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a  b  s  t  r  a  c  t

Dyes  fouling  of  reverse  osmosis  (RO)  membranes  and its  relation  to  adsorption  had  been  investigated
by  using  a crossflow  RO  filtration  setup.  Methylene  blue  (MB)  and  rhodamine  B (RB)  were  used  as
model  organic  foulants.  The  calculated  amount  of  the  irreversible  sorption  was  related  to  the  irre-
versible  flux  decline.  The  characteristic  fouling  kinetics  was  accounted  by  Langmuir–Hinshelwood
vailable online 20 May 2011
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(L–H)  kinetics  model  for initial  fouling,  with  the  fouling  rate  constant  k  =  0.0556  �m  s−1 min−1 and
k  =  0.0181  �m  s−1 min−1 for  MB  and  RB  fouling  RO membrane  CPA2,  respectively.  And  the  subsequent
fouling was  attributed  to  the growth  of  a dye  cake.  A  remarkable  correlation  was  obtained  between  the
quantified  irreversible  sorption  and  irreversible  flux  decline  under  the  solution  chemistries  investigated.
In  the  presence  of  divalent  cation,  the  extent  of  flux  decline  was  related  to  the  competition  model.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The reclamation of industrial wastewater is paramount impor-
ant for keeping up with the soaring water demand in the world.
mong water recycling technologies, reverse osmosis (RO) is one
romising option because of the efficiency in the simultaneous
emoval of hydrated salt ions and larger solutes from process
ater or wastewater, irrespective of their charge [1].  Nevertheless,

rganic fouling of RO membranes has been a recalcitrant obstacle
o an efficient application in RO technology [2,3]. Membrane foul-
ng results in the decline in water quantity and quality. In the case
f pretreated secondary wastewater in the textile industry, dyes
re the primary constituents [4].  The presence of dyes causes RO
ux decline in the membrane-based purification of wastewater for
ecycling.

Several fouling mechanisms have been described in the litera-
ure [5–7]. Fouling can occur in two ways: fouling layer formation
nd adsorption of foulants [8].  Cake fouling can be sensibly
ecreased after water backwashing or back-flushing. While, foul-
ng due to the adsorption of foulants can only be counteracted to a
ertain extent by aggressive chemical cleaning. Furthermore, foul-
ng can be affected by the interaction between foulants. When the

∗ Corresponding author. Tel.: +86 27 68772263; fax: +86 27 68776726.
E-mail address: yuping@whu.edu.cn (P. Yu).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.05.044
feed contains a mixture of contaminants, the adsorption of a sin-
gle foulant decreases by competitive sorption processes [9].  But
the fouling is more severe due to the synergistic effect [10]. Mean-
while, the surfactants fouling will decrease when the concentration
is higher than critical micelle concentration (CMC) due to the micel-
lisation [5]. Initial fouling is controlled by the interaction between
the bulk foulants and the membrane surface, while intermolecu-
lar adhesion between the bulk foulants and the foulants adsorbed
on the membrane surface primarily controls the evolution of the
fouling layer [2].  Hence, the flux decline in aqueous solutions con-
taining organic compounds is mainly caused by adsorption [6,11],
enhanced by cake formed on the membrane surface.

The influence of free calcium on organic fouling has been stud-
ied by several researchers [12,13]. Its presence was observed to
aggravate fouling phenomenon as bridging agents with organic
compounds, forming highly compacted gels [14]. In addition,
this complexation has been explained by the egg-box model
[2,15]. Particularly interesting is the finding that the opposite
effect was also observed with fatty acids owing to the decreas-
ing organic hydrophobicity after calcium addition [3,16].  The effect
of magnesium on organic fouling, previously uncharted [17], has
become an emerging field recently [14,18,19].  Membrane foul-

ing increases slightly in the presence of magnesium compared
to calcium. The anomaly in the fouling profile is attributed to
salting-out effect on protein fouling [18]. S. Lee et al. [19] have
confirmed that a thick alginate gel layer was  visible when the

dx.doi.org/10.1016/j.jhazmat.2011.05.044
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yuping@whu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.05.044
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Nomenclature

q adsorption capacity (�mol/m2)
C concentration (�M)
t permeation measuring time (min)
J permeation flux (ml/(m2 min))
V volume (L)
A the effect membrane area (m2)
S adsorption amount (�mol)
R rejection
a the rate constant for the exponential decline in

Cfeed(t) (min−1)
b the rate constant for the exponential decline in R(t)

(min−1)
r initial fouling rate (�m s−1 min−1)
k fouling rate constant (�m s−1 min−1)
K Langmuir adsorption coefficient (s �m−1)
FR flux recovery

Greek letters
�  contact angle (◦)

Subscript/superscript
final the end of fouling
0 initial state
Feed feed solution
SS steady state
ir irreversible
re reversible
c chemical cleaning solution
wc cleaned membrane
ww fouled membrane
wi virgin membrane
pe permeate flux
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ouling was performed in the presence of calcium, but invisible
n the presence of magnesium. The membrane surface prop-
rty also plays an important role on the membrane fouling. The
ermeate flux tends to be more decreasing as membrane sur-
ace becomes rougher, more hydrophobic and neutral or negative
harge [20].

Although many models were used to describe the fouling,
here is currently no model discriminate the initial fouling and
he subsequent fouling. The motivation for this study was to
iscriminate the fouling occurred in the initial stage and long
ime. Organic fouling was elucidated during the initial stages
y Langmuir–Hinshelwood (L–H) kinetics model and then by
ake filtration. MB  and RB were selected as model contaminants
ecause of their being widely used as colorants in textiles. The

alculated amount of the irreversible sorption was  related to
he irreversible flux decline. The influences of the initial flux,
he initial concentration and divalent cations were systematically
tudied.

able 1
haracteristics of RO membranes used in this study.

Membrane type RMS  roughness (nm) Zeta potenti

PROC10 86.43 −11.25 

CPA2 111.8 −20.13 

ESPA2 80.22 −18.20 

a Zeta potential is determined at pH 7.0.
b NaCl rejection is based on the standard test condition of 15.5 bar, 2000 mg/L and 25 ◦C
c NaCl rejection is based on the standard test condition of 15.5 bar, 1500 mg/L and 25 ◦C
aterials 192 (2011) 490– 499 491

2. Materials and methods

2.1. RO membranes

Characteristics of the three types of RO membranes are sum-
marized in Table 1. According to the application data given by
supplier, the maximum feed solution turbidity is 1.0 NTU for all RO
membranes. The membranes coupons were stored in deionized (DI)
water at 4 ◦C with water replaced regularly prior to experiments.

Membrane surface roughness was determined by atomic
force microscopy (AFM) analysis (SPM-9500J3, SHIMADZU, Kyoto,
Japan), quantified by root mean square (RMS) roughness. RMS  is
the deviation of the peaks and valleys from the mean plane [21].

Contact angle measurements were performed with an auto-
mated contact angle goniometer (DSA100; KRŰSS  GmbH, Hamburg,
Germany). At least 12 contact angle measurements were performed
and the highest and lowest values were discarded before taking the
average.

Zeta-potential of the membranes surface was determined by
a streaming current electro kinetic analyzer (SurPass, Anton Paae
GmbH, Graz, Austria). The zeta-potential was calculated based on
Fairbrother-Mastin approach [22], and 10 mM KCl was used as
background electrolyte solution.

The attenuated total reflection-Fourier transform infrared (ATR-
FTIR) spectroscopy analyses were performed by using the Nicolet
AVATAR 360 FT-IR Spectrophotometer. ATR-FTIR spectra mea-
surements were performed at 10 different locations, with each
spectrum averaged from 64 scans.

In addition, the surface of the membrane was analyzed by using
a scanning electron microscopy (SEM) (FEI Quanta 200, Holland).

2.2. Organic foulants and reagents

MB and RB were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). For preparation of solutions, a stock
solution with concentration of 1.0 mM was prepared. The ionic
strength of the solutions was  adjusted to the required concentra-
tion by NaCl stock solution (1 M),  and the pH was adjusted by 0.1 M
NaOH and 1.0 M HCl. Calcium chloride dehydrate (CaCl2·2H2O)
or magnesium chloride hexahydrate (MgCl2·6H2O) (0.1 M)  were
used to adjust the bivalent cation concentration of the bulk solu-
tion, while the total ionic strength was maintained constant by
adjusting NaCl concentration. NaOH (pH 11), disodium ethylene-
diaminetetraacetate (Na2-EDTA) (0.5 mM),  NaCl solution (0.1 mM)
and sodium dodecyl sulfate (SDS) (2 mM,  pH 11) were used as
cleaning agents because they are the most common compounds in
commercial cleaning products for organic-fouled membranes [23].
The solution was freshly prepared with DI water before each exper-
iment. The MB,  RB, NaCl, CaCl2·2H2O, MgCl2·6H2O and NaOH were
analytical reagents. The EDTA and SDS were chemical reagents. The

structure/size of the dyes molecules was  analyzed by a nanoparti-
cle size analyzer (ZEN 3600, Malvern Instrument, Malvern, UK). The
turbidity of all the feed solutions is below 1.0 NTU, and the largest
turbidity (6 �M MB  solution) is 0.7 NTU.

ala (mV) Contact angle (�) NaCl rejection (%)

26.41 ± 1.14 99.7b

22.38 ± 1.75 99.7c

34.09 ± 0.88 99.6c

.

.
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.3. Lab-scale crossflow experiments

In the experimental trials, a laboratory-scale crossflow test
nit was employed. The crossflow test unit consists of a round
embrane cell, high-pressure pump, electromagnetic mixer,

eed reservoir and temperature control system. The test solu-
ion was held in a 3.0 L reservoir and fed to the membrane
ell by the high-pump (Jingqiao, JW-C, Jingxin Pump Manu-
acturing Co., Ltd., Huai’an, China). The effect surface area of
he membrane in contact with feed solution was 46.5 cm2.
he system was operated in a closed-loop mode and both
ermeate and retentate were recirculated into the feed
eservoir.

When investigating the influence of feed chemistry on fouling,
he initial flux and the crossflow velocity were fixed at <!– no-mfc –
2.1 × 10−5 m/s<!– /no-mfc –> and <!– no-mfc –>9.8 × 10−2 m/s<!–
no-mfc –>, respectively. Similarly, the feed solution chemistry
as fixed when investigating the influence of the initial flux

n fouling. Feed flow rate and desired pressure were achieved
y adjusting the bypass valve and back-pressure regulator. The

nitial flux is conducted from 16.5 to 29.5 �m s−1, and the rel-
vant transmembrane pressure is 1.5, 1.7, 2.0, 2.5, 3.0 and 3.5
pa.
The membrane was first compacted with DI water (foulant-free)

t 20.7 bar (300 psi) for at least 12 h. Then the membrane was  sta-
ilized and equilibrated for 6.0 h with the foulant-free electrolyte
olution having solution chemistry identical to that used for the
ubsequent fouling stage. After attaining a stable permeate flux, the
nitial flux and the crossflow velocity were adjusted to the desired
alue. Fouling was initiated by adding the dissolved foulants stock
olution to the feed tank to achieve the desired foulant concentra-
ion. The permeate flux was continuously monitored for the next
2 h.

At the end of the fouling experiments, the fouled mem-
rane was cleaned by the chemical cleaning solution for 1 h.
he solution was continuously circulated from the feed tank to
he membrane in the cell at the normal atmosphere. At the
nd of cleaning, the chemical cleaning solution in the reservoir
as disposed off and the reservoir and the membrane cell were

insed with DI water to flush out the residual solution. Finally,
he foulant-free electrolyte solution flux after chemical clean-
ng was measured to determine the extent of irreversible flux
ecline.

.4. Adsorption test

Adsorption experiments for the samples were undertaken
n the laboratory-scale crossflow test unit. The solution was
ontinuously circulated from the feed tank to the membrane
n the cell at the desired pressure and 30 ◦C. Permeate flow

as recycled to the feed tank, too. Samples of 1.5 mL  were
aken by syringe at different time intervals. Concentration
f dyes was determined with a UV-visible spectrophotometer
UV-1700, SHIMADZU, Kyoto, Japan) by measuring absorbance
t 664 and 551 nm for �max of MB  and RB, respectively
24,25]. The amount of solute adsorbed on the membrane, qt

�mol/m2), was calculated using Eq. (1) at the initial fouling
tage.

t = (C0 − Ct)V
A

(1)
here C0 and Ct are concentrations of the dyes in solution
�M) at time t = 0 and t = t, respectively. V is the volume
f the solution (L) and A is the effective membrane area
m2).
Fig. 1. Changes of zeta potential of RO membranes against solution pH.

At the end of fouling, the feed concentration declined sig-
nificantly, so it is necessary to use the more complex form
of the equation for the total amount sorbed, following Eq. (2)
[26].

Sfinal = JCss
feed

Ro − Rss

b
+ J

(Css
feed − C0

feed)(Ro − Rss)

a + b
(2)

where Sfinal is the total amount of solute adsorbed on the mem-
brane at the end of fouling (�mol), J is the permeate flux at the
end of fouling (L/min), Css

feed is the steady-state feed concentra-
tion (�M),  C0

feed is the initial feed concentration (�M),  R0 is the
initial rejection of the solute, Rss is the steady-state rejection of
the solute, a is the rate constant for the exponential decline in
Cfeed(t) (h−1), b is the rate constant for the exponential decline in
R(t) (h−1).

So, the amount of solute adsorbed on the membrane, qfinal
(�mol/m2), was  calculated using Eq. (3) at the end of fouling.

qfinal = Sfinal

A
(3)

At the end of cleaning, the reversible and irreversible adsorption
is determined by Eq. (4) and Eq. (5),  respectively.

qre =
∑

CcVc

A
(4)

qirr = qfinal − qre (5)

where qre and qirr are the reversible and irreversible adsorption,
respectively. Cc is the dye concentration in the chemical cleaning
solution (�M)  and Vc is the volume of the cleaning solution (L).

3. Results and discussion

3.1. Characterization of RO membranes

Fig. 1 plotted changes of zeta-potential for three differ-
ent types of RO membranes with respect to solution pH. The
amphoteric behavior with isoelectric points around pH 4.0 is
ascribed to both amine and carboxylic functional groups exist-
ing in aromatic polyamide chains in membrane surface [27]. The
observation that PROC10 has the least negative zeta-potential

(−11.25 mV)  at neutral pH suggests that the polyamide layer is
more intense.

ATR-FTIR spectra of virgin RO membranes were obtained to
verify functional groups of the membrane. The typical ATR-FTIR
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Fig. 2. ATR-FTIR spectra of the virgin RO membranes.

pectra are shown in Fig. 2. The spectra of virgin mem-
ranes show the main characteristic bands: 1243, 1295 and
327 cm−1 assigned to aromatic amines I, II and III stretch-

ng [27,28],  1490 and 1585 cm−1 assigned to polysulfonyl group
n the polysulfone layer, 1545 cm−1 assigned to amides I and
665 cm−1 assigned to amides II. Amines and polysulfonyl groups
f RO membranes are confirmed and all the spectra look simi-
ar.

AFM images of the virgin membranes are presented in Fig. 3.
he AFM images clearly show that all membranes exhibit large
cale surface roughness of ridge-and-valley structure and the
embrane CPA2 exhibits the largest scale. The distinctly rough
orphology is an inherent property of interfacially polymerized

romatic polyamide composite membranes [17]. And the sur-
ace morphology could influence on the initial membrane fouling
17,27].

.2. Fouling mechanism

.2.1. Initial stages of organic fouling
Reduction of available site for membrane filtration leads to

ermeate flux decline. Surface fouling is the dominant fouling
echanism for RO and involves the initial stages of fouling and

he subsequent growth of a fouling layer [2].  The L–H kinetics rate
odel was applied to the surface fouling of organic compounds.

his situation is in contrast to the research on the heterogeneous
egradation of many organic contaminations [29–31].  The rate law

s given by

 = −kKJ

1 + KJ
(6)

here r is the initial rate of flux decline (�m s−1 min−1) and
 = −dJ/dt, k is the fouling rate constant (�m s−1 min−1), K is the
angmuir adsorption coefficient (s �m−1), J is the membrane flux
t time t (�m s−1).

Eq. (6) is then integrated analytically to the algebraic solution
nd can be rewritten in Eq. (7).

ln(J0/J)
J0 − J

= kK
t

J0 − J
− K (7)

here J0 is the initial permeate flux of membranes (�m s−1).

Laboratory flux data for the first 1 h transformed using the L–H

inetics rate model are shown in Fig. 4. In all cases, the initial por-
ion of the curve increased in a straight line fashion with a related
oefficient very near 1.0 demonstrating that the initial stages of flux
Fig. 3. AFM images of the virgin RO membranes. Each side of plane is 2 �m with the
height of 521.58 nm.

decline induced by organic adsorption quantitatively corresponded
to the L–H kinetics rate model.
A linear regression fit between the flux decline and the adsorbed
mass on the membrane surface is shown in the inset of Fig. 4. A
striking correlation is displayed for the runs with MB  and RB. This
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Fig. 4. Linear regression fit of the Langmuir–Hinshelwood equation at the initial
stage for (a) MB fouling and (b) RB fouling. The insets show correlation between
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he  flux decline and the adsorption mass on the membrane surface. Experimental
onditions: dye concentration = 2.0 �M,  ionic strength = 10 mM,  pH = 7.0 and tem-
erature = 30 ± 0.5 ◦C.

irect relationship between the flux decline and the adsorbed mass
onfirms that adsorption plays a key role in the flux decline [6,11].
s can be seen from Fig. 4, the adsorption of MB  is greater than that
f RB. This is attributed to the carboxylic group in structure of RB. RB
as zwitterionic character because of the dissociation of carboxylic
roup [24] at pH 7.0. As a result, the amount of the adsorption is low
ue to the electrostatic repulsion between RB and the membrane
urface. And the better a component adsorbs on the membrane
urface, the more flux decline is observed. As depicted in the inset of
ig. 4, the flux through the membrane CPA2 decreases at the fastest
ate among the three membranes. This behavior is attributed to the
ighest initial flux because of the largest scale surface roughness at
he fixed pressure.

.2.2. Specific cake formation
A good agreement with the L–H model at short times has been

btained. However, at long times the data shows significant devi-
tion from linearity due to the flux through the fouled membrane
not shown). The transition takes place within 1.0 h fouling. The
lassical cake filtration model predicts that a plot of time (t) divided
y permeate volume (Vpe) should be linear in Vpe [32,33]. Fig. 5

(a) MB  fouling and (b) RB fouling) represents the profile of t/Vpe

ersus Vpe for the next 11 h. SEM micrographs of virgin and fouled
embranes (Fig. 6) clearly confirm the formation of a cake layer on

he membrane surface. All the images of virgin membranes show
Fig. 5. The classical cake filtration model at the long time for (a) MB  fouling and (b)
RB  fouling. Experimental conditions were identical to those in Fig. 4.

pebble-style surface with peak and valley structures attributed to
the top facial polyamide layers [20].

The results from Figs. 4 and 5 clearly indicate that fouling is
controlled first by the adsorption of organic compounds and then
by cake formation.

3.3. Membrane cleaning with various chemical reagents

In this section, conditions for fouling experiments were
dyes concentration 2.0 �M,  pH 7.00 ± 0.05 and temperature
30.0 ± 0.05 ◦C. Fig. 7 describes the degree of recovery of the fouled
membranes in terms of DI water containing salts (the same ionic
strength as the fouling run) flux by chemical cleaning with various
reagents. Flux recovery (FR) used for demonstrating the cleaning
efficiency can be calculated [34] as Eq. (8):

FR (%) =
[

Jwc − Jww

Jwi − Jww

]
× 100 (8)

where Jwc, Jww and Jwi are cleaned membrane permeate flux
(�m s−1), fouled membrane permeate flux (�m s−1) and virgin
membrane permeate flux (�m s−1), respectively.

As described in Fig. 7, membranes fouled by RB were slight com-
pared to by MB.  This is attributed to the preferential adsorption

of MB  compared to RB on the membrane surface. For all mem-
branes and both dyes, the cleaning efficiency follows the same
order of decline: SDS (2 mM,  pH 11.0) > NaOH (pH 11.0) > EDTA
(0.5 mM)  > NaCl (0.1 M)  > DI water.
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ig. 6. SEM images of virgin and fouled membranes with 20,000 times magnificat
ouling  CPA2, (f) MB  fouling ESPA2 fouled, (g) RB fouling PROC10, (h) RB fouling CP

The cationic dyes are easily adsorbed onto the negatively
harged membrane surface. In the case of NaOH cleaning, dye
olecules and membrane surface are charged more negatively,

esulting in desorption of dye molecules from the membrane sur-
ace. EDTA, as a metal chelating agent, removes foulants from

embrane surface through a ligand-exchange reaction [23]. NaCl
olution cleaning involves structural changes of the cross-linked
el layer on the membrane surface by an ion exchange reaction
35]. SDS molecules will decrease the surface tension of adjacent

olecules. According to the results, SDS solution was  selected as
he effective agent to determine the extent of irreversible flux
ecline.

.4. Flux-decline behaviors

.4.1. Effects of the initial flux
The influence of initial flux on dyes fouling CPA2 membrane

s presented in Fig. 8. All fouling experiments were performed
t the same dye concentration (2 �M),  solution chemistry (ionic
trength 10 mM and pH 7.0), and crossflow velocity (<!– no-mfc
>9.8 cm/s<!– /no-mfc –>). The initial flux was controlled by adjust-

ng the trans-membrane pressure for each fouling run. As shown
n Fig. 8, the higher the initial flux, the greater the fouling rate, and
he result is quite well accorded with previous studies [17,19,36].
he higher dye molecules transport rate results in greater rate of

ye molecules deposition onto the membrane surface and, subse-
uently, increases rate of membrane fouling. In addition, the higher
ressure also results in greater rate of dye molecules absorbed onto
he membrane surface. Furthermore, at higher initial flux, the dye
) virgin PROC10, (b) virgin CPA2, (c) virgin ESPA2, (d) MB  fouling PROC10, (e) MB
 RB fouling ESPA2.

fouling layer becomes more compressed, leading to an increasing
hydraulic resistance to permeate flow.

The L–H kinetics rate model was applied to the organic fouling.
Fouling rate was determined from the slope of the linear region of
the flux decline curve with respect to the filtration time. A non-
linear regression fit of the L–H equation is shown in the inset
of Fig. 8 indicating k = 0.0556 �m s−1 min−1 for MB fouling and
k = 0.0181 �m s−1 min−1 for RB fouling. The calculated value of k for
MB  fouling is higher than it for RB fouling, thus again confirming
our finding regarding MB  fouling more severe compared to RB.

3.4.2. Effects of the initial concentration
Fig. 9 clearly illustrates the influence of the initial concentra-

tion on the flux decline during the fouling experiment at pH 7.0.
As presented in Fig. 9, the initial fouling rate increased with the
increasing dye concentration at fixed ionic strength. However, it is
noted that further increase in dye concentration results in a neg-
ligible increase on the initial fouling rate, especially the fouling
behavior observed with RB. The similar phenomenon was observed
through the reversibility of flux loss. Another interesting finding
was  that the fouling tended to decrease at RB concentration 6 �M.

The membrane surface was negatively charged at pH 7.0. There-
fore, cationic dyes can be adsorbed onto the membrane surface
easily. The fouling was  directly controlled by the amount of adsorp-
tion. It has been reported that adsorption of organic dyes on various

adsorbents usually obeys Langmuir isotherm [24,37,38].  As shown
in the inset of Fig. 9a, adsorption of MB  on PROC10 membrane
obeys Langmuir isotherm. The interaction between dyes and the
membrane is mainly controlled by dyes concentration. Hence, the
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Fig. 7. Influence of cleaning solution type on cleaning of organic fouled
RO membranes: (a) MB  fouling and (b) RB fouling. Conditions for clean-
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concentrations were calculated by Eqs. (3) and (5),  respectively. The
results are shown in Table 2. It is noted that the adsorption amount
decreased with the increasing calcium ions concentration just like
the permeate flux. However, the fouling tended to increase at Ca2+

Table 2
The amount of adsorption on the membrane surface with respect to Ca2+

concentration.

Compound Ca2+ concentration
(mM)

Total amount of
sorption (�mol/m2)

Irreversible amount
sorption (�mol/m2)

MB

0 741.2 341.3
0.5  705.2 308.2
1.0 602.5 252.3
2.0  541.3 211.4
ng  experiments: time = 1 h, temperature = 30.0 ± 0.05 ◦C, crossflow <!– no-mfc
>velocity = 30.5 cm/s<!– /no-mfc –>. Cleaning solutions were used at ambient pH.

ouling increases with increasing dyes concentration due to the
nteraction. The recovery after chemical cleaning is determined
y the amount of dyes adsorbed onto the membrane surface. The
nomaly in the fouling profile with RB is attributed to the micelli-
ation. Dynamic light scattering data in the inset of Fig. 9b suggest
hat the aggregate size and size distribution are strongly influ-
nced by the RB concentration. At the high concentration, the RB
olecules assemble as micelle-like structures that do not decrease

ux [5,16].  To further verify the results, the contact angles of RO
embranes fouled by various RB concentrations are conducted.

he contact angles are 41.21 ± 0.88◦, 47.69 ± 1.22◦, 51.41 ± 1.14◦

nd 42.25 ± 1.54 ◦ corresponding to RB concentration of 2, 3, 4, and
 �M.  When the membranes were fouled by RB, the membrane
urfaces became more hydrophobic due to the adsorption of RB
olecules on membrane surfaces. With increasing RB concentra-

ion, the membrane hydrophobicity increased, implying enhanced
dsorption of RB. On the contrary, the contact angles decreased,
esulting in the increase of the permeate flux.

.4.3. Effects of calcium
The influences of calcium ions on the fouling potential of dyes
t concentration 2.0 �M were studied at 30 ◦C. And the resultant
ux profiles are shown in Fig. 10.  As observed, the permeate flux
ecline decreased with the increasing calcium ions concentration.
Fig. 8. Effect of initial flux on the membrane CPA2 fouling: (a) MB  fouling and (b)
RB  fouling. The inset shows non-linear regression fit of the Langmuir–Hinshelwood
equation. Experimental conditions were identical to those in Fig. 4.

It was  also found that upon the chemical cleaning, the reversibility
of flux loss increased with increasing Ca2+ concentration.

The presence of Ca2+ competes with the cationic dyes for
adsorption sites. Calcium ions possess higher charge density than
dye molecules, and are preferred to be adsorbed on the nega-
tively charged membrane surface. Furthermore, the adsorption of
Ca2+ leads to reduction in electrostatic attraction between dye
molecules and the membrane. Therefore, the amount of MB and
RB adsorption decreases in the presence of Ca2+. The total amount
sorption and the irreversible amount sorption with various Ca2+
RB
0  578.4 283.3
1.0  481.2 233.3
2.0  423.1 195.2
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Fig. 9. Effect of dye concentration on dye fouling: (a) MB  fouling PROC10 and (b) RB
fouling ESPA2. The inset shows (a) Langmuir isotherm of MB  adsorbed onto PROC10
at  30 ± 0.5 ◦C and (b) dynamic light scattering size distributions for RB with different
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The RB fouling at the initial stage seemed to be opposite to the
competition model in the presence of Mg2+. This anomaly in the
fouling profile is probably attributed to other interactions apart
from the electrostatic interaction, which is most likely the for-

Table 3
The amount of adsorption on CPA2 surface with respect to Mg2+ concentration.

Compound Mg2+

concentration
(mM)

Total amount of
sorption (�mol/m2)

Irreversible amount
sorption (�mol/m2)

MB
0 700.4 390.7
1.0 632.3 289.3
oncentrations. Experimental conditions: ionic strength = 10 mM,  pH = 7.0 and tem-
erature = 30 ± 0.5 ◦C. Note that the data points after 715 min  are for flux measured
ith DI water containing salts after the cleaning.

oncentration of 2.0 mM in the presence of MB.  The flux recovery
fter the membrane was cleaned by EDTA (95.2%) is higher than
y SDS (90.5%). Mo  et al. have suggested that Ca2+ is preferentially
dsorbed compared to Na+ on the membrane surface [18]. These
esults suggest that calcium play a dominant role on MB fouling at
he high Ca2+ concentration.

As depicted in Fig. 10,  we also find that the initial fouling rates
ere almost the same. Hence, it can be inferred that the initial inter-

ction between dyes and the membrane is mainly controlled by
yes concentration, whereas interaction between dyes in the bulk
olution and dyes in the fouling layer is mostly governed by cal-
ium ion concentration. With relation to the competition model,
he interaction can be related to the synergetic effects of shield-
ng effect and competition effect between Ca2+ and cationic dyes

olecules.

.4.4. Effects of magnesium
Fig. 11 is clearly described the influence of the magnesium on the

ux decline. In the experiments, the total ionic strength was  kept
onstant at 10 mM and solution pH was kept constant at 7.0. The

esults clearly demonstrate that permeate flux decline decreased
lightly in the presence of magnesium. It was also observed that
pon the chemical cleaning, the reversibility of flux loss increased
fter the addition of magnesium ion. Magnesium ions possess
Fig. 10. Effect of calcium concentration on dye fouling of the RO membrane: (a) MB
fouling ESPA2 and (b) RB fouling CPA2. Note that the data points after 715 min are
for  flux measured with DI water containing salts after the cleaning.

higher charge density than calcium ions [39], and shows greater
shielding effect and competition effect than Ca2+ and Na+. However
the fouling in the presence of magnesium decreased less signif-
icantly than that observed in the presence of calcium. To prove
the results, the adsorption of dyes on the membrane surface was
calculated, and the results are shown in Table 3. The results from
Tables 2 and 3 clearly indicate that the adsorption amount of dye
molecules in the present of Mg2+ is higher than that in the present
of Ca2+ at the same concentration. Another interesting finding was
that initial fouling rates increased at a fixed RB concentration 2 �M.
2.0 571.6 232.4

RB
0  578.4 283.3
1.0 510.3 245.6
2.0 475.6 223.2
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Fig. 12. Correlation between the irreversible flux decline and the irreversible
ig. 11. Effect of magnesium concentration on dye fouling of the RO membrane
PA2: (a) MB  and (b) RB. Note that the data points after 715 min  are for flux measured
ith DI water containing salts after the cleaning.

ation of ionic bridge between adjacent carboxyl groups in RB
nd aromatic polyamide chains [40]. However, the dissociation of
arboxyl groups in RB structure is so weak at pH 7.0 that the com-
etition for adsorption site has replaced the binding effect at long
ouling times.

.5. Correlation between fouling and adsorption

The results presented earlier in this study suggest that organic
ouling behavior is controlled by the adsorption of contaminants.
he flux decline can be divided by reversible and irreversible
ux decline. Reversible and irreversible flux decline were not dis-
inguished in many previous studies. As a result, knowledge of
rreversible flux decline occurring in membrane based purification
f secondary wastewater effluents for recycling is scarce. Based on
he effectiveness of chemical cleaning selected in this study, we cor-
elate the irreversible flux decline to the corresponding irreversible
dsorption amount. The flux decline and adsorption amount were
tudied after 4 cycles of fouling-cleaning procedures. And the cor-
esponding correlations between the irreversible flux decline and

he adsorption amount are shown in Fig. 12.

When the ionic strength was increased from 10 to 100 mM,  irre-
ersible extent of fouling was observed to decrease in experiments.
he competing effect enhanced by the increases in cation (Na+) with
adsorption amount with respect to NaCl concentration during CPA2 fouling: (a) MB
and (b) RB.

ionic strength reduced the adsorption site on the membrane sur-
face. A striking correlation between the irreversible flux decline and
the irreversible adsorption amount is displayed for the runs with
NaCl. The strong correlation between adsorption amount and flux
decline depicted in Fig. 12 clarifies that the decline of membrane
surface area by adsorption serves as the dominant fouling potential.

4. Conclusion

Well-controlled fouling-cleaning experiments were conducted
to investigate the correlation between the membrane fouling
behaviors and the adsorption of dyes. The following conclusions
were extracted from the study.

1. Flux decline in aqueous solutions containing organic compounds
is mainly controlled by the adsorption, enhanced by cake formed
on the membrane surface.

2. The L–H kinetics rate model was  applied to the organic
fouling, with kinetic value k = 0.0556 �m s−1 min−1 and
k = 0.0181 �m s−1 min−1 for MB  and RB fouling RO membrane
CPA2.

3. The extent of flux decline decreases with higher divalent cation

concentration due to the competition between divalent cation
and dye molecules for the adsorption site on the membrane
surface.
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. A striking correlation between the irreversible flux decline and
the irreversible adsorption amount was obtained. This direct
relationship confirms that irreversible adsorption plays a crucial
role in determining the extent of irreversible organic fouling.
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