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ABSTRACT

Results reported here indicate that membrane fouling could influence the removal of two
pharmaceutically active compounds (PhACs) namely sulfamethoxazole and carbamazepine,
by a nanofiltration process. The effects of membrane fouling on solute rejection by the tight
nanofiltration (NF)-90 membrane were quite negligible. In contrast, remarkable effects of
membrane fouling on the rejection of both inorganic salts and PhACs were observed with
the larger pore size NF-270 membrane. The effects of membrane fouling on solute rejection
were strongly foulant-dependent. The three model foulants (sodium alginate, bovine serum
albumin, and silica colloid) used in this study resulted in three distinctive modes of mem-
brane fouling. Subsequently, these three modes of membrane fouling consistently showed
different effects on the membrane separation efficiency. Inorganic colloidal fouling resulted
in the most severe rejection decrease while causing the least permeate flux decline. This
observed reduction in rejection could be attributed to the cake-enhanced concentration
polarization phenomenon that was also thought to be the primary mechanism of flux decline
in inorganic colloidal fouling. In contrast, organic fouling caused by the model foulant algi-
nate led to a lesser decrease in the rejection of PhACs despite the fact that alginate caused
the most severe flux decline.

Keywords: Nanofiltration; Membrane fouling; Pharmaceutically active compounds (PhACs);
Water recycling; Proteins; Colloidal particles; Polysaccharides

1. Introduction

The many worldwide problems associated with
the lack of clean water are well known [1]. In many

cases, potable water scarcity has also been seen as a
major obstacle for economic growth. A strategic
approach to addressing water shortages is the aug-
mentation of environmental supplies by the reclaimed
effluents using advanced water treatment technolo-
gies including high-pressure membrane processes*Corresponding author.
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such as reverse osmosis (RO) and nanofiltration (NF)
[1,2]. In fact, most potable water recycling schemes
utilize RO or NF membranes as a major physical bar-
rier to remove contaminants of concern. At the centre
of these contaminants, micropollutants such as phar-
maceutically active compounds (PhACs), endocrine
disrupting compounds, and industrial chemicals are
present, which are known to be widespread in raw
sewage and secondary treated effluent at trace levels.
Their occurrence in treated municipal wastewater
effluents and sewage impacted water bodies at lg/L
level or lower is wide spread in many parts of the
world [3]. The risk of trace-level occurrences of such
micropollutants is, however, still largely unknown
[3]. Thus, a major limiting factor impeding the rates
of water recycling is our capacity to treat secondary
effluent to a high standard suitable for a range of
potable and near potable reuse applications.

Eminent with the focus on micropollutant removal
from wastewater, NF/RO membrane filtration is an
effective and reliable technology to address this issue.
Numerous dedicated studies have been conducted to
evaluate the removal efficiency of micropollutants by
NF/RO membranes in laboratory- and full-scale
installations. Several attempts have also been made to
investigate the performance of NF/RO membranes
under various operating conditions (e.g. solution pH,
ionic strength, permeate flux, and the presence of nat-
ural organic matter) [4–8]. These studies have high-
lighted the complexity of the removal mechanisms
involved. In fact, it has been established that mem-
brane characteristics, physiochemical properties of the
solute as well as chemistry of the feed solution can all
play an important role in governing the separation
process of micropollutants by NF/RO membranes [9].
Given the already extensive use of NF/RO mem-
branes in both drinking water and water recycling
applications, recent research has also revealed an
urgent need to assess the long-term effects of mem-
brane fouling the rejection of micropollutants. Indeed,
membrane fouling is an inevitable problem in full-
scale NF/RO installations due to the presence of
organic and particulate matter, microorganisms, and
sparingly soluble salts in the feed water [10]. These
components are ubiquitous in secondary treated efflu-
ent and can be responsible for four distinctive modes
of membrane fouling, namely organic fouling, colloi-
dal fouling, biofouling, and scaling, respectively [10].
Although data addressing this important aspect of
NF/RO filtration remain rather scarce, information
available to date indicated that the fouling layer can
considerably alter the separation behavior of micro-
pollutants, leading to either an increase or a decrease

in rejection as compared to the virgin (clean)
membrane condition [11–13].

The underlying mechanisms of the effects of mem-
brane fouling on micropollutant rejection have been
linked to the membrane pore size and physiochemical
properties of the solutes [11,13–16]. While pore block-
ing and constriction could enhance the rejection of
some hydrophilic pharmaceuticals by large pore size
NF membranes, cake-enhanced concentration polariza-
tion (CECP) could occur with smaller pore size mem-
branes causing the opposite effect, i.e. a decrease in
rejection [13]. CECP is caused by a reduced back dif-
fusion away from the membrane surface due to the
presence of a porous cake layer, which ultimately
leads to an even more severe concentration polariza-
tion. In addition, organic fouling could interfere with
the solute–membrane interaction and thus hinder dif-
fusive transport of hydrophobic micropollutants
through the membrane, resulting in an increase in
rejection of such contaminants by NF/RO membranes
[11,16,17]. It is noteworthy that these studies were lar-
gely restricted to one particular type of membrane
fouling. Thus, it is essential to assess the rejection of
micropollutants under various types of membrane
fouling.

This study investigated the influence of membrane
fouling on the nanofiltration of two PhACs, namely
sulfamethoxazole and carbamazepine. Three model
foulants were selected to represent three distinctive
modes of membrane fouling, namely organic, organic
colloidal, and inorganic colloidal fouling. They were
selected in order to simulate organic and colloidal
fouling commonly encountered in water recycling
applications. The effects of membrane fouling on the
rejection of both inorganic salts and pharmaceuticals
were examined with respect to the speciation of the
compounds and the different modes of membrane
fouling. Mechanisms possibly accountable for the
effects of membrane fouling on the rejection of PhACs
were then proposed and delineated.

2. Materials and methods

2.1. Nanofiltration membranes

Two NF membranes—denoted NF-90 and NF-
270—were used in this investigation. These mem-
branes were supplied by Dow FilmTec (Minneapolis,
MN) and were stored dry at 4˚C. Apart from their dif-
ference in membrane pore size, these membranes are
quite similar in the physicochemical characteristics
(Table 1). According to the manufacturers, both the
NF-90 and NF-270 are thin-film composite membranes
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with a microporous polysulfone supporting layer. The
active layers of both the NF-270 and NF-90 mem-
branes contain carboxylic and amine functional
groups that can ionize in an aqueous solution, result-
ing in considerable changes in the membrane surface
charge density (measured by the membrane zeta
potential) as a function of pH. The average pore sizes
of the membranes have been characterized in a previ-
ous study by challenging the membranes with a series
of inert organic tracers of various molecular weights
and applying a pore transport model [18]. The NF-270
was reported to be a “loose” NF membrane, while the
NF-90 could be considered as a “tight” NF membrane.

2.2. Model foulants

Sodium alginate, bovine serum albumin (BSA),
and a silica colloid were used as model foulants to
simulate hydrophilic organic matter, protein, and col-
loidal particulate matter that are ubiquitous in second-
ary treated effluent [19–21]. These chemicals were
purchased from Sigma–Aldrich (Castle Hill, Austra-
lia). Molecular weight of the alginate was in the range
from 12 to 80 kDa, while BSA has a well-defined
molecular weight of 67 kDa. The silica colloid (Ludox
HS-30) was supplied at 30% suspension in water and
was stored in a refrigerator at 4˚C.

The three model foulants selected in this study
have quite distinctive physicochemical properties. The
BSA protein has a well-defined molecular weight of
67 kDa. It is quite stable, hydrophobic and can behav-
ior like a mono dispersed colloid in an aqueous
solution [20]. In the most compacted form, the hydro-
dynamic dimensions of BSA were in the order of sev-
eral nanometers [22]. Alginate, on the other hand, is a
heterogeneous group of linear water-soluble polysac-
charide with molecular weight in the range between
12 and 80 kDa. The alginate molecule consists of
alternating blocks of 1–4 linked a-L-guluronic and
b-D-mannuronic acids in various proportions. The a-
L-guluronic acid can bind to the divalent cation
calcium to form the characteristic egg-box structure
[21]. The Ludox HS-30 is a hydrophilic mono-disperse
colloidal silica. Zeta potential measurement reported
in the literature [23] reveals that the Ludox HS-30 has
a very high negative surface charge in comparison
with the model organic foulants (Fig. 1). It is notewor-
thy that all model foulants are much larger than the
pore sizes of the two membranes used in this study
(Table 1). Consequently, passage of these model
foulants through the membranes was assumed to be
negligible and their accumulation on the membrane
surface would directly contribute to membrane
fouling.

2.3. Pharmaceutically active compounds

Analytical grade sulfamethoxazole and carbamaze-
pine were purchased from Sigma–Aldrich (Castle Hill,
Australia) to represent an ionizable and a neutral
pharmaceutical, respectively. These PhACs are
frequently found in secondary treated effluent and
sewage impacted water bodies at trace levels.
Sulfamethoxazole is one of the most frequently used

-120

-100

-80

-60

-40

-20

0

20

3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10
-120

-100

-80

-60

-40

-20

0

20

 NF-270      NF-90

Z
et

a 
P

o
te

n
ti

al
 (

m
V

)

pH (-)

A B

 BSA      Alginate      Ludox HS-30

Z
et

a 
P

o
te

n
ti

al
 (

m
V

)

pH (-)

Fig. 1. (A) Zeta potential of the NF-270 and NF-90 membranes and (B) zeta potential of the model foulants (data from
[6,23,30,31]).

Table 1
Properties of the selected NF membranes

Membrane Pure water
permeability
(Lm�2h�1bar�1)

Average
pore
diameter
(nm)

Contact
angle (˚)

NaCl
rejection
(%)

NF-270 13.5 0.84 23.4 40

NF-90 6.4 0.68 42.5 85
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antibiotics, while carbamazepine is a common anti-
epileptic drug. The pharmaceuticals were first dis-
solved in pure methanol to make up stock solutions
of 1 g/L. The stock solutions were stored at �18˚C
and were used within 1month.

Physicochemical properties of sulfamethoxazole
and carbamazepine have been systematically exam-
ined in a previous study [6]. Their molecular weights
are quite similar to the molecular weight cut-off of
nanofiltration membranes (Table 2), which makes
them ideal for the comparison and examination of the
steric and electrostatic removal mechanisms by the
chosen membranes under clean and fouled conditions.
The two compounds differ greatly in several parame-
ters, particularly in their speciation behavior. While
carbamazepine is uncharged at common pH condi-
tions typical of natural water or wastewater, specia-
tion of sulfamethoxazole is expected in the pH range
commonly found in environmental water. The specia-
tion of sulfamethoxazole as a function of the solution
pH could dramatically alter the physicochemical
properties particularly the electrostatic charge of this
compound.

2.4. Other chemicals and reagents

All other chemicals used in this investigation were
of analytical grade and were supplied by Sigma–
Aldrich (Castle Hill, Australia). Sodium chloride
(18M), calcium chloride (0.1M), and sodium bicarbon-
ate (0.1M) were used to prepare the background

electrolytes. Adjustment of the feed water pH was
carried out with sodium hydroxide (1M) or
hydrochloric acid (1M). All aqueous solutions used in
this investigation were prepared with laboratory
grade Milli-Q water.

2.5. Cross-flow membrane filtration system

A laboratory-scale, cross-flow membrane filtration
test unit with a rectangular stainless steel cross-flow
cell was used. This cell has an effective membrane
area of 40 cm2 (4 cm� 10 cm) with a channel height of
2mm. The unit utilizes a pump (Wanner Engineering
Inc., Minneapolis, MN) capable of providing pres-
sures up to 6,800 kPa and a flow rate of 4.2 L/min.
The temperature of the test solution was kept
constant using a chiller/heater (Neslab RTE 7)
equipped with a stainless steel heat exchanging coil
submerged directly into the feed reservoir. Permeate
flow was measured by a digital flow meter (Optiflow
1000, Agilent Technologies, Palo Alto, CA) connected
to a PC, and the cross-flow rate was monitored with
a rotameter (model 7520, King Instrument Garden
Grove, CA).

2.6. Experimental protocol

The membrane fouling and subsequent rejection
experimental protocol was conducted in three steps:
compacting, fouling development, and rejection test,
as described in a previous study [13]. First, the mem-
brane was compacted using Milli-Q water at 1,800 kPa
for at least one hour until a stable baseline flux has
been obtained. Fouling layer was then allowed to
develop using a foulant cocktail consisting of 20mg/L
of a model foulant in a background electrolyte solu-
tion containing 20mM NaCl, 1mM NaHCO3, and
1mM CaCl2. This electrolyte solution was selected to
simulate a typical ionic composition of secondary trea-
ted effluent. Volume of the feed water solution was
7L. Following the addition of the foulants, the cross-
flow velocity and permeate flux were adjusted to be
30.4 cm/s and 48.5lm/s (175Lm�2h�1), respectively.
This fouling development step was carried out for
18 h, and the feed solution was kept at pH 8. The
accumulation of foulants on the membrane surface
was calculated by mass balance assuming negligible
back diffusion of these foulants away from the mem-
brane. After the development of the organic fouling
layer, the pharmaceutical being examined for the
experimental run was spiked to the feed reservoir to
make up a concentration of 750 lg/L. The permeate
flux was readjusted to be 15lm/s (54 Lm�2 h�1)
which was similar to the nominal operating permeate

Table 2
Intrinsic physicochemical properties of pharmaceuticals

Sulfamethoxazole Carbamazepine

Molecular weight
(g/mol)

253.3 236.3

Molecular widtha

(nm)
0.526 0.507

Molecular heighta

(nm)
0.587 0.529

Molecular lengtha

(nm)
1.031 0.891

Log KOW
b 0.89 2.45

Dissociation
constantb

pKa1 = 1.4,
pKa2 = 5.8

pKa= 2.3

Molecular structure N
OS NN H2

O

O

H

CH3

N
NH2

O

aRef: Calculated using Chem Office 2005.
bRef: SciFinder Scholar, data calculated using advanced chemistry

development (ACD/Labs) Software V8.14 for Solaris (1994–2007

ACD/Labs).
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fluxes (52 and 41Lm�2h�1 at 480 kPa for the NF-270
and NF-90, respectively) recommended by the manu-
facturer. The cross-flow velocity was maintained at
30.4 cm/s (representative of cross-flow velocities in
spiral-wound elements in full-scale NF/RO plants
[24], and corresponding to a feed flow of 90 L/h). The
solution pH was raised to approximately pH 10 by
the addition of a proper volume of 1M NaOH, and
the pH was then incrementally dropped to pH 4.0
using stepwise additions 1M HCl. Prior to sample col-
lection at each pH value, the system was equilibrated
for 1 h. Temperature of the experimental solution was
kept constant at 20 ± 0.1˚C. Both permeate and reten-
tate were recirculated back to the feed reservoir
throughout the entire experiment. To examine PhAC
rejection by the clean membranes, a similar protocol
but without the fouling development step was
adapted. Observed rejection is defined as R= 100�
(1�CP/CF), where CP and CF are the permeate and the
feed concentrations, respectively.

2.7. Contact angle measurement

Contact angle measurement of the clean and
fouled membranes was performed with a Rame-Hart
Goniometer (Model 250, Rame-Hart, Netcong, NJ)
using the standard sessile drop method. MilliQ water
was used as the reference liquid. The fouled mem-
branes were air-dried prior to the measurement. At
least five droplets were applied onto duplicate mem-
brane samples and contact angle was measured on
both sides of the droplet.

2.8. Analytical methods

A Shimadzu HPLC system (Shimadzu, Kyoto,
Japan) equipped with a Supelco Drug Discovery C-18
column (with diameter, length and pore size of 4.6,
150mm, and 5lm, respectively) and UV-vis detector
was used to measure the pharmaceutical concentra-
tions in the feed and permeate. The detection wave-
length was 280 nm. The mobile phase used for
gradient elution was milliQ grade deionized water
buffered with 0.025M KH2PO4 and acetonitrile, which
was delivered at 1mL/min through the column.

Conductivity and pH were measured using an
Orion 4-Star Plus pH/conductivity meter (Thermo
Scientific, Beverly, MA, USA).

3. Results and discussion

3.1. Membrane fouling behavior

A useful approach for better understanding of
membrane fouling is to fractionate the foulant

constituents of the feed solution into individual
components of similar characteristics and systemati-
cally study the modes of fouling corresponding to
these components [25]. In this study, different modes
of fouling were observed using organic (alginate),
organic colloidal (BSA) and inorganic colloidal (Ludox
HS-30) model foulants. The flux decline profiles of the
two NF membranes (as a function of filtration time as
well as delivered foulant to the membrane) obtained
with feed water containing 20mg/L of a model
foulant in a background electrolyte solution are shown
in Fig. 2.

Rapid flux decline occurred immediately after
alginate was introduced to the feed solution. After this
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initial stage of flux decline, the flux decline rate
slowed down considerably and a quasi-steady-state
fouling layer was fully developed after approximately
18 h of filtration. As can be seen in Fig. 2, flux decline
was negligible after 18 h of filtration despite additional
foulant being delivered to the membrane surface.
These two fouling stages observed here were probably
associated with two separate fouling mechanisms. As
the membrane retained most of the alginate, the
dominant fouling mechanism occurring initially was
probably pore blocking caused by the attachment of
the alginate–calcium complex to the membrane sur-
face [26]. This was mostly responsible for the rapid
flux decline that occurred until the membrane surface
has been covered with approximately 0.5mg/cm2 of
alginate or the first 2 h of filtration (Fig. 2). Flux
decline during the second stage of fouling was mostly
attributed to the fouling cake layer thickness and its
compaction. In fact, interactions between the alginate
molecules in the presence of Ca2+ could lead to the
formation of large biopolymer aggregates. Under simi-
lar solution chemistry to that used in this study, using
dynamic light scattering analysis Li et al. [27] reported
that the average aggregate size of alginate was
approximately 500 nm. The alginate cake layer was
therefore much more porous than the membrane
active polymeric layer. Consequently, further delivery
of alginate to the membrane surface beyond this point
only resulted in a negligible flux decline. Alginate
fouling was slightly more severe for the large pore
size NF-270 membrane in comparison with the tight
NF-90 membrane (Fig. 2). The presented data con-
firmed a good experimental reproducibility when algi-
nate was used as a model foulant. The fouling profiles
of repeated filtration tests under the same experimen-
tal condition were almost identical.

While good reproducibility was also obtained with
BSA fouling, it is noteworthy that the fouling profile
caused by BSA was rather different from that caused
by alginate. The permeate flux decline was linearly
proportional to the amount of BSA being delivered to
the membranes without any sign of reaching a steady-
state flux. In an aqueous solution, BSA could behavior
as a hydrophobic and monodispersed biocolloid with
an effective hydrodynamic diameter of 7–8 nm.
Hydrophobic interactions between BSA molecules
could possibly lead to the formation of a compacted
and colloidal-like cake layer, causing considerable flux
decline as a result of an increase in hydraulic
resistance and more importantly the cake enhanced
osmotic pressure effect. This premise is supported by
contact angle measurement data, which show a
remarkable increase in surface hydrophobicity when
the membranes were fouled with BSA (Fig. 3).

Fouling experiments conducted with the Ludox
HS-30 silica colloid show a typical colloidal fouling
behavior (Fig. 2). Membrane fouling caused by the
silica colloid Ludox-HS was considerably less severe
than that caused by the model organic foulant
alginate. The reproducibility of colloidal fouling
experiments was quite poor which could possibly be
attributed to a weak adhesive force between these col-
loidal particles. It is noteworthy that in a suspended
aqueous solution, the Ludox-HS has a very high
negative charge. Contact angle measurement also
confirms a very hydrophilic colloidal cake layer on
the membrane surface (Fig. 3).

The three distinctive modes of membrane fouling
appear to result in quite different overall flux decline
after 18 h of filtration. Within the first 18 h of filtration,
organic fouling caused by alginate resulted in the
most severe membrane fouling while silica colloidal
fouling by the Ludox-HS led to the least flux decline.
Due to the formation of a colloidal-like cake layer,
intermediate flux decline was observed as the mem-
branes were fouled with the protein BSA. The three
modes of membrane fouling observed here could also
affect solute rejection in quite different ways as will
be discussed in the next section.

3.2. Salt rejection under different modes of membrane
fouling

The influence of membrane fouling on the rejection
of inorganic salts was examined by comparing con-
ductivity rejection data under clean and fouled condi-
tions at the same permeate flux (Fig. 4). The NF-90
membrane previously fouled with either model
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foulants consistently showed a slightly lower but nev-
ertheless discernible salt rejection in comparison with
the clean condition, whereas the effects of membrane
fouling on salt rejection by the NF-270 membrane
were quite remarkable. It is noteworthy that the NF-
90 and NF-270 membranes differ significantly in their
average pore sizes. The NF-90 is a tight nanofiltration
membrane with a small average pore size of 0.68 nm
in diameter. Consequently, steric hindrance (or size
exclusion) is expected to play a major role governing
the separation process by this. On the other hand,
both steric hindrance and electrostatic interaction can
be relevant mechanisms in the separation of inorganic
salts by the loose NF-270 membrane. A decrease in
the solution pH can also result in a decrease in the
membrane surface charge density. Consequently,
electrostatic interaction between ionic species and the
membrane surface diminished resulting in a
remarkable drop in conductivity rejection by the clean
NF-270 membrane as the solution pH decrease. In the
presence of all three model foulants, the solution pH
exerts a much lesser influence on conductivity
rejection by the fouled NF-270 membrane as com-
pared to that by the virgin (clean) NF-270 membrane
(Fig. 4(a)).

Overall, the effects of fouling on inorganic salt
rejection were consistent with the three modes of
membrane fouling. Although alginate caused the most
severe fouling, the influence of alginate fouling on
inorganic salt rejection was small. At high pH, algi-
nate fouling led to a discernible reduction in conduc-
tivity rejection while at less than pH 6, a small
improvement in conductivity rejection could be
observed. It is possible that pore blocking caused by
small alginate molecules could improve rejection to
some extent. The effect of pore blocking could not be

seen at high pH possibly due to strong electrostatic
interaction between ionic species and the membrane
surface as delineated above. In contrast, the influence
of colloidal fouling on conductivity rejection was quite
dramatic even though flux decline caused by silica
colloid was the least severe. The influence of protein
fouling on conductivity rejection was intermediate
between alginate and colloid fouling. BSA has an iso-
electric point at pH 4.7 [22] and can become positively
charged at pH 4. As a result, the small increase in
conductivity rejection by the BSA fouled NF-270 mem-
brane at pH 4 could also be attributed to an enhanced
electrostatic interaction (Fig. 4(a)). It is noteworthy
that when the NF-270 was fouled with colloidal silica,
conductivity rejection was dramatically reduced to
almost zero. Although the colloidal silica used in this
study is highly negatively charged (Fig. 1), it is note-
worthy that the average diameter of these particles is
about 16 nm. Consequently, when packed closely,
these particles will result in a porous cake layer. Since
the range of electrostatic force is typically less than a
nanometer, the increase in the negative surface charge
as a result of colloidal fouling would not result in any
discernible influence on the rejection of charged sol-
utes. In fact, the remarkable reduction in conductivity
rejection due to colloidal fouling could be attributed
to the “cake-enhanced concentration polarisation.”
This was consistent with the mechanism of colloidal
fouling discussed in the previous section. Elimelech
and coworkers demonstrated that the fouling cake
layer could hinder back diffusion of solutes to the
bulk solution, hence causing solute to accumulate near
the membrane surface [28,29]. This CECP resulted in
greater concentration gradient across the membrane
and subsequently a decrease in solute rejection as can
be seen for both the NF-270 and NF-90 membranes
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(Fig. 4). However, it was also reported that cake-
enhanced concentration polarization cause a much
lesser reduction in rejection when the membrane was
fouled by organic instead of inorganic colloidal matter
[29].

3.3. PhACs rejection under different modes of membrane
fouling

In our previous study using humic acid as a model
foulant, it was demonstrated that the influence of
membrane fouling on the rejection of PhACs
decreased as the membrane pore size decreased [13].
A similar observation could be made in this study
using three other model foulants. Fig. 5 shows the
rejection of sulfamethoxazole under clean and fouled
conditions at solution pH in the range between pH 4
and pH 10. Because the NF-90 is a tight nanofiltration
filtration membrane with pore size smaller or compa-
rable with the three pharmaceuticals investigated here,
rejection of sulfamethoxazole by this membrane under
both clean and fouled conditions was close to 100%
(Fig. 5(b)). A very small but nevertheless consistent
and discernible decrease in sulfamethoxazole rejection
by the NF-90 membranes previously fouled with algi-
nate, BSA and silica colloid could still be observed at
low pH (Fig. 5(b)).

In contrast, membrane fouling showed a significant
effect on the rejection of sulfamethoxazole by the loose
NF-270 membrane. Possessing a sulfonamine func-
tional group with a pKa value of 5.7, sulfamethoxazole
can be deprotonated as thus can exist as both nega-
tively charged and neutral species in an aqueous solu-
tion depending on the solution pH. Consequently, the
speciation of sulfamethoxazole as a function of the
solution pH has a notable effect on rejection of this

compound by the loose NF-270 membrane under both
clean and fouled conditions (Fig. 5(a)). Sulfamethoxa-
zole rejection by the NF-270 membrane varied signifi-
cantly as the solution pH was reduced from pH 10 to
pH 4. However, the rejection curves for both clean
and fouled membranes closely resemble the speciation
of the compound in this pH range. Once again, it is
interesting to note that the influence of membrane
fouling on the rejection of sulfamethoxazole appears
to be strongly foulant-dependent. A remarkable reduc-
tion in rejection was observed with colloidal fouling,
while alginate and protein fouling also caused a small
but clearly discernible drop in sulfamethoxazole rejec-
tion. It is evident that cake-enhanced concentration
polarization is primarily responsible for the large
reduction in sulfamethoxazole by the NF-270 mem-
brane under colloidal fouling condition. On the other
hand, it is noted that concentration polarization
caused by aliginate and BSA fouling would be consid-
erably less than that caused by inorganic colloidal
fouling [29]. Furthermore, pore blocking caused by
small alginate molecules could improve rejection and
thus counter balance the impact of CECP to some
extent. Therefore, while the additional hydraulic resis-
tance caused by alginate and protein fouling led to
more severe flux decline, organic fouling exerted a les-
ser impact on the rejection of sulfamethoxazole.

Consistent with previous results, the NF-90 mem-
brane showed near complete rejection of carbamaze-
pine under both clean and fouled conditions
(Fig. 6(b)). The effects of membrane fouling on the
rejection of carbamazepine by this membrane were
rather inconclusive. However, a clear connection
between the effects of membrane fouling on rejection
and modes of fouling could be observed with the
loose NF-270 membrane (Fig. 6(a)). Lowest rejection

0

20

40

60

80

100

80

85

90

95

100

S
ul

fa
m

et
ho

xa
zo

le
 r

ej
ec

tio
n 

(%
)

pH

 Clean NF270
 Alginate fouled
 Protein fouled
 Colloid fouled

(a)

(b)

S
ul

fa
m

et
ho

xa
zo

le
 r

ej
ec

tio
n 

(%
)

pH

 Clean NF90
 Alginate fouled
 Protein fouled
 Colloid fouled

4 5 6 7 8 9 10 4 5 6 7 8 9 10

Fig. 5. Sulfamethoxazole rejection by the (a) NF-270 and (b) NF-90 membranes under clean and fouled conditions as a
function of pH.

640 L.D. Nghiem and C. Espendiller / Desalination and Water Treatment 52 (2014) 633–642



value was obtained when the membrane was fouled
with silica colloid. Rejection of carbamazepine by the
alginate and protein fouled NF-270 membranes was
considerably lower than that under clean membrane
condition. Unlike sulfamethoxazole, carbamazepine
could only exist as a neutral species in the entire pH
range being examined and the separation of this
compound was probably governed solely by size
exclusion (or steric hindrance). As a result, there was
no significant variation in carbamazepine rejection as
solution pH varied from pH 10 to pH 4. A somewhat
considerable drop in rejection at pH near or below the
isoelectric point of BSA (pH 4.7) by the NF-270 previ-
ously fouled with a BSA solution could be attributed
to conformation change of the protein macromolecule
into a more compacted and colloidal form as this
protein became neutrally charged. Once again, the
phenomenon observed here could be explained by the
CECP effect which was more prominent with colloidal
fouling.

4. Conclusion

The influence of membrane fouling on solute rejec-
tion by the tight nanofiltration NF-90 membrane was
negligible. On the other hand, remarkable effects of
membrane fouling on the rejection of both inorganic
salts and PhACs were observed with the loose nano-
filtration NF-270 membrane. These effects could be
attributed to the cake enhanced concentration polari-
zation. It is noteworthy that such effects were strongly
foulant-dependent. The three foulants used in this
study resulted in three distinctive modes of mem-
brane fouling. Subsequently, these three modes of
membrane fouling consistently showed different
effects on the membrane separation efficiency.

Inorganic colloidal fouling caused the most severe
rejection decrease even though this form of membrane
fouling only resulted in a small flux decline. This
reduction in rejection was attributed to a strong CECP
effect that was also the primary mechanism of flux
decline in inorganic colloidal fouling. In contrast,
organic fouling caused by the model foulant alginate
led to a much lesser decrease in the rejection of
PhACs despite the fact that alginate caused the most
severe flux decline. CECP caused by alginate fouling
was less severe than that by the silica colloids used in
this study. In addition, it is also possible that pore
blocking caused by small alginate molecules could
improve rejection and thus lessen the impact of cake-
enhanced concentration polarization. The influence of
fouling on rejection as well as the extent of membrane
fouling caused by the protein BSA was intermediate
between silica colloidal and alginate fouling.
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