  because of
larger dense of fouling layer over the membrane surface. De et al.
[26] showed smaller porosity and larger dense for higher TMP. From
Eq. (7),  it also showed that smaller porosity means greater spe-
cific fouling resistance and larger dense. On the other hand, fouling
resistance was  larger for higher feed concentration at same TMP.
Although higher feed concentration made smaller specific fouling
resistance (Section 4.1), the number of micelles is greater, leading
to more number of micelles attached to the membrane surface and
increased the thickness of fouling layer. Studies have reported that
the higher feed concentration above the CMC, the greater fouling
resistance [22,35,36].

4.4.2. Fouling resistance in retentate recycled system
With various operational conditions, similar effects were shown

in Fig. 4(b) that fouling resistance was  greater for higher TMP  and
higher feed concentration. That may  due to retentate solution was
concentrated constantly and the concentration of it increased with
time.

4.5. Modeling of permeate flux decline

Comprehensive analysis concerning flux decline versus �t (or
ϕt) was carried out by evaluating of the results, feed SDS concen-
tration of 4 CMC  and TMP  of 100 kPa, as shown in Fig. 5. Flux decline
models of retentate non-recycled and recycled system presented
admirably good correlations in terms of r2 values. The results of it
in various operational conditions were shown in Table 1.

4.5.1. Modeling of flux decline in retentate non-recycled system
Fig. 6(a) shows permeate flux decline with time in retentate

non-recycled system at various TMP and three different feed SDS
rapidly at initial 2800 s and finally tended to be the same. This may
due to fouling resistance gradually formed at membrane surface
and achieved a balance between newly formed and dragged away
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y shear force after 2800 s. It was evident from Fig. 6(a) that perme-
te flux was lower for higher feed concentration at a certain TMP
ecause of greater fouling resistance. On the other hand, at any
oint of operating time, permeate flux was higher for higher TMP.

Total transport resistance has two parts: fouling resistance, 1010

m−1) shown in Fig. 4(a) and membrane resistance, 1012 (m−1)
hown in Table 1. Therefore, in Section 4.1, although s1 was greater
han 1, fouling resistance depends on pressure to greater than the
rst power, the main factor to affect total transport resistance

s membrane resistance. Therefore, with the help of Eq. (1),  this
esult in a flux that increases with increasing pressure was a nor-
al  phenomenon shown in Fig. 6(a). Studies had been researched

hat permeate flux was lower for higher TMP  because of greater
ouling resistance [22,33] and permeate flux was higher for higher
MP  because of larger driving force [23,29]. For these diametri-
ally opposite conclusions, it also could be interpreted with the
elp of Eq. (1).  In summary, the effect of TMP  on permeate flux
epended on which was the dominant factor, driving force or total
ransport resistance during different membranes and filtration
rocess.

.5.2. Modeling of flux decline in retentate recycled system
Permeate flux was lower for higher feed concentration due to

reater micelles on membrane surface, shown in Fig. 6(b). And per-
eate flux was higher for higher TMP. Although fouling resistance

as also higher for higher TMP, the increment of fouling resistance
as less than TMP  because s3 was lower than 1 (Section 4.1). There-

ore, with the help of Eq. (1),  the overall result in permeate flux that
ncreases with increasing TMP.
ation and TMP. (a) Retentate non-recycled cross-flow and (b) retantate recycled

5. Conclusions

The present study focused on establishing a suitable fouling
resistance model and permeate flux model of two types cross-
flow MEUF by theoretical derivation and experimental verification.
Based on material balance of cross-flow and hydrodynamic type of
MEUF, model of permeate flux versus concentration of fouling layer
and time was  developed instead of traditional fouling resistance
model that permeate flux only with the relationship of time. Models
showed excellent accuracy to predict permeate flux through corre-
lation r2 from 0.935 to 0.990. It could be used to calculate specific
fouling resistance and membrane hydrodynamic resistance intu-
itively through constant parameters b, c or b′, c′ and concentration
of fouling layer on membrane surface through parameters �, ϕ. In
addition, the methods of modeling could extend to other filtration
through identify fluid type (laminar flow or turbulent flow) and
material balance (batch filtration or continuous filtration) of the
filtering process.
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