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A B S T R A C T

This article describes a predictive model to account for the performance of a reverse osmosis (RO)
system under the influence of colloidal fouling (using silica particles as model colloids) in terms of
transmembrane pressure increase (~TMP) in constant flux operation or flux drop (~Jv) in con-
stant pressure operation. The predictive model considers the implications of both the critical flux
(Jcrit) and cake enhanced osmotic pressure (CEOP) phenomenon and is based on the membrane
retention, concentration polarization, mass transfer, resistance in series and osmotic pressure
model, cake resistance, and critical flux concept.
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1. Introduction

Conventionally, fouling models of reverse osmosis
(RO) have not considered the simultaneous effects of cri-
tical flux (Jcrit) and cake enhanced osmotic pressure
(CEOP) and therefore suffered from a few disadvan-
tages. Firstly, the models are not able to identify the
initiation and intensity of fouling. Operating a RO sys-
tem below the critical flux will prevent the deposition
of colloidal particles on the membrane. On the other
hand, if operated above the critical flux, the particles
will start to deposit and form a cake layer. Hence, the
accumulation of deposits on the membrane is controlled
by the net flux, which is the difference between the oper-
ating flux, Jv and the critical flux, Jcrit, or (Jv � Jcrit). Sub-
sequently, the build-up of this ‘unstirred’ deposit layer
on the membrane surface will result in the CEOP phe-
nomenon through the hindered back-diffusion of

solutes [1]. Back-diffusion of retained solutes is hin-
dered because the solutes now need to diffuse through
the tortuous paths within the cake layer. The solutes
in this ‘‘unstirred’’ deposit layer are not exposed to
crossflow and the concentration and osmotic pressure
at the membrane surface are greatly enhanced. The
CEOP phenomenon concept is depicted in Fig. 1. In
most of the previous studies, an increase in the trans-
membrane pressure (TMP) or decline in flux was attrib-
uted solely to the induced hydraulic resistance (Rf) of
the deposit layer. However, the CEOP effect suggests
a loss in the available effective driving force rather than
an additional hydraulic resistance, Rf, as demonstrated
in our previous work [2]. Neglecting the CEOP effect
over-estimates the contribution of the cake resistance,
or in other words it does not require a thick layer of cake
to cause a significant increase in TMP or decline in flux.
Therefore, a fouling model that incorporates both the
critical flux and CEOP effects is essential for predicting
the long-term performance of an RO membrane.�Corresponding author
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The focus of this modeling work is on the mem-
brane performance at constant flux and constant pres-
sure operation. To date, most of the work reported in
literature considers the fouling process under fixed
pressure conditions. However, both situations are
important as in practice RO plants tend to be operated
at fixed production rates, which requires constant flux.
So typically TMP is adjusted to compensate for fouling.
If this leads to operating at the maximum pump pres-
sure, it may be necessary to allow the flux to decline.
Therefore, it is essential to understand the fouling
mechanism and the controlling parameters in both
cases. The membrane performance loss can be evalu-
ated in terms of transmembrane pressure increase
(~TMP) for constant flux operation or flux decline
(~Jv) in constant pressure operation. In the following
analysis, a comparison of the relative contribution of
CEOP and Rf on the performance loss is carried out.
Colloidal silica particles are selected as the model com-
pound in the simulation, as the data can be readily
obtained from the results presented in our previous
work [2].

2. Model development

The simple predictive model for colloidal fouling in
RO developed in this study combines the equations for
membrane retention, concentration polarization, mass
transfer, resistance in series and osmotic pressure, cake
resistance, and critical flux. The system considered in

the model is illustrated in Fig. 1. The assumptions
made in the model are:

(1) Non-compressible cake, e.g. specific cake resistance
is independent of the pressure change. Colloidal
silica cake was reported to be compressible [3].
However, under the high pressure of the RO pro-
cess, the effect of time-dependent cake compressi-
bility can be ignored.

(2) Physical properties (viscosity, density, and particle
size) of solution and cake remain constant.

(3) Membrane properties (resistance and real reten-
tion) remain constant.

(4) The cake layer does not reject the solutes.

The model is presented in the following section.

2.1. Membrane retention

Membrane real retention, Rreal, is an intrinsic prop-
erty of a membrane and is assumed to remain constant;
unlike the observed retention which is affected by the
degree of concentration polarization and fouling. Hence,
before fouling:

Rreal ¼
Cwð0Þ � Cpð0Þ

Cwð0Þ
; ð1Þ

where Cw and Cp are the solute concentration at mem-
brane wall and in permeate, respectively.
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Fig. 1. Illustration of concentration profile and boundary layer in RO membrane at steady state (a) before fouling or t ¼ 0, and
(b) after fouling or t ¼ t.
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After fouling:

Rreal ¼
CwðtÞ � CpðtÞ

CwðtÞ
: ð2Þ

2.2. Concentration polarization

Concentration polarization (CP) is due to the accu-
mulation of the rejected solutes on the membrane sur-
face. The solutes diffuse back into the bulk solution due
to the solute concentration gradient. For a clean mem-
brane system, the steady state mass balance of solutes
in the polarized layer is:

Jvð0ÞC � D
dC

dx
¼ Jvð0ÞCpð0Þ ð3Þ

with the boundary conditions:

x ¼ 0; C ¼ Cb

x ¼ dpð0Þ; C ¼ Cwð0Þ

solving yields:

CPð0Þ ¼ exp
Jvð0Þ

D
�
dpð0Þ

 !
¼ exp

Jvð0Þ
kmð0Þ

� �

¼ Cwð0Þ � Cpð0Þ
Cb � Cpð0Þ

;

ð4Þ

where Jv is the flux, D is the diffusivity of solute, dp is
the polarized layer thickness, km is the boundary layer
mass transfer coefficient, and Cb is the bulk concentra-
tion. For a fouled membrane, the concentration at the
wall builds up due to the CEOP effect. The mass bal-
ance of solutes in the polarized layer is:

JvðtÞC � D
dC

dx
¼ JvðtÞCpðtÞ ð5Þ

with the boundary conditions:

x ¼ 0; C ¼ Cb

x ¼ dpðtÞ; C ¼ CcðtÞ

solving yields:

exp
JvðtÞ

D
�
dpðtÞ

 !
¼ exp

JvðtÞ
kpðtÞ

� �
¼ CcðtÞ � CpðtÞ

Cb � CpðtÞ
; ð6Þ

where Cc is the solute concentration at the solution/
cake interface and kp is the mass transfer in the

polarized layer. The mass balance of solutes in the cake
layer is:

JvðtÞC � DcðtÞ
dC

dx
¼ JvðtÞCpðtÞ ð7Þ

with the boundary conditions:

x ¼ dpðtÞ; C ¼ CcðtÞ

x ¼ dpðtÞ þ dcðtÞ; C ¼ CwðtÞ

solving yields:

exp
JvðtÞ

DcðtÞ=dcðtÞ

� �
¼ exp

JvðtÞ
kcðtÞ

� �
¼ CwðtÞ � CpðtÞ

CcðtÞ � CpðtÞ
; ð8Þ

where Dc is the effective solute diffusivity in the
cake layer, kc is the mass transfer in the cake layer,
dc is the cake layer thickness. By combining Eqs. (6)
and (8):

exp
JvðtÞ
kpðtÞ

� �
exp

JvðtÞ
kcðtÞ

� �

¼ CcðtÞ � CpðtÞ
Cb � CpðtÞ

� �
CwðtÞ � CpðtÞ
CcðtÞ � CpðtÞ

� �
or

CPðtÞ ¼ exp
JvðtÞ
kpðtÞ

þ JvðtÞ
kcðtÞ

� �
¼ exp

JvðtÞ
kmðtÞ

� �

¼ CwðtÞ � CpðtÞ
Cb � CpðtÞ

;

ð9Þ

where km(t) is the effective mass transfer coefficient in a
fouled channel, in which 1/km ¼ 1/kp(t) þ 1/kc(t).

2.3. Mass transfer

For a clean membrane system with a thin rectangu-
lar channel, the mass transfer coefficient for laminar
flow from the Graetz–Lévêque correlation is [4]:

kmð0Þ ¼ 1:62
QD2

2W Hð Þ2L

 !1=3

¼ 1:62
vD2

2HL

� �1=3

; ð10Þ

where Q is the crossflow flow rate, W is the channel
width, H is the channel height, L is the channel length,
and v is the crossflow velocity. For a fouled system, the
effective mass transfer comprises two parts; the mass
transfer in the un-fouled section and the mass transfer
in the cake layer. For the un-fouled section:

kpðtÞ ¼
D

dpðtÞ
: ð11Þ
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Let us assume dcðtÞ is small as compared to the
channel height, e.g. dcðtÞ � H . This is a reasonable
assumption as shown in our previous work [2], only a
minute amount of cake was formed even at high flux and
low crossflow velocity, and hence the channel height was
not assumed to be altered by the cake layer. Therefore,

kpðtÞ �
D

dpð0Þ
¼ kmð0Þ: ð12Þ

The mass transfer in a cake layer is:

kcðtÞ ¼
DcðtÞ
dcðtÞ

; ð13Þ

where DcðtÞ is the diffusion of solute in the porous cake
layer with a tortuous path, and can be estimated by [5]:

DcðtÞ ¼ D
eðtÞ

1 � ln eðtÞ2

 !
; ð14Þ

where e is the porosity of cake layer. Hence,

kcðtÞ ¼
D

dcðtÞ
eðtÞ

1 � ln eðtÞ2

 !
: ð15Þ

Therefore, the overall mass transfer in a fouled
channel is:

1

kmðtÞ
¼ 1

kpðtÞ
þ 1

kcðtÞ
¼ 1

kmð0Þ
þ dcðtÞ

D

1� ln eðtÞ2

eðtÞ

 !
:

ð16Þ

For constant flux operation, multiplying Eq. (16) by
Jv and taking exponentials, yields:

CPðtÞ
CPð0Þ ¼ exp

Jv

kmðtÞ

� �
� Jv

kmð0Þ

� �� �

¼ exp
JvdcðtÞ

D

1 � ln eðtÞ2

eðtÞ

 !( )
:

ð17Þ

Eq. (17) shows that the CP level in a fouled mem-
brane system is strongly affected by the operating flux,
cake layer thickness, and porosity as CP(t) is an expo-
nential function of these parameters.

2.4. Resistance in series and osmotic pressure filtration
equation

2.4.1. Constant flux operation

Before fouling occurs, the flux can be calculated
from the filtration model:

Jv ¼
TMPð0Þ � CPð0Þ��bð0Þ

mRm

; ð18Þ

where m is the viscosity of the permeate, Rm is the
intrinsic membrane resistance, and ��b is the osmotic
pressure difference between the feed and permeate
solutions. The osmotic pressure of sodium chloride at
25 �C can be estimated by [6]:

log �NaClð Þ ¼ 0:9937 log CNaClð Þ � 3:0797; ð19Þ

where CNaCl is concentration of sodium chloride in
ppm. For a fouled membrane, where there is an
increase in TMP and CP, and build-up of cake resis-
tance, Rf, the filtration equation can be written as:

Jv ¼
TMPðtÞ � CPðtÞ��bðtÞ

m Rm þ Rf ðtÞð Þ : ð20Þ

Combining Eqs. (18) and (20), yields:

CPðtÞ��bðtÞ � CPð0Þ��bð0Þ
TMPðtÞ � TMPð0Þ

� �

þ JvmRf ðtÞ
TMPðtÞ � TMPð0Þ

� �
¼ 1:

ð21Þ

The first and second terms on the left indicate the
relative contribution of CEOP and Rf on the overall
increase in the TMP.

2.4.2. Constant pressure operation

Before fouling starts, the TMP required for
filtration is:

TMP ¼ Jvð0ÞmRm þ CPð0Þ��bð0Þ: ð22Þ

Fouling causes a drop in the flux, a build-up in the
cake resistance and a change in the CP. Hence,

TMP ¼ JvðtÞm Rm þ Rf ðtÞð Þ þ CPðtÞ��bðtÞ: ð23Þ

Combining Eqs. (22) and (23), yields:

CPðtÞ��bðtÞ � CPð0Þ��bð0Þ
Jvð0Þ � JvðtÞð ÞmRm

� �

þ JvðtÞmRf ðtÞ
Jvð0Þ � JvðtÞð ÞmRm

� �
¼ 1:

ð24Þ

The first and second terms on the left indicate the
relative contribution of CEOP and Rf on the flux
decline, respectively.
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2.5. Cake resistance and thickness

The hydraulic resistance of the cake, Rf, can be esti-
mated by:

Rf ðtÞ ¼ af ðtÞmf ðtÞ; ð25Þ

where af is the specific cake resistance and mf is the
mass of deposit per unit area. The specific cake resis-
tance, af(t) can be estimated from the Carmen–Kozeny
equation [7]:

af ðtÞ ¼
180 1 � eðtÞð Þ

rpd2
peðtÞ

3
; ð26Þ

where rp and dp are the particle density and diameter,
respectively. As seen from Eq. (26), af / 1/dp

2, so a 10-
fold increase in the particle size (e.g. from 20 to 200 nm)
will cause a 100-fold decrease in the specific cake resis-
tance. Also, af(t) is a function of ionic strength of the
solution [3,8] and can be estimated by [9]:

af ðtÞ ¼ 0:07127 � 1015 CNaClð Þ0:3384: ð27Þ

The cake layer thickness can be estimated from the
mass load:

dcðtÞ ¼
mf ðtÞ

rp 1 � eðtÞð Þ : ð28Þ

2.6. Critical flux

The accumulation of the deposit layer on the mem-
brane is related to the critical flux, Jcrit [10] as well as the
fractional deposition constant, F [9] via:

mf ðtÞ ¼ FCb;SiO2
JvðtÞ � Jcritð Þt; ð29Þ

where Cb;SiO2
is the bulk concentration of silica. For sim-

plicity, all particles convected to the membrane surface
due to permeation drag beyond the critical flux are
assumed to fully deposit on the surface, and hence the
fractional deposition constant, F, is assumed to be 1.0
in the above equation. However, this assumption is
only correct at lower crossflow velocities [9]. In addi-
tion, Jcrit is a function of the crossflow velocity, which
is commonly expressed in the form of [11–13]:

Jcrit ¼ a � vb ð30Þ

For colloidal silica particles, the experimentally
determined values of a and b are 47.5 and 0.395, respec-
tively, at dp ¼ 20 nm [9]. The critical flux is also a func-
tion of the particle size, dp, according to the particle

transport mechanisms in crossflow filtration [14–16].
For simplicity, only two types of particle back-
transport mechanism are considered here, Brownian
and shear-induced diffusion. For sub-micron size par-
ticles (typically <0.1 mm), molecular or Brownian diffu-
sion is important [17]. Shear-induced diffusion of
particles occurs because individual particles undergo
random displacements from streamlines in a shear
flow as they interact with and tumble over other parti-
cles [18]. The solute flux estimated based on the above
mechanisms are quite different from each other, since
the Brownian model predicts a decrease in flux with
increasing particle size (Jv / 1/dp

2/3) [17] while the
shear-induced model predicts an increase in flux with
increasing particle size (Jv / dp

4/3) [18]. To include the
particle size effect in the critical flux estimation, and
using dp ¼ 100 nm as the reference point, for the transi-
tion from Brownian to shear-induced diffusion control
[19], gives

Brownian diffusion : dp 	 100 nm;
Jcrit; dp2

Jcrit; dp1

¼ dp1

dp2

� �2=3
;

ð31Þ

Shear-induced diffusion : dp > 100 nm;
Jcrit; dp2

Jcrit; dp1

¼ dp2

dp1

� �4=3
:

ð32Þ

The critical flux is plotted as a function of particle
size and crossflow velocities in Fig. 2.
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Fig. 2. Jcrit as a function of dp at different crossflow velocities.
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3. Methodology

It is relevant to compare the relative impact of the
fouling resistance, Rf, and the CEOP effect (reduces the
driving force) on the loss of performance in RO separa-
tion. The performance loss involves an increase in TMP
(~TMP ¼ TMP(t) � TMP(0)) for constant flux opera-
tion, or a decrease in flux (~Jv ¼ Jv(0) � Jv(t)) for con-
stant pressure operation. The procedures to estimate
the value of TMP(t) or Jv(t) based on the model pre-
sented in Section 2, are as follows:

(a) To estimate the TMP, TMP(t), for constant flux
operation:

Input: W, L, H, m, D, rp, dp, Cb, Cb;SiO2
, Jv, v, Rreal, Rm,

and t.

Step 1: Compute km(0), CP(0), and TMP(0) from Eqs.
(1), (4), (10), (18), and (19).
Step 2: Compute mf(t) from Eqs. (29)–(32).
Step 3: Estimate e(t) and compute af(t) from Eq. (26)
and dc(t) from Eq. (28).
Step 4: Compute CP(t) from Eq. (16) and Jv.
Step 5: Compute Cw(t) from Eqs. (2) and (9).
Step 6: Compute af(t) from Eq. (27).
Step 7: Solve for e(t) as such af(t)Step 3 � af(t)Step 6 ¼ 0.
Recalculate af(t), dc(t), CP(t), and Cw(t) with the new
value of e(t).
Step 8: Compute Rf(t) from Eq. (25).
Step 9: Compute TMP(t) from Eq. (20).
Step 10: Calculate the contribution of CEOP and Rf

from Eq. (21).

(b) To estimate the operating flux, Jv(t), for constant
pressure operation:

Input: W, L, H, m, D, rp, dp, Cb, Cb;SiO2
, Jv(0), v, Rreal,

Rm, and t.

Step 1: Compute km(0), CP(0), and TMP from Eqs. (1),
(4), (10), (19), and (22).
Step 2: Estimate Jv(t) and compute mf(t) from Eqs. (29)–
(32).
Step 3: Estimate e(t) and compute af(t) from Eq. (26)
and dc(t) from Eq. (28).
Step 4: Compute CP(t) from Eq. (16) and Jv(t) from Step 2.
Step 5: Compute Cw(t) from Eqs. (2) and (9).
Step 6: Compute af(t) from Eq. (27).
Step 7: Compute Rf(t) from Eq. (25).
Step 8: Compute Jv(t) from Eq. (23).
Step 9: Solve for e(t) as such af(t)Step 3 � af(t)Step 6 ¼ 0
and Jv(t)Step 2 � Jv(t)Step 8 ¼ 0.
Recalculate af(t), dc(t), CP(t) and Cw(t), Rf(t), and Jv(t)
with the new value of e(t).
Step 10: Calculate the contribution of CEOP and Rf

from Eq. (24).

The calculations are solved with Microsoft Excel.
The input parameters for the simulations are summar-
ized in Table 1.

4. Results and discussion

4.1. Simulations for fixed cake thicknesses

The first case considered assumes a membrane
channel fouled by a cake layer with thickness of 10 and
50 mm. The initial CP (un-fouled) is assumed to be 1.2,
which in practice the membrane manufacturers recom-
mend a value of <1.2.

Table 1
Input parameters for simulations

Fixed input parameters for all sections

W ¼ 0.06 m H ¼ 1.4 � 10�3 m m ¼ 1.0 � 10�3 Pa s Rm ¼ 1.0 � 1014 m�1

L ¼ 0.31 m rp ¼ 2410 kgm�3 D ¼ 1.5 � 10�9 m2s�1 Rreal ¼ 0.99

Section Variables Input parameters
4.1. Cb, dp, Jv or J0 dp ¼ 20 nm Cb;SiO2

¼ 0.2 kgm�3 CP(0) ¼ 1.2
4.2.1. Jcrit dp ¼ 20 nm Cb;SiO2

¼ 0.2 kgm�3 Cb ¼ 2 kgm�3

v ¼ 0.1 ms�1 Jv or J0 ¼ 40 L m�2 h�1

4.2.2. v dp ¼ 20 nm Cb;SiO2
¼ 0.2 kgm�3

Cb ¼ 2 kgm�3 Jv or J0 ¼ 40 L m�2 h�1

4.2.3. Jv or J0 dp ¼ 20 nm Cb;SiO2
¼ 0.2 kgm�3

Cb ¼ 2 kg m�3 v ¼ 0.1 ms�1

4.2.4. Cb;SiO2
dp ¼ 20 nm Cb ¼ 2 kg m�3

v ¼ 0.1 ms�1 Jv or J0 ¼ 30 L m�2 h�1

4.2.5. Cb dp ¼ 20 nm Cb;SiO2
¼ 0.2 kgm�3

v ¼ 0.1 ms�1 Jv or J0 ¼ 30 L m�2 h�1

4.2.6. dp v ¼ 0.1 ms�1 Cb;SiO2
¼ 0.2 kgm�3

Cb ¼ 2 kg m�3 Jv or J0 ¼ 30 L m�2 h�1
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4.1.1. Cake thickness of 10 mm

Fig. 3 presents the results of calculations for a cake
thickness of 10 mm for constant fluxes of 30 and 10 L
m�2 h�1, respectively. The figures on the top show the
responses as the required TMP increases, ~TMP, or
the reduction in flux, ~Jv. The figures on the bottom
show the CEOP contributions. At constant flux opera-
tion, the contribution of CEOP upon ~TMP is strongly
affected by the particle size, dp. For instance, when dp >
100 nm, more than 90% of the TMP rise is due to the
CEOP effect regardless of the operating flux, Jv, or salt
concentration, Cb. Rf does not play a significant role in
the TMP increase. Whereas for dp < 100 nm, ~TMP
increases exponentially with decrease in the particle
size and the CEOP effect decreases. Also, the TMP
increase due to the CEOP effect is influenced by Cb. For
example, at dp ¼ 20 nm and Jv ¼ 30 L m�2 h�1, the con-
tribution by CEOP upon ~TMP is 25%, 55%, and 85%

at Cb of 1000, 5000, and 35,000 ppm, respectively. How-
ever, the contribution by CEOP due to flux increase,
e.g. increasing the Jv from 10 to 30 L m�2 h�1, is less
than 5% only for the same dp and Cb.

The trends at constant pressure operation (as shown
in Fig. 4 for J0¼ 30 and 10 L m�2 h�1) have a similar pat-
tern to those at constant flux operation. When a particle
is greater than 100 nm, ~Jv is solely due to CEOP. For dp

< 100 nm, a greater CEOP component is observed as
particle size increases, as salt concentration increases
and for the higher flux condition. But the % contribution
of CEOP upon ~Jv is less than in the constant flux
operation upon ~TMP. This observation is more
obvious when operating at lower J0. This is because the
concentration polarization modulus, CP, is driven by
flux, and as flux declines due to fouling in the constant
pressure mode, then CP also drops. Hence, the contribu-
tion of Rf is more significant in this case.
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Fig. 3. ~TMP and relative contribution of CEOP for fixed cake thickness of 10 mm at constant flux operation (a) Jv ¼ 30 L m�2

h�1 and (b) Jv ¼ 10 L m�2 h�1.
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4.1.2. Cake thickness of 50 mm

As shown in Fig. 5(a) and (b), at constant flux opera-
tion of 30 and 10 L m�2 h�1, respectively, a thicker cake
layer leads to a greater contribution by CEOP upon the
overall TMP increase when dp < 100 nm. For example,
the contribution by CEOP is 35%, as compared to only
25% at the cake thickness of 10 mm when dp¼ 20 nm, Cb

¼ 1000 ppm, and Jv ¼ 30 L m�2 h�1. Moreover, the
CEOP effect also increases with increasing dp, Cb, and
Jv. Again, when the particle is greater than 100 nm, the
contribution of Rf can be ignored.

Generally, in the constant pressure mode, trends are
similar to those observed for the cake thickness of 10
mm (Fig. 5(c) and (d)). Further, only a minute change
in the % contribution by CEOP upon ~Jv is observed
even though the cake is getting thicker, e.g. at dp ¼
20 nm, Cb ¼ 1000 nm, and J0 ¼ 30 L m�2 h�1, the con-
tribution by CEOP is *25% at both cake thicknesses.

4.1.3. Discussion

Overall, for particles of 100 nm and larger the
major fouling effect appears to be CEOP, rather than
a fouling resistance. The CEOP effect is less for feed
with a low salt content; in the extreme where there are
no ‘osmotic solutes’ then there is no need to compen-
sate for the osmotic effect. The above calculations
have been based on cakes of colloidal silica particles.
However, biofilms also provide an unstirred layer
analogous to cakes. Biofilms develop from deposited
bacteria that adhere and accumulate by growth on the
membrane surface. The major fouling component of a
biofilm is due to extracellular polymeric substances
(EPS), which has a measured specific resistance of the
order of 0.5 � 1016 m kg�1 [20], equivalent to a 20 nm
sized fine colloid (assuming e * 0.3). The deposited
layers of EPS could also cause CEOP. As shown in our
previous work [2], a model EPS, alginic acid, can

Cb = 1000 ppm Cb = 5000 ppm Cb = 35,000 ppm

0.0

0.2

0.4

0.6

0.8

1.0

dp(µm)

C
E

O
P

 (
 ×

10
0%

)

0
0.01 0.1 1

0.01 0.1 1

4

8

12

16

20

Δ 
J v

 (L
 m

–2
 h

–1
)

(a)

dp(µm)

0.01 0.1 1

0.01 0.1 1

C
E

O
P

 (
×1

00
%

)
Δ 

J v
 (L

 m
–2

 h
–1

)

0.0

0.2

0.4

0.6

0.8

1.0

0.0

1.0

2.0

3.0

4.0

5.0
(b)

Fig. 4. ~Jv and relative contribution of CEOP for fixed cake thickness of 10 mm at constant pressure operation (a) J0 ¼ 30 L
m�2 h�1 and (b) J0 ¼ 10 L m�2 h�1.

T.H. Chong, A.G. Fane / Desalination and Water Treatment 8 (2009) 68–90 75



create a higher loss in the driving force due to the
CEOP effect than the hydraulic resistance the flux is
greater than 20 L m�2 h�1.

4.2. Kinetics of TMP increase or flux drop and relative
contributions of CEOP

The results presented in the previous section are
based on fixed cake thickness. This section will look
into the dynamics of the build-up of the cake and
development of CEOP under the effect of critical flux,
crossflow velocity, operating flux, particle concentra-
tion, salts concentration and particle size, and their
impacts on the membrane performance.

4.2.1. Varying critical flux, Jcrit

The first case to consider is the effect of higher criti-
cal flux on fouling. Critical flux, Jcrit, due to particulate
fouling can be improved by various methods such as
coagulation forming bigger particles [21,22], and the
use of electrical fields [23]. Undeniably, the use of such
techniques will modify either the solution physical and
chemical properties, or hydrodynamic conditions, but
only the change in the critical flux value is considered
here, and other parameters are assumed unchanged in
the calculations. As shown in Fig. 6(a), at constant flux
operation, as Jcrit increases, (Jv � Jcrit) decreases, result-
ing in a lower net deposition rate, i.e. the cake layer
formed is thinner. This results in a slower build-up in
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the cake resistance, Rf, and CP level. In this example, a
50% increase in Jcrit, from 20 to 30 L m�2 h�1, reduces
increase in ~TMP by *53%. In addition, the contribu-
tion of CEOP to ~TMP is the lowest at the highest Jcrit.
The CEOP effect increases over time and becomes the
controlling fouling mechanism.

It should be noted that the fouling in terms of the
cake build-up rate, ddc=dt, is a steady rise but the effect,
observed as dTMP/dt, tends to be accelerating due to
the non-linear contribution of CP according to Eq.
(17). This is more obvious at higher net flux than at
lower net flux where the TMP and CP rise can be trea-
ted as near-linear (straight lines in the plot).

In the fixed pressure mode, dc increases rapidly
initially then increases slowly, and eventually reaches
an asymptotic value, unlike in the fixed flux mode
where there is a continuous accumulation with time.
As Jcrit increases, the rate of flux drop also decreases
due to less foulants deposited over time (Fig. 6(b)).
Since the flux decline rate is at the minimum for the
highest level of Jcrit, in other words, the transient flux
level is the highest, the contribution of CEOP is the
highest. However, the CEOP effect remains relatively
steady over time as fouling progresses, i.e. at Jcrit ¼
30 L m�2 h�1, less than 0.2% change in the CEOP con-
tribution is observed after 500 min of operation.
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Moreover, the contribution of CEOP in constant pres-
sure mode (*28%) is notably less than in constant flux
operation (>50%). This can be explained since Jv drops
due to fouling in the fixed pressure operation, and,
therefore, a lower Jv gives a lower CP value according
to Eq. (17).

4.2.2. Varying crossflow velocity, v

Increasing the crossflow velocity results in an
increase in the critical flux level due to higher back
transport of particles induced by shear (see Eq. (30)).

This can have significant impact on the rate of fouling.
In constant flux operation, from Fig. 7(a), as v increases,
the rate of change of TMP and CP is reduced drasti-
cally, from an exponential rise to a near-linear increase.
For example, at t¼ 500 min, ~TMP is only *1.6 bar at
v ¼ 0.50 ms�1 as compared to at a lower crossflow of
0.10 ms�1 when the TMP is doubled, from 15.7 to
34.8 bar. At higher crossflow velocity, the CP value is
lower, so the CEOP contribution is less than the Rf.
Also, it should be noted that the improvement in mem-
brane performance at higher crossflow velocity, is bet-
ter than in the previous case, resulting in higher critical
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flux. For example, in the previous simulation increas-
ing the critical flux from 20 to 30 L m�2 h�1 at v ¼
0.10 ms�1, reduces the ~TMP from 17.7 to 6.5 bar at
t ¼ 500 min (refer to Fig. 6(a)). A similar improvement
in Jcrit, from 20 to 30 L m�2 h�1, can also be achieved by
increasing the crossflow velocity from 0.10 to
0.30 ms�1, which also results in a further reduction in
~TMP, down to 5.5 bar. This is because apart from
improving Jcrit, the CP level is also lowered at higher
crossflow velocity since CP ¼ exp(Jv/km), whereby km

is a function of crossflow velocity. Therefore, the rela-
tive CEOP effect appears to be lower, *45% as

compared to the previous case where CEOP is >50%.
This suggests that other benefits, rather than an
improvement in the critical flux level alone, should
be considered when selecting an appropriate techni-
que/treatment to reduce fouling.

In general, in the constant pressure mode, the rate of
flux drop, CP and Rf build-up rate decreases with
increasing crossflow velocity as shown in Fig. 7(b). Since
the transient value of Jv is higher at high crossflow velo-
city of 0.50 ms�1 due to less fouling as compared to a
low crossflow of 0.10 ms�1, the contribution of CEOP
is also the highest. Again, as in the first case, the CEOP
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effect in the fixed pressure operation is much lower than
that in the constant flux mode.

It should also be noted that the fractional deposition
constant, F, in Eq. (29) may be less than 1.0 for high
crossflow velocities [9]. The effect of this is to slow
down the rate of deposition. For example, if F is 0.5, the
simulated rates of change are halved, and so on.

4.2.3. Varying operating flux, Jv

In constant flux operation, increasing Jv gives a lar-
ger net flux, (Jv � Jcrit), when Jcrit is constant. This

results in an increase in the TMP rise and CEOP effects
due to higher deposition rate as depicted in Fig. 8(a). It
should be highlighted that increasing the Jv only yields
a linear increase in the cake accumulation since mf/ (Jv

� Jcrit). Rf increases near-linearly as well since Rf / mf,
but there is a slight deviation from linearity due to the
effect of NaCl concentration on the specific cake resis-
tance, af, according to Eq. (27). In contrast, the conse-
quence of increasing Jv is an exponential increase in
the CP level since CP¼ exp (Jv/km). Thus, there is a tre-
mendous increase in the CEOP effect, from 50% to 60 %,
in 500 min when operating at a high Jv of 40 L m�2 h�1.
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Similarly, this principle applies when the net flux,
(Jv � Jcrit), is identical but with different combinations
of Jv and Jcrit. For example, when Jv ¼ 30 L m�2 h�1, Jcrit

¼ 20 L m�2 h�1 (Fig. 8(a)) and Jv ¼ 40 L m�2 h�1, Jcrit ¼
30 L m�2 h�1 (Fig. 6(a)), where both give an equal net
flux of 10 L m�2 h�1. So the ddc/dt is same, *13 mm
in 500 min. However, there is an increase of 60% and
81% in the CP value in the first and second situation,
respectively. This is simply due to higher Jv in the latter
situation. This suggests that even if the critical flux is
raised, it does not warrant the system to be operated
at a higher flux level. It should be reminded that this

outcome is only valid when the CEOP effect occurs,
as Rf alone only produces a near-equal increase in TMP
in both cases. Therefore, without taking into account
the effect of CEOP, the intensity of fouling would be
underestimated.

Similarly, operating at a higher initial flux, J0, results
in a greater flux decline rate, and thicker cake (Fig. 8(b)),
although the Jv(t) value is still higher at higher J0 as
compared to lower J0, e.g. at t ¼ 500 min, Jv(t) is 22.5
and 30 L m�2 h�1 seen as a drop of 10% and 25% in the
flux for J0 of 25 and 40 L m�2 h�1, respectively. Hence,
the relative CEOP effect is higher for high J0.
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4.2.4. Varying particle concentration,Cb;SiO2

The particle concentration in the feed solution can be
controlled and reduced by microfiltration or ultra-
filtration pretreatment processes. As expected, reducing
Cb;SiO2

will slow down the cake formation rate and TMP
increase rate as shown in Fig. 9(a). Similar to the situa-
tion presented above, Rf increases near-linearly while
CP increases exponentially with increasing Cb;SiO2

. This
can be reasoned with a linear increase in mf and hence
dc, but an exponential trend in CP value with dc.

Likewise, operation at fixed pressure, as Cb;SiO2

increases, ~Jv, dc, and Rf also increase as shown in

Fig. 9(b). The contribution by the CEOP upon ~Jv is
lower at higher particle concentration, but the rate of
change is less than 1% in 500 min. Again, the contribu-
tion by Rf in ~Jv is dominant.

4.2.5. Varying salt concentration, Cb

Fig. 10(a) presents the membrane performance data
at various salt concentrations in constant flux opera-
tion. Theoretically, according to Eq. (29), the rate of
accumulation of deposits at various salt concentrations
is identical as mf is only a function of Cb;SiO2

, Jv, and Jcrit.
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The mf vs. time plot is not shown here but the plot of
cake thickness vs. time is presented instead. As seen,
the thickness of cake decreases with increasing Cb (but
the difference is not large) due to lower porosity, e, at
higher ionic strength thus forming a more compact
cake layer (this is a consequence of Eqs. (26) and
(27)); at such a low porosity, the specific cake resistance
is high and so is Rf.

Since CP is also a function of e (dc plays a less signif-
icant role here as the difference is small when Cb is
increased), CP increases with increasing Cb and this
ends up with a huge increase in the CEOP effect. The

contribution of CEOP increases substantially from
*30% at 1000 ppm NaCl to *90% at 35,000 ppm
NaCl. This results in an exponential increase in ~TMP
at high ionic strength solution equivalent to seawater.

On the other hand, for constant pressure operation,
increasing Cb results in a greater drop in flux as shown
in Fig. 10(b). As expected, dc decreases with increasing
Cb due to lower e. Rf is still relatively high since af is
high. However, unlike in the fixed flux situation, the
CP decreases as Cb increases since there is a greater flux
drop due to lower cake porosity and not due to thicker
cake formation. Hence, the contribution by Rf is
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dominant. These results agree with a recent study on
colloidal silica fouling at different ionic strengths
where more particle deposition was found at 10�2 M
than at 10�1 M, but the latter has a larger hydraulic
resistance because of the smaller effective porosity [24].

4.2.6. Varying particle size, dp

4.2.6.1. Brownian diffusion
Fig. 11(a) shows the effect of particle size upon

membrane performance at constant flux operation. For
Brownian diffusion, increasing the particle size (up to
100 nm) decreases the Jcrit. As a result, the net flux of

foulant is higher and thus dc is higher with increasing
dp. This gives a greater development of CP. However,
increasing the particle size greatly reduces the Rf since
af / 1/dp

2. Therefore, the contribution of CEOP
increases dramatically from *45% to over 90% when
dp increases from 20 to 100 nm.

Similarly, at constant pressure, as dp increases, the
flux decline rate increases due to more deposition,
which gives a higher CP level as shown in
Fig. 11(b). Again, the CEOP effect becomes evident
as Rf contribution is fading when dp approaches
100 nm. When the particle is small, e.g. at 20 nm, the
Rf is the main fouling mechanism and the effect is
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more significant (*75%) than in the constant flux
operation (*55%).

4.2.6.2. Shear-induced diffusion
The shear-induced diffusion mechanism is applic-

able to sub-micron sized particles with dp > 100 nm.
As opposed to Brownian diffusion, increasing the size
for particles in the shear-induced diffusion region
results in an increase in Jcrit since Jcrit/ dp

4/3. Hence, for
both fixed flux (Fig. 11(c)) and fixed pressure operation
(Fig. 11(d)), bigger particles give a lower rate of change
of TMP in the former or less ~Jv in the latter due to less

deposition, lower CP, and Rf. The contribution by CEOP
in both cases is greater than 90% for all the particle sizes.

The above results are supported by various studies
of colloidal silica fouling in RO at fixed pressure using
300 nm-sized particles where the effect of trans-cake
pressure (~Pc ¼ JvmRf) was less than 2% of the overall
loss in the membrane performance [1,4,25].

5. Concluding remarks

A simple model has been developed to predict the
membrane performance under the effect of critical flux
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(Jcrit) and CEOP. In summary, for conventional con-
stant flux operation the fouling in terms of rate of
deposition, dmf/dt, is a steady rise but the effect,
observed as dTMP/dt, tends to be accelerating due to
the non-linear contribution of CEOP. This happens at
high net flux, low crossflow velocity, high particle
loading, and high salt content. Also, it is found that the
fouling mechanism is greatly controlled by the particle
size. When dp > 100 nm, regardless of the operating
flux, crossflow velocity, critical flux, salt concentration,
and particle concentration, the loss in membrane per-
formance is predominantly due to the CEOP effect.
When dp is significantly less than 100 nm, other factors

then play a part in the overall loss in performance. In
constant flux operation, it is found that the transition
from Rf controlled to CEOP controlled occurs when
Jv, Cb, and Cb;SiO2

is high as well as when v and Jcrit is
low. It is also evident that the CEOP effect is greater
at fixed flux operation than at fixed pressure operation
simply due to the decline in flux, hence CP, in the latter
situation.
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Fig. 10. (a) Varying Cb at constant flux operation. (b) Varying Cb at constant pressure operation.
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Cb Concentration of solute in bulk solution
(ppm or kgm�3)

Cb;SiO2
Concentration of silica colloids in bulk
solution (ppm or kgm�3)

Cc Concentration of solute at cake layer sur-
face (ppm or kgm�3)

Cp Concentration of solute in permeate
solution (ppm or kgm�3)

Cw Concentration of solute at membrane
surface (ppm or kgm�3)

CP Concentration polarization modulus
(dimensionless)

D Diffusion coefficient of solute in bulk
solution (m2s�1)

Dc Diffusion coefficient of solute in cake
layer (m2s�1)

dp Diameter of particle (m)
H Membrane channel height (m)
Jcrit Critical flux (L m�2 h�1 or m3m�2s�1)
Jv Permeate flux (L m�2 h�1 or m3m�2s�1)
~Jv Permeate flux drop (L m�2 h�1 or

m3m�2s�1)

kc Mass transfer coefficient in cake layer
(ms�1)

keff Effective mass transfer coefficient
(ms�1)

km Mass transfer coefficient (ms�1)
kp Mass transfer coefficient in polarized

layer (ms�1)
L Membrane channel length (m)
mf Mass of deposit per unit membrane area

(kgm�2)
Q Volumetric crossflow rate (L min�1 or

m3s�1)
Rf Fouling layer or cake resistance (m�1)
Rm Membrane resistance (m�1)
Robs Observed retention (dimensionless)
Rreal Real retention (dimensionless)
T Time (h or min or s)
TMP Transmembrane pressure (Pa or bar)
~TMP Transmembrane pressure increase

(Pa or bar)
v Crossflow velocity (ms�1)
W Membrane channel width (m)
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Fig. 11. Continued
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Greek letters
dp Thickness of polarized layer (m)
dc Thickness of cake layer (m)
af Specific cake resistance (m kg�1)
m Viscosity of solution (Pa s)
rp Density of particle (kgm�3)
F Fractional deposition constant

(dimensionless)
e Cake porosity (dimensionless)
~�b Osmotic pressure difference between

feed and permeate solution (Pa or bar)
~�w Osmotic pressure difference between

membrane wall and permeate solution
(Pa or bar)
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