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a b s t r a c t

It is known that micellar-enhanced ultrafiltration (MEUF) is an efficient and economic process for the
removal of trace metal ions and organics from aqueous media. In this work, flux decline behavior in MEUF
of aqueous solutions containing trace Cu(II) (1.6–8 mM) and anionic surfactants sodium dodecyl sulfate
(SDS) or sodium dodecyl benzene sulfate (SDBS) was studied at 25 ◦C in batch mode. An UF membrane
eywords:
lux decline
icellar-enhanced ultrafiltration

nionic surfactants
etal removal

that had average pore size comparable to those of Cu(II)-adsorbed micelles was adopted. All experiments
were performed as a function of stirring speed (200–400 rpm), solution pH (3.0–5.0), molar concentration
ratio of surfactant to metal (S/M, 2.5–12.7), and applied pressure (69–345 kPa). It was shown that more
than 90% of Cu(II) could be removed at an S/M ratio of 12.7 and pH 5 using SDS. The blocking filtration
law was used to identify the mechanism(s) of flux decline during the MEUF processes. Finally, the specific
cake resistances in both SDS and SDBS systems were evaluated and compared.
locking filtration laws

pecific cake resistance

. Introduction

Inorganic pollutants are of considerable concern because they
re non-biodegradable, highly toxic and cause probable carcino-
enic effects. If directly discharged into sewage system they may
eriously damage the operation of biological treatment as well as
ake the activated sludge unsuitable for the application to agri-

ultural land [1]. For the removal of heavy metals from aqueous
ffluents, the traditional techniques are either incapable of reduc-
ng their concentrations to the levels required by law (e.g., process
f reduction or lime precipitation) or comparatively expensive (e.g.,
ctivated carbon adsorption, process of ion exchange, electrolytic
emoval). Membrane process becomes today an attractive and
uitable technique in the treatment of industrial wastewaters con-
aining toxic heavy metals, and has to be easily included in whole
rocess [2]. This is the reason why membrane separation processes
re being used more and more frequently. Moreover, separation can

e carried out at room temperature; the surface area of membrane
odule is easily adjusted to wastewater flows; and various indus-

rial membranes are currently available. To remove heavy metals
rom aqueous streams, reverse osmosis (RO) or nanofiltration (NF)
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can be readily used due to the small size of metal ions; however,
the flux of RO is limited and requires comparatively high applied
pressure [3], or the total rejection by NF is not easily achieved [4],
making the process practically unattractive.

Thus, there has been an increasing level of interest and research
efforts to improve the performance or reduce the cost of membrane
processes. Various forms of surfactant-based membrane separation
processes such as micellar-enhanced ultrafiltration (MEUF) [4–6],
micellar extraction coupled with UF [7,8], and ion-expulsion UF [9]
have been proposed to remove heavy metals from aqueous streams.
Of these processes, MEUF has been often used for this purpose
in the past decade, particularly from dilute solutions, due to its
simplicity and low cost of the operation [4–6,10–12]. Metal ions
are adsorbed via electrostatic attraction onto surfactant micelles,
which formed as surfactant concentration is higher than its criti-
cal micelle concentration (cmc), followed by subsequent retention
of the metal–micelle complexes by UF. In this regard, the micelles
resulting from anionic surfactants are applied for removing posi-
tively charged metals. Generally speaking, the efficiency of metal
removal depends on the characteristics and concentration ratio of
surfactant and metals, solution pH and composition, ionic strength,
and the parameters related to membrane unit operations (such as

applied pressure, flow rate or stirring speed, and membrane pore
size) [4–6,10–16]. Although MEUF has been widely examined, to
our best knowledge, most of the previous studies merely focused
on the effects of aforementioned system variables on the removal
or separation of metal ions. Relatively few studies reported and

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rsjuang@saturn.yzu.edu.tw
dx.doi.org/10.1016/j.cej.2010.04.007
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Nomenclature

A effective membrane area (m2)
Cf Cu(II) concentration in the feed (mM)
Cp Cu(II) concentration in the permeate (mM)
J permeate flux of actual solution (L/(m2 h))
k constant defined in Eq. (1) (h/m3)2−n

MFI modified fouling index defined in Eq. (7) (h/m6)
n constant defined in Eq. (1)
�P applied pressure (kPa)
r2 correlation coefficient
Rc resistance of the cake (m−1)
Rm resistance of the membrane (m−1)
S/M molar concentration ratio of surfactant to metal
SDS sodium dodecyl sulfate
SDBS sodium dodecyl benzene sulfate
t filtration time (h)
V cumulative permeate volume (m3)

Greek letters
˛ specific cake resistance defined in Eq. (6) (m/kg)

a
M

p
a
b
a
r
s
a

� viscosity of the permeate (Pa s)

nalyzed the flux decline or fouling behavior of membrane during
EUF [16].
In this work, the flux decline or fouling behavior of a batch MEUF

rocess was analyzed and the specific cake resistance was evalu-
ted. Cu(II) and sodium dodecyl sulfate (SDS) or sodium dodecyl
enzene sulfate (SDBS) were selected as model heavy metal and

nionic surfactant, respectively. The instantaneous flux and Cu(II)
ejection were measured at different molar concentration ratios of
urfactant to metal (S/M), solution pH values, stirring speeds, and
pplied pressures.

Fig. 1. Schematic diagrams of the blocking filtration laws: (a) complete blocking,
ing Journal 161 (2010) 19–26

2. Model description

The blocking filtration laws derived previously by Hermia [17]
are adopted here as a resistance model. It essentially represents
the time dependent behavior of cumulative filtrate volume (V)
for constant-pressure dead-end membrane filtration [18], which
is given by

d2t

dV2
= k

(
dt

dV

)n

(1)

where k and n are the parameters, which depend on the charac-
teristics of particle and filtration medium. The physical meaning of
n value of 0, 1, 1.5, and 2, as shown in Fig. 1 [19], corresponding
to the mechanism of cake filtration, intermediate blocking, stan-
dard blocking, and complete blocking, respectively, is described as
follows:

(a) Cake filtration

Ideal cake filtration is based on the assumption that all particles
are accumulated in a cake layer. Also, it is assumed that the cake
resistance is proportional to the thickness of the cake.

(b) Intermediate blocking

In the intermediate blocking law, particles are allowed to settle
on previously deposited particles. It is assumed that each location
has an equal probability of being occupied. This means that the
chance that a particle settles on a free site is equal to the ratio
of free and occupied sides. It is assumed that blocked pores are
impermeable.
(c) Standard blocking

The standard blocking law is based on the assumption that all
particles settle inside the pores. Hence, the occupied pore volume is

(b) intermediate blocking, (c) standard blocking, and (d) cake filtration [19].
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effect of solution pH on Cu(II) rejection is also shown in Figs. 3 and 4.
ig. 2. Schematic diagram of the experimental setup of dead-end UF process.

roportional to the filtrated volume. The Hagen–Poissuille equation
s used to relate the pore volume (diameter) to the resistance.

d) Complete blocking

It is assumed that each filtrated particle participates in blocking
he membrane. Hence, the blocked area depends linearly on the
ltrated volume. Furthermore, it is assumed that blocked parts of
he membrane are impermeable. Consequently, the resistance is
nversely proportional to the fraction of free pores.

In principle, any other real value of n can be allowed; however,
here is no physical interpretation in that case. The constant k can be
xplained as a scaling factor that is proportional to the concentra-
ion of foulants. The parameter n can be easily identified by fitting
he measured data; for example, the plots of ln V versus t, t/V versus
, V versus ln t, and t/V versus t will give a straight line for n = 2, 0,
, and 1.5, respectively [17].

. Materials and methods

.1. Reagents and solutions

The surfactants sodium dodecyl sulfate (SDS) was purchased
rom ACROS Co. and sodium dodecyl benzene sulfate (SDBS) was
btained from Sigma–Aldrich Co. Both surfactants were diluted
ith deionized water (Millipore, Milli-Q), to which an amount of
uSO4 was added. Otherwise indicated elsewhere, 20 mM of SDS or
DBS was used throughout this work because the cmc of SDS and
DBS was measured to be 8.0 and 1.8 mM, respectively (not shown).
olution pH was adjusted by adding a small amount of 0.1 M NaOH
r H2SO4, which was measured using a digital pH meter (Horiba F-
3, Japan). All inorganic chemicals were of analytical reagent grade
Merck Co., Germany) and used as received.

.2. Dead-end UF experiments

Fig. 2 illustrates the experimental setup. The UF experiments
ere performed in a batch stirred cell (Millipore, XFUF07601) with
capacity of 300 mL, where the disc membrane has a diameter

f 76 mm with a geometric area of 41.8 cm2. The applied pressure
�P) of UF cell was controlled by nitrogen gas. The stirring speed
aried in the range 200–400 rpm. Experiments were carried out at
round 25 ◦C controlled by air conditioning. The membrane YM10
Amicon Co.) with molecular weight cut-off (MWCO) of 10,000 was
sed here, which is made of regenerated cellulose.
The instantaneous permeate flux (J) at each run was calculated
n the time intervals t1 and t2 by

= (V2 − V1)
A (t2 − t1)

(2)
ing Journal 161 (2010) 19–26 21

where A is the effective membrane area (m2). Also, the average
rejection of Cu(II) was obtained as follows:

rejection = 1 − Cp

Cf
(3)

where Cp and Cf were the concentrations of Cu(II) in the perme-
ate and feed, respectively, at pseudo-steady state. The typical time
profiles of filtration flux J over the entire process can be empirically
expressed in the following exponential dependence [20]:

J =
p∑

i=1

(Ji−1 − Ji) exp(−kit) + Ji (4)

Here the steady flux was obtained at t → ∞ through the selection
of r such that the percent of standard deviation between the fitted
and measured flux was less than 1% (in most cases, p = 2–4). The
samples were taken from the permeate at preset time intervals
and the concentrations of Cu(II) were analyzed by a Varian atomic
absorption spectrophotometer (Model 220FS).

The rejection of 20 mM SDS or SDBS micelles in the absence
of Cu(II) with YM10 was also measured by the similar procedures
to those of Cu(II) as described above. The concentrations of SDS
and SDBS in the solutions were determined by a Shimadzu UV/vis
spectrophotometer (Model UV-240) [14,21].

3.3. Micelle size measurements

In this work, the electrophoretic mobility of the solution con-
taining Cu(II)-adsorbed micelles (that is, before MEUF experiments)
was determined with a Zetasizer 3000HS analyzer (Malvern, UK).
Each sample was analyzed three times, and the information about
size distribution by intensity and by volume as well as the total
intensity was recorded.

3.4. Regeneration of used membranes

After the completion of each experiment, the membrane used
was cleaned in ultrasonic cleaner with 0.1 M NaOH for 30 min once
and then with deionized water twice. The pure water flux was then
measured. The integrity and performance of the membrane was
considered to be maintained if pure water flux was within 95% of
the virgin membrane. The cleaned membranes were stored in 0.05%
sodium azide solution at 4 ◦C.

4. Results and discussion

4.1. Effects of operating parameters on Cu(II) rejections

Figs. 3 and 4 show the effect of applied pressure (�P) on Cu(II)
rejection. The rejection increases with increasing �P, which is
likely due to the formation of thicker cake at higher applied pres-
sures. This behavior was observed previously. For example, Ahmad
and Puasa [22] have found that there is an increased trend in
rejection of cetylpyridinium chloride, a cationic surfactant, when
the operating pressure increases. However, Akita et al. [13] have
reported that a pressure rise causes an increase in flux without
affecting the rejection of Au(III) with nonionic surfactant poly-
oxyethylene nonyl phenyl ether in the range measured. It is likely
that the fouling of ionic surfactants is affected more significantly
by the pressure due to the stronger electrostatic interactions. The
An increase in Cu(II) rejection is found when pH increases. This
is because more H+ competitively adsorbs on negatively charged
micelle surfaces at lower pH [14]. Akita et al. [8] have observed
that increasing pH enhances metal rejection with 2-ethylhexyl
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Table 1
Average size of the Cu(II)-adsorbed surfactant micelles (in nm).

pH SDBS SDS

S/M = 12.7 S/M = 4.2 S/M = 2.5 S/M = 12.7 S/M = 4.2 S/M = 2.5
Fig. 3. Effect of applied pressure on Cu(II) rejection with SDBS by MEUF.

hosphonic acid monmo-2-ethylhexyl ester solubilized by poly-
xyethylene nonyl phenyl ether, and nearly complete rejection of
o(II) is attained from aqueous solutions at pH higher than 5.5;
hereas, neither metal is rejected from solutions below pH 3.0.

The effect of molar concentration ratio of surfactant to metal
S/M) on Cu(II) rejection is also depicted in Figs. 3 and 4. As
xpected, higher Cu(II) rejection is obtained at higher S/M ratios
ue to the more micellar surface available for metal adsorption.
uang et al. [5] have indicated that two important criteria, namely

urfactant concentrations of greater than its cmc and S/M ratio of
reater than a certain value, have to be met to achieve efficient
etal removal efficiency by MEUF. It is noticed that in the absence

f SDS or SDBS the rejection of Cu(II) by YM10 in the pH range 3–5
s less than 2% at �P = 207 kPa (not shown). Our previous study [15]
lso found that in the pH range 2–6 the Cu(II) chelate of ethylenedi-
minetetraacetic acid almost passes through YM10 (rejection < 6%).

In comparison with Cu(II) rejection with the two surfactants,
igher rejection is found when SDS is used (Figs. 3 and 4). This is

ikely because the size of the metal-adsorbed SDS micelles is slightly

arger than that of the SDBS micelles as shown in Table 1. The aver-
ge pore size of YM10 membrane is 5 nm, whereas the average
izes of the Cu(II)-adsorbed SDS and SDBS micelles are 5.3–5.5 nm
polydispersity, 33–38%) and 4.8–5.4 nm (polydispersity, 29–36%),
espectively. Accordingly, the MEUF process with SDS should have

Fig. 4. Effect of applied pressure on Cu(II) rejection with SDS by MEUF.
5.0 5.4 5.0 4.9 5.5 5.5 5.4
4.0 5.4 4.9 4.9 5.4 5.3 5.3
3.0 5.3 4.8 4.8 5.4 5.3 5.3

higher Cu(II) rejection than with SDBS under comparable condi-
tions.

4.2. Effects of operating parameters on UF fluxes

Fig. 5 shows that the flux slightly increases with increasing stir-
ring speed. This can be understood that vigorous agitation makes
large shear stress, thereby reducing the potential of membrane
fouling. A stirring speed of 300 rpm was selected here because
in this case a serious vortex within the cell was avoided. The
effects of solution pH, S/M ratio, and �P on the steady fluxes are
shown in Figs. 6 and 7. Evidently, the flux increases linearly with
increasing �P at high S/M ratios with SDBS (Fig. 6a); however,
such linear trends are not found at lower S/M ratios as shown in
Fig. 6b and c. The possible reason is that the average size of the
micelles at lower S/M ratios is smaller than that at higher S/M
ratios (Table 1). The SDBS micelles with a size of 4.8 nm formed
at low S/M ratios may tend to more easily block into the mem-
brane pores (5 nm). This argument is supported by the results
of Fig. 8, which show that the flux due to the presence of SDS
micelles decreases with time more gradually and smoothly than
that of SDBS micelles under comparable conditions (e.g., 20 mM)
[23].

On the other hand, the effect of solution pH on the flux can be
neglected. This is because the sizes of the micelles are nearly iden-
tical at all pH values studied. Also, it is found that the flux increases
linearly with increasing �P with SDS (Fig. 7). This is not wholly
the case with SDBS, particularly at S/M ratios smaller than 4.2. That
is, there exists a �P in that curve that a further increase in �P
can no longer improve the flux; the corresponding flux is the so-
called limiting flux [24]. Evidently, the limiting flux decreases with
decreasing S/M ratio. Decreasing S/M ratio means that the micelle

surface is less negatively charged when surfactant concentration is
fixed at 20 mM; making the repulsive force between metal–micelle
complex and membrane surface rather weaker. It should be noted
that the size of the Cu(II)–SDBS micelles at S/M ratios smaller than

Fig. 5. Effect of stirring speed on the variations of fluxes with time at an S/M ratio
of 4.2 and pH 5.
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where t is the filtration time (h) and � is the viscosity of the per-
ig. 6. Effect of applied pressure on the steady flux with SDBS at a stirring speed of
00 rpm and different pH values and S/M ratios.

.2 is all less than the size of membrane pores (5 nm) as shown in
able 1.

A steady flux of 85 dm3/(m2 h) obtained in this work under
he conditions of �P = 345 kPa, pH 5, and S/M = 12.7 with YM10
Fig. 7a) closes to 88 dm3/(m2 h) obtained under the conditions
f �P = 400 kPa and 8 mM SDS with UPM20 membrane [25] and
s larger than 18 dm3/(m2 h) obtained under the conditions of

P = 50 kPa and 0.01 M polyoxyethylene nonyl phenyl ether with
M10 [13]. However, the rejections of those metals including Cu(II),
i(II) [21], and Au(III) [13] are comparable and are in the range
3–89%.
.3. Mechanism of flux decline

In principle, typical filtration has three regions in which pore
locking, cake filtration, and cake filtration with compression, take
Fig. 7. Effect of applied pressure on the steady flux with SDS at a stirring speed of
300 rpm and different pH values and S/M ratios.

place consecutively [23]. In the first region, the deposition of parti-
cles blocking the entry to a pore or inside membrane pore causes a
sharp increase in slope. This is followed by a minimum linear slope
where particles deposit on the membrane surface. The modified
fouling index (MFI) is based on cake filtration (region 2); particles
are retained on the membrane surface as a cake. This is demon-
strated in Figs. 9a and 10a. The cake adds additional resistance (Rc)
to the resistance of membrane (Rm), and the flux decline under
constant pressure filtration can be described as follows [24]:

dV

Adt
= �P

�(Rm + Rc)
(5)
meate (Pa s).
Graphical tests (Figs. 9a or 10a) prove that there is no cake com-

pression (the last region) in our systems. The resistance of cake,
assuming the retention of particles is constant, is hence propor-
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Fig. 9. Plots of (a) t/V versus V during the whole MEUF with SDBS under the condi-
tions of S/M = 4.2, �P = 207 kPa, and pH 5 as well as (b) ln V versus t and (c) V versus
ln t at the initial stage of the process.
ig. 8. Variations of the fluxes of pure SDS and SDBS solutions with time at
P = 207 kPa.

ional to the amount of cake deposited at the membrane and the
ouling tendency of feed water expressed as the fouling index, ˛C.

c = V˛C

A
(6)

here ˛ is the specific cake resistance (m/kg). Combining Eqs. (5)
nd (6), followed by integration at constant pressure gives the
nown cake filtration equation (n = 0):

t

V
= �Rm

�PA
+

(
�˛C

2 �PA2

)
V (7)

Therefore, a plot of (t/V) versus V should give a straight line with
lope equal to (�˛C/2�PA2), which is referred to the MFI, as shown
nd justified in the latter stage of filtration in Figs. 7a and 8a for SDBS
nd SDS systems, respectively (correlation coefficient r2 > 0.9852).

The specific cake resistance, ˛, is often used to characterize the
ydrodynamic resistance of cake during the filtration of particu-

ate suspensions [25]. Tables 2 and 3 list the calculated ˛ values for
DBS and SDS systems, respectively. It is found that ˛ increases with
ncreasing S/M ratio and pH, particularly for SDBS system. Under
he pH range studied, ˛ decreases initially and then increases with
ncreasing �P for SDBS system; however, ˛ always decreases with
ncreasing �P for SDS system except when �P = 138 kPa. It is likely
hat the formation of cake is slower at lower �P, leading to high ˛
alue. Such trends are inconsistent with those reported previously
26–28]. For example, McCarthy et al. [27] have found that there is a

inear relationship between ˛ and �P over the whole range of pres-
ures for all broths examined with compressible cake. Lodge et al.
28] have studied the characterization of dead-end UF of biotreated
omestic wastewater and found that the cake is highly compress-

ble; specific cake resistance increases by an order of magnitude

able 2
he specific cake resistance ˛ in the MEUF of Cu(II) solutions with SDBS (in 107 m/kg).

S/M ratio pH �P (kPa)

345 276 207 138 69

12.7 3.0 20 17 36 66 136
4.0 30 25 45 80 137
5.0 325 260 208 156 139

4.2 3.0 18 15 32 46 134
4.0 24 22 38 52 135
5.0 65 53 39 56 138

2.5 3.0 16 13 30 41 130
4.0 18 14 32 42 132
5.0 42 37 26 44 135

Table 3
The specific cake resistance ˛ in the MEUF of Cu(II) solutions with SDS (in 107 m/kg).

S/M ratio pH �P (kPa)

345 276 207 138 69

12.7 3.0 11 14 25 26 263
4.0 17 21 34 78 265
5.0 23 25 41 104 268

4.2 3.0 10 13 23 26 261
4.0 16 20 29 78 262
5.0 20 23 39 104 265

2.5 3.0 9.2 11 22 26 257
4.0 15 18 26 78 259
5.0 18 20 35 104 263
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tical, Food, and Biotechnological Applications, CRC Press, Boca Raton, FL, USA,
ig. 10. Plots of (a) t/V versus V during the whole MEUF with SDS under the condi-
ions of S/M = 4.2, �P = 207 kPa, and pH 5, as well as (b) ln V versus t and (c) V versus
n t at the initial stage of the process.

hen �P increases from 12.7 to 100 kPa. Possibly, the compressibil-
ties of particulates are different among these solutes. The reasons
eading to such discrepancies are unavailable at this stage; the use
f YM10 is a possible reason because the average sizes of mem-
rane pores and Cu(II)-adsorbed micelles are equivalent. Also, this

s possibly due to dead-end configuration; most of the micelles have
een already deposited onto the membrane by the time the cake
ormation regime was reached, especially at lower pressures, when
his point is reached later.

Cornelis et al. [29] studied the effect of the MWCO and contact
ngle of NF membrane on the flux of nonionic surfactant solution
t a concentration lower that its cmc. They have indicated that the
dsorption of surfactant on the surface or within the pore of the
embrane plays a crucial role in flux behavior. When the MWCO

s slightly lower or comparable to the size of surfactant monomer,

onomers can penetrate the pores. As the membrane is compara-

ively hydrophobic, strong adsorption of the monomers occurs and
he pore radius is reduced, leading to flux decline. Much less strong
dsorption results in a limited flux decline. As the MWCO is much
ing Journal 161 (2010) 19–26 25

lower than the monomer size, however, monomers cannot pene-
trate the pores and flux is affected only by changes to membrane
surface. On hydrophobic membrane groups, strong irreversible
adsorption of hydrophobic surfactant tails occurs, which improves
the wettability of the surface, whereas on hydrophilic membrane
groups, the hydrophilic heads are adsorbed and the wettability is
reduced. Depending on the hydrophilicity of the membrane, the
net effect is flux increase or decrease. In the present system, the
limited flux decline behavior with SDBS (Fig. 6b and c) implies that
much weak adsorption of the micelles occurs and pore radius is
not considerably reduced [29,30]. It appears that the role of pore
blocking in the UF of SDBS micelles is not significant according to
the flux decline behavior of SDBS micelles (Fig. 8). In fact, the rejec-
tion of pure SDS or SDBS micelles (20 mM) by YM10 is measured to
be above 90%, likely due to the existence of the cake layer [14,30].

At the initial stage of filtration, as shown in Figs. 9a and 10a,
the type of pore blocking should be further indentified to be either
intermediate blocking (n = 1), standard blocking (n = 1.5), complete
blocking (n = 2), or the combination. In practice, evident devia-
tions between the measured and fitted results are observed (not
shown) by adopting any single n value. This implies that more
than one types of blocking mechanisms are involved even at the
early stage of the process. The multiple fitting is most satisfac-
tory in both SDBS and SDS systems when n = 1 and the followed
n = 2 are adopted, as shown in Figs. 9b and c, 10a and b. Based on
the fact that the average size of membrane pores is comparable to
that of the Cu(II)-adsorbed micelles, the intermediate and complete
blocking mechanisms consecutively play a crucial role in the initial
flux decline [15]. Thus, the flux decline mechanism in the present
MEUF process is that in the early stage of process each micelle par-
ticle participates in blocking the pores of the membrane and the
blocked parts of the membrane are impermeable mainly accord-
ing to the intermediate and complete blocking mechanisms, and
all micelles are accumulated to form a cake layer in the followed
stage of process.

5. Conclusions

Micellar-enhanced ultrafiltration (MEUF) of trace Cu(II) from
aqueous streams has been studied at 25 ◦C with the help of anionic
surfactants SDS and SDBS. Removal of Cu(II) higher than 90% could
be achieved by regenerated cellulose YM10 membrane (pore size
5 nm) at a molar concentration ratio of surfactant to metal (S/M)
of 12.7 and pH 5 with SDS. It was shown that the average size
of Cu(II)-adsorbed surfactant micelles played a crucial role in flux
decline behavior (5.3–5.5 nm for SDS; 4.8–5.4 nm for SDBS), at least
together with the use of YM10. The flux decline in the present
MEUF process could be easily analyzed when it was divided into
two stages according to the blocking filtration laws. Each micelle
took part in blocking the membrane pores at the early stage of the
process and the blocked parts of the membrane were imperme-
able via intermediate blocking mechanism first and then complete
blocking mechanism; finally all the micelles were accumulated to
form a cake layer in the followed stage of process.
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