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The performance of nanofiltration (NF) process for water treatment is affected by flux decline due to
membrane fouling. Many models have been applied to explain fouling mechanisms. In this work, a combined
pore blockage, osmotic pressure, and cake filtration model was developed and successfully used to determine
NF performance and model parameters for crossflow NF. NOM solutions containing sparingly soluble
inorganic salts (i.e. CaCO3, CaSO4, and Ca3(PO4)2), showed higher normalized flux decline than those
containing soluble inorganic salts (i.e. NaCl and CaCl2). The αblocked and Rm,s parameters for sparingly soluble
inorganic salts exhibited higher values than those for soluble inorganic salts, while the Rm,s and αcake

parameters were found to be significant for soluble inorganic salts due to increased salt concentration and
NOM cake accumulation at the membrane surface. Increased ionic strengths from 0.01 M to 0.11 M resulted in
more pronounced flux decline, thus increased model parameters (i.e. αblocked and Rm,s). The membrane surface
characteristics examined by the scanning electron microscopy (SEM) images evidently supported the
precipitation of sparingly soluble inorganic salts. The flux decline was the most pronounced for phosphate
species, corresponding to the lowest water flux recovery, thus increased non-recoverable resistance (Rnon-rec)
due to pore plugging from phosphate salt precipitation.

© 2011 Elsevier B.V. All rights reserved.

Introduction

Membrane processes have been increasingly used in the applica-
tions of drinking water treatment to meet more stringent water
quality regulations [1]. Of particular interest is the use of nanofiltra-
tion (NF) to effectively remove dissolved natural organic matter
(NOM) and simultaneously control disinfection by-products (DBPs)
after chlorination process of drinking water treatment [2]. However,
membrane fouling can significantly reduce membrane performance,
thus increase operating costs due to higher operating pressures, and
frequent chemical cleaning leading to shortened membrane life [3].
Fouling may be attributed to several mechanisms including concen-
tration polarization of retained solutes, pore blocking by solutes
adsorbed on the membrane surface and/or within pores, and cake
layer formation, which presents an additional resistance to flow, and
precipitation of inorganic, and organic solutes as a result of high
concentration at the membrane surface [4,5].

Natural organic matter is considered as a major membrane foulant
during NF [6]. NOM component comprises a heterogeneousmixture of
organic materials with wide molecular size distribution and func-
tional groups [7,8]. Membrane fouling caused by NOM can be
dependent on molecular size distribution of feed solution compo-
nents. Components smaller than membrane pores can penetrate the
membrane pores, while larger components including aggregates can
blockmembrane pores and contribute to cake formation [9]. Yuan and
Zydney [10] indicated that both pore blockage and surface deposition
can dominate foulingmechanisms of humic acid during ultrafiltration,
when compared with adsorption and concentration polarization. The
accumulation of retained dissolved organic matter (DOM) mass
significantly affected membrane fouling, while larger pore mem-
branes exhibited significant flux decline in comparison with smaller
pore membranes [11]. Jurusuthirak et al. [12] exhibited that cake
formation dominated permeate flux decline with increased NOM
concentration.

Inorganic fouling is one of the major limitations of NF applications
in drinking water treatment [13,14]. This fouling is induced by
concentration polarization and scale formation (or precipitation
fouling) during NF. An increased concentration of the scale-forming
species in the bulk solution occurs due to permeate withdrawal,
which is further enhanced in the region next to themembrane surface
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by the superimposed effect of concentration polarization [15]. Flux
decline caused by inorganic fouling is dependent on solution pH, ionic
strength and solution types [16,17]. It was evident that an increase of
NaCl concentration or the presence of divalent cations increased
osmotic pressure due to high salt concentration [12] and enhanced
membrane membrane fouling [17]. Multivalent cations can lead to
more membrane fouling when combined with polyanions, such as
carbonate (CO3

2−), sulphate (SO4
2−), and phosphate (PO4

3−) ions, thus
attributing to pore blockage of precipitated species formed and
blocked membrane surface and/or pores [15,18]. However, the
influence of combined inorganic salts and NOM with different
solution chemistry during NF fouling is required to understand
fouling mechanisms in order to mitigate membrane fouling.

In our previous work [19], a combined osmotic pressure and cake
filtration model for crossflow nanofiltration of NOM was proposed.
This model integrates the combined effects of osmotic pressure
caused by retained salt concentration in the boundary layer of the
membrane surface and cake formation caused by additional NOM
cake resistance. The model can be used successfully to interpret
membrane performances during crossflowNF of soluble inorganic salt
with NOM. In addition, the model parameters due to the effect of
operating conditions in crossflow reverse osmosis can be successfully
evaluated [20]. However, we could not apply this model for solutions
containing sparingly soluble inorganic salts with NOMdue to different
foulingmechanisms observed [18]. Therefore, this paper describes the
modified mathematical fouling model, which combines pore block-
age, osmotic pressure, and cake filtration model for crossflow NF of
NOM with the presence of different inorganic salts. The objective of
this study was to determine nanofiltration performance and model
parameters of the modified mathematical fouling models. The results
of this work also include the changes in the model parameters with
different inorganic salts (i.e. Cl−, CO3

2−, SO4
2−, and PO4

3−) and ionic
strengths (I.S.) of different multivalent cations (i.e. calcium and
magnesium). The membrane performance and model parameters
were estimated to provide an insight of fouling phenomena during NF
of NOM and salts. Membrane surface characteristics were examined
by scanning electron microscope (SEM) in order to illustrate surface
images of the fouled membrane surface.

2. Theory

2.1. Solution flux

Solution flux during membrane filtration can be determined in
terms of membrane permeability and the net transmembrane
pressure gradient (ΔP−σΔπ)as follows [19]:

Jv = Lp ΔP−σΔπð Þ = ΔP−σΔπ
μ Rm + Rnon−recð Þ ð1Þ

where Jv is the solution flux (Lm−2h−1, LMH); Lp is the membrane
permeability (LMH kPa−1), ΔP is the averaged transmembrane
pressure (kPa); σ is the osmotic reflection coefficient (estimated by
the intrinsic membrane rejection; (Rmem=1−Cperm/Cmem); Cmem and
Cperm are the solute concentrations at the membrane surface and in
the permeate (mol L−1); Δπ is the difference in osmotic pressure of
the solution at the membrane (πmem) and in the permeate (πperm),
Δπ=πmem−πperm (kPa); μ is the dynamic viscosity (kg m−1s−1); Rm
is the membrane hydraulic resistance (m−1); Rnon-rec is the additional
resistance due to the non-recoverable resistance (m−1). For clean
water flux (Jvo), solution flux can be evaluated for unfouled
membrane, while the effects of osmotic pressure and non-recoverable
resistance are relatively small and therefore neglected. Membrane
hydraulic resistance can be described by the Hagen-Poiseuille
equation for laminar flow in the assumption of a uniform membrane

pore radius (rp) (m), while clean water flux can be written as follows:

Jvo =
ΔP
μRm

=
Nπ r4pΔP
8μδm

ð2Þ

whereN is the number of pores per unit membrane area (poresm−2);
and δm is the membrane thickness (m).

2.2. Pore blockage model

Pore blockagemodel illustrates the rate of change in the number of
pores (or pore area,Ap, T=NAmπ rp2), which can be assumed to be
proportional to the net transport of solute to the membrane surface
[21].

dAp;T

dt
= πr2pAm

dN
dt

= −αblockedAmCreten;NOM tð Þ Jvo−J�ð Þ ð3Þ

where Am is total active permeable membrane area (m2); t is the ope-
rating period (min); αblocked is the pore blockage efficiency (m2kg−1);
Creten,NOM is theNOMconcentration in the retentate (kg m−3), which can
be determined based on the mass balance model [19]; J⁎ is the effective
flux associated with back-transport resulting from crossflow (LMH).
Eqs. (1), (2), and (3) can yield Eqs. (4) and (5), which describe the pore
blockage model:

dJv
Jvodt

=
dAp

Amdt
ð4Þ

dJv
dt

= −α blockedCreten;NOM tð ÞJvo Jvo−J�ð Þ: ð5Þ

2.3. Combined osmotic pressure and cake filtration model

The combined osmotic pressure and cake filtration model was
developed to evaluate nanofiltration performance of a solution
containing both salt and NOM [19]. This model incorporates
additional term of cake resistance (Rc), which is used to characterize
flux in ultrafiltration and microfiltration [22,23]. The solution flux (Jv)
can be determined by incorporating an additional term of cake
resistance as follows:

Jv =
ΔP−σΔπð Þ

μ Rm;s + Rnon−rec + Rc

� � ð6Þ

where the subscript s refers to salt; Rm, s=(Rm+(1−η)Rnon− rec)/η is
themembrane hydraulic resistancewith the presence of salt (m−1); η
is the permeability reduction factor (−) due to the effect of salt
concentration at themembrane surface. The change in solution flux as
a function of time can be written as follows [19]:

dJv
dt

= −
σsαsRmem;sβs

μ Rm;s + Rnon−rec + Rc

� � dCreten;s

dt

� �

− Jv
Rm;s + Rnon−rec + Rc

� � dRc

dt

� � ð7Þ

where αs is the correlation between osmotic pressure and salt
concentration (kPa Lmol−1); the ratio βs (=Cmem, s/Creten, s) is the salt
concentration polarization (−). Rmem,s is the intrinsic membrane
rejection in the presence of salt (−). Cmem,s and Creten,s are salt con-
centration at themembrane surface and in the retentate (mol L−1). The
change in salt concentration in the retentate (dCreten,s/dt) as a function of
time can be determined based on the mass balance model using a
completely stirred tank reactor [24].
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