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Abstract

Nanofiltration membranes (NF) have applications in several areas. One of the main applications has been in water
treatrent for drinking water production as well as wastewater treatment. NF can either be used to treat ali kinds of
water including ground, surface, and wastewater or used as a pretreatment for desalination. The introduction of NF as
a pretreatment is considered a breakthrough for the desalination process. NF membranes have been shown to be able
to remove turbidity, microorganisms and hardness, as well as a fraction of the dissolved salts. This results in a
significantly lower operating pressure and thus provides a much more energy-efficient process. Similar to other
membrane processes, a major problem in NF membrane applications is fouling. Several studies have investigated the
mechanisms of fouling in NF membranes and suggested methods to minimize and control the fouling of NF mem-
branes. For NF membrane characterizations and process prediction, modeling of NF processes and the use of atomic
force microscopy (AFM) are very important. The ability to predict the performance of NF processes will lead to a lower
number of experiments, saving of time and money, and help to understand the separation mechanisms during NF. A
comprehensive review of NF in water treatments is presented including a review of the applications of NF in treating
water as well as in the pretreatment process for desalination; the mechanism as well as minimization of NF membrane
fouling problems; and theories for modelling and transport of salt, charged and noncharged organic compounds in NF
membranes. The review will also address the application of AFM in studying the morphology of membrane surfaces
as part of the NF membrane characterization.
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1. Introduction

The nanofiltration (NF) membrane is a type of
pressure-driven membrane with properties in
between reverse osmosis (RO) and ultrafiltration
(UF) membranes. NF offers several advantages
such as low operation pressure, high flux, high
retention of multivalent anion salts and an or-
ganic molecular above 300, relatively low invest-
ment and low operation and maintenance costs.
Because of these advantages, the applications of
NF worldwide have increased [1]. The history of
NF dates back to the 1970s when RO membranes
with a reasonable water flux operating at rela-
tively low pressures were developed. Hence, the
high pressures traditionally used in RO resulted
in a considerable energy cost. Thus, membranes
with lower rejections of dissolved components,
but with higher water permeability, would be a
great improvement for separation technology.
Such low-pressure RO membranes became
known as NF membranes [2]. By the second half
of the 1980s, NF had become established, and the
first applications were reported [3,4].

This paper reviews several aspects of NF
membranes such as the applications in treatment
of ground, surface, and wastewater; as a pretreat-
ment for desalination, fouling, and the separation
mechanism; and modelling of NF membranes. In
addition, the application of atomic force micros-
copy (AFM) in studying the morphology of the
NF membrane surfaces will also be reviewed.

2. NF membranes in water treatments

In addition to having the capability to reduce
the ionic strength of the solution, NF membranes
can remove hardness, organics and particulate
contaminants. Many researchers have used NF to
achieve those objectives and the following
sections highlight their major findings.

2.1. Ground water
The softening of ground water using NF has

been studied by many investigators [4-8]. Schaep
et al. [4] used several different types of NF mem-
branes for hardness removal. Retentions higher
than 90% were found for multivalent ions,
whereas monovalent ions were retained for about
60-70%. Sombekke et al. [5] compared NF
membranes with pellet softening and granular
activated carbon for softening water. Both meth-
ods gave good results; however, NF membranes
have several advantages from the point of view of
health aspects and lower investment costs.
Removal of natural organic matter (NOM) and
disinfection by-product (DBP) precursors were
also studied [9-16]. Jacangelo et al. [11] reported
that both RO and NF are used in the US for
removal of NOM. To date, NF has been em-
ployed primarily for groundwater containing
relatively low total dissolved solids but with high
total hardness, color, and DBP precursors. Esco-
bar et al. [12] found that the rejection of assimi-
lable organic carbon was greater than 90% at
pH 7.5 and greater than 75% at pH 5.5 by using
TFC-S NF membranes.

The removal of pesticides and some micro-
pollutants from ground water has been studied by
many researchers [17-25]. Van der Bruggenetal.
[17] showed that the NF70 membrane can reject
pesticides such as atrazine, simazine, diuron and
isoproturon over 90%. Similarly, removal of
trichloroethylene and tetrachloroethylene can be
achieved using several different types of NF
membranes [25].

Kettunen and Keskitalo [26] studied the
removal of fluoride and aluminum from ground-
water sources in Finland. In addition to the
removal of hardness, nitrates, iron and strontium,
fluoride removal was also mentioned by Pervov
et al. [27]. The removal of dissolved uranium
from natural waters has been conducted by Raff
and Wilken [28]. The multivalent anion com-
plexes of uranium were rejected to about 95%.
Finally, arsenic removal and the effect of pH in
the rejection process were studied by Urase et al.
[29]. It was shown that the rejection of arsenite
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As(IIT) increased with the increase of pH from
50% at pH 3 to 89% at pH 10,while the degree of
increase with As(V) was smaller; from 87% at
pH 3 to 93% at pH 10.

2.2. Surface water

Surface waters often have a changing chemis-
try or composition due to seasonal changes or
after dilution with rain. NF is a reliable option for
surface water treatment, although the focus is
here rather on removal of organics than on soft-
ening [2]. Hardness removal from a lake in
Taiwan has been studied by Yeh et al. [30] using
different methods such as a conventional process
followed by ozone, GAC and pellet softening,
and an integrated membrane process (UF/NF) and
the conventional process. Softening was achieved
by all processes, but water produced by the mem-
brane process had the best quality as measured by
turbidity (0.03 NTU), total hardness rejection
(90%), and dissolved organics rejection (75%).

Removal of DBP precursors and NOM from
surface water sources has been studied by many
investigators [31-35]. Visvanathan et al. [32]
studied the effect of the presence of ions, operat-
ing pressure, feed, pH, and suspended solids on
rejection properties, and concluded that higher
pressure and suspended solids content increase
rejection, while rejections are somewhat lower at
higher ionic strength. Also, they conclude that
both high and low pH of the feed water produce
low rejection, while better rejection has been
found at a pH range of 7-9, which indicates that
pH adjustment of the feed may not be required.

Removal of organic micropollutants was also
investigated by other researchers [36,37].
Koyuncu and Yazgan [37] had good results in
treating salty and polluted water from Kucuk-
cekmece Lake in Istanbul using the TFC-S NF
membrane. NF membranes were also found to be
able to remove viruses and bacteria from surfaces
quite successfully [11,38-41]. Reiss et al. [42]
used an integrated membrane system of micro-

filtration with NF to remove Bacillus subillus
spores from 5.4 to 10.7 log. Using a novel NF
membrane (NF 200), removal of organics (up to
96%) in a large NF plant in Paris [43,44] was
achieved. NF has been also used to remove both
arsenic(V) and arsenic(lll) from surface water
[45-48]. These studies showed that (using NF
membranes) the rejection of As(V) is relatively
high, up to 90%, while As(III) is just around
30%.

An investigation of the rejection of alkyl
phthalates using four types of NF membranes was
conducted by Kiso et al. [49]. Monovalent ions,
like nitrates, however, were found to have a lower
extent of rejection by NF membranes [19,50-52].
Molinari et al. [53] compared rejection of several
pollutants such as silica, nitrate, manganese and
humic acids by means of RO and NF membranes.
AtapH of 8, RO rejected silica, NO*", Mn?*, and
humic acid in a rate equal to 98%, 94%, 99% and
95.5%, respectively, while NF had a much lower
rejection, i.e., 35%, 6%, 80% and 35%, respect-
ively. Sulfate could be removed from chloralkali
plant brine streams by NF [54]. The results
showed that the NF membranes effectively re-
jected SO;™ up to 95% in concentrated brines.

2.3. Wastewater

NF is an efficient and ecologically suited
technology for decontamination and recycling of
wastewater generated in many industries. Afonso
and Yafiez [55] used NF to treat fish meal waste-
waters. NF reduced the organic load in the waste-
waters and promoted their partial desalination,
making water reuse possible. A major problem of
the wastewater treatment is the water recovery
rate, which should be close to 100%. To achieve
this target, many researchers investigated an
integrated membrane system [56-59]. Rauten-
bach and Linn [56] and Rautenbach et al. [57]
used a new concept of integrated membranes
consisting of RO/NF/high-pressure RO. The
integration can achieve water recovery rates of
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more than 95% in the case of dumpsite leachate,
which promises an almost zero discharge process.
Hafiarle et al. [60] investigated the removal of
chromate, from water using a TFC-S NF mem-
brane as a possible alternative to the conventional
methods of Cr(VI) removal from an aqueous
solution. The results showed that the rejection
depended on the ionic strength and pH. Better
retention was obtained at basic pH (up to 80% at
a pH of 8). Results also showed that NF is a very
promising method of treatment for wastewater
charged with hexavalent chromium. The same
membrane was used by Koyuncu [61] to treat
opium alkaloid processing industry effluents.

Application of NF in the treatment of textile
wastewater was conducted by many researchers
[62—65]. Tang and Chen [62] used NF to treat
textile wastewater which was highly colored with
a high loading of inorganic salts. At an operating
pressure of 500 kPa, the flux obtained was very
high, while the rejection of dye was 98% and the
NaCl rejection was less than 14%. Thus, a high
quality of reuse water could be recovered. On the
other hand, Voigt et al. [64] suggested a new
TiO,-NF ceramic membrane to decolor textile
wastewater using an integrated pilot plan. The
results show that it is possible to clean colored
wastewater with dye retention varying from 70%
to 100%, COD reduction of 45-80%, and salt
retention of 10-80%. A new ceramic K-NF mem-
brane was studied by Webar at al. [65] with
almost the same results as that of the TiO,-NF
membrane.

Jakobs and Baumgarten [66] showed that NF
could remove lead up to 90% from a nitric acid
solution. Also, purification of phosphoric acid by
NF (DS5DL NF) was studied [67] using different
commercial membranes of common industrial
use. The results show that the rejection of impuri-
ties is around 99.2%.

3. NF as pretreatment for desalination

Feed pretreatment is one of the major factors

determining the success or failure of a desali-
nation process. Different methods of pretreatment
for desalination process were suggested by many
researchers. Traditional pretreatment is based on
mechanical treatment (media filters, cartridge fil-
ters) supported by extensive chemical treatment
[68]. In the past, conventional pretreatment (i.e.,
coagulation, flocculation, acid treatment, pH
adjustment, addition of anti-scalant and media-
filtration) was usually used [69]. The main prob-
lem in using conventional pretreatment is corro-
sion and corrosion products. For example, in the
acid dosing system, corrosion of metallic surfaces
and corrosion products will roughen the surface
of the equipment, which provides active sites for
precipitation of more scale deposits [69,70]. In
addition, this pretreatment is known to be com-
plex, labor intensive and space consuming [71].

Pressure-driven membrane processes [micro-
filtration (MF), ultrafiltration (UF), and NF] are
the new trends in designing a pretreatment sys-
tem. The introduction of NF as a pretreatment
will lead to a breakthrough in the application of
RO and MSF because it has implications for the
desalination process itself, and not only on
quantity of the feed water [68]. MF can remove
suspended solids and lower the silt density index
(SDI) while in UF, not only suspended solids and
large bacteria are retained, but also (dissolved)
macromolecules, colloids and small bacteria.
Redondo [72] strongly preferred MF or UF as a
pretreatment over conventional pretreatment to
treat difficult effluent water.

Bou-Hamad et al. [73] tested three pretreat-
ment methods (conventional, a beachwell sea-
water intake system, and MF) prior to RO.
According to the results of SDI, COD and BOD
removal and the total unit cost, the beachwell
seawater intake and MF systems were identified
as promising techniques to replace conventional
pretreatment. However, all of the pretreatments
mentioned did not lower the TDS value.

Several studies have also been carried out on
the use of UF membrane as pretreatment [70,71,
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74,75]. Van Hoop et al. [74] concluded that UF
can provide a feed water quality with a SDI
below 2, and operational costs were very attrac-
tive. The same results were obtained by Al-
Ahmad and Adbul Aleem [70], who concluded
that the hollow-fiber UF process promises to be a
simple, easy-to-use, and robust alternative to the
cumbersome conventional forms of pretreatment.
The surface seawater SDI of 13-25 was reduced
below 1 by UF, whereas conventional pretreat-
ment failed to reduce it below 2.5 [75]. The UF
pretreatment also provide filtered water with high
and constant quality that enhanced the reliability
of the RO desalination plant. Teng et al. [76]
compared the use of UF and MF as a pretreat-
ment. The results show that the higher operating
flux of the MF pilot system was achieved at the
expense of increasing transmembrane pressure,
which had to be kept constant. However, the SDI
of the filtrate produced by the UF pilot system
was superior to that produced by the MF pilot
system. In general, the filtrate quality of the MF
system was inferior to that of UF pilot system.

Recently, Vail and Doussau [77] conducted a
pilot test using a new 0.1 pm Microza hollow-
fiber MF membrane as a pretreatment to RO on
Mediterranean seawater. A pilot rig was operated
at different fluxes ranging from 80 to 140 I/h.m?
with and without ferric chloride addition. During
the test, the microfilter water SDIremained below
2 under the optimized operating conditions.
Longer runs between chemical cleaning and
better filtered water quality were obtained with
ferric chloride addition to the raw seawater and
by performing backwashes with sodium hypo-
chlorite. Again, the same membrane underwent
pilot tests at three different locations on Mediter-
ranean seawater [78]. The same results were
obtained by the membrane, which provided
clarified water to RO having a SDI of 1.8 or less,
which allows RO operation at higher recovery,
enhancing the total system running cost.

The Caspian Sea in Russia is characterised by
having low TDS but a relatively high boron

content (4-5 ppm), which exceeds the hygienic
standards in Russia (0.4-0.5 ppm). To achieve the
needed removal of boron, Pervov et al. [79]
suggested a technological scheme including clari-
fication, acid and antiscalant dosage as a pretreat-
ment, and double-stage RO with caustic dosing
into the first stage product.

NF was used for the first time by Hassan et al.
[80] as pretreatment for seawater reverse osmosis
(SWRO), multistage flash (MSF), and seawater
reverse osmosis rejected in multistage flash
(SWRO, .o~ MSF) processes. In these integrated
processes, NF minimized hardness, microorgan-
isms and turbidity. At a pressure of 22 bar, NF
removed hardness ions of Ca®, Mg®, SOZ,
HCO,;, and total hardness by 89.6%, 94.0%,
97.8%, 76.6% and 93.3%, respectively. In addi-
tion, NF reduced the monovalent ions of Cl*, Na",
and K*; each ion was separated by 40.3% and
overall seawater TDS by 57.7%, while the total
hardness was removed by 93.3%. The permeate
thus obtained was far superior to seawater as a
feed to SWRO or MSF. This made it possible to
operate a SWRO and MSF pilot plant at a high
recovery: 70% and 80%, respectively.

The integration of NF with MSF processes
makes it possible to operate MSF plants on NF-
product or SWRO,;...q from a NF-SWRO unit at
a high distillation temperature of 120°C to 160°C
with high distillate recovery, and again without
chemical addition. Thus, MSF and NF-
SWRO,jeco.a-MSF could be operated at a top
brine temperature of 120°C without any scaling
problems [81]. These integrated desalination
systems, combined with a reduction of chemicals
and energy, allows producing fresh water from
seawater at a 30% lower cost compared to con-
ventional SWRO [82].

NF pretreatment of seawater in desalination
plants: (1) prevented SWRO membrane fouling
by the removal of turbidity and bacteria, (2) pre-
vented scaling (both in SWRO and MSF) by
removal of scale forming hardness ions and
(3) lowered required pressure to operate SWRO
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plants by reducing seawater feed TDS by 30—
60%, depending on the type of NF membrane and
operating conditions.

Later, a demonstration plant was built at Umm
Lujj, Saudi Arabia, consisting of six spiral-wound
NF modules (8x40") followed by three SWRO
elements [83]. The results obtained from the
demonstration unit confirmed the above results
obtained from the pilot plant study. Criscuoali
and Drioli [84] concluded that the introduction of
NF for water pretreatment leads to an improve-
ment in the performance by maintaining almost
invariant the energy requirement. Mohsen et al.
[85] investigated NF to treat brackish water col-
lected from Zarqa basin, Jordan. The results show
than NF is efficient for reducing the organic and
inorganic contents and gives a high water re-
covery up to 95%. Pontie et al. [86] studied the
possibility of obtaining a partial demineralization
of seawater using two successive NF stages. The
treated water (salinity 9 g/L) could be used in the
field of human health (i.e., preparation of nasal
sprays, medical dietetics and hot mineral springs).

Recently, several different types of integrated
membranes were used as a pretreatment to desali-
nation. Drioli et al. [87] introduced membrane
distillation (MD) to treat the RO brine. This
enhanced the recovery factor of RO. Using the
newly integrated MF/UF+RO+MD, the prelimi-
nary experimental results confirmed the possi-
bility of reaching a seawater recovery factor of
87%. Ohaa et al. [88] proposed an integrated
system for the complete usage of components in
seawater with a high recovery of water up to 90%
as shown in Fig. 1. Another integrated system
(NF+RO+MC) was suggested by Drioli et al. [89]
where MC is a membrane crystallizer. MC was

used to achieve the total recovery of desalted |

water. The presence of the NF in this integration
allowed an increase in the water recovery of the
RO unit up to 50%. Moreover, introduction of a
MC led to a 100% recovery and elimination of
the brine disposal problem, representing the pure

crystals produced as a valuable product. The most
important maintenance problem associated with
RO operation is the membrane fouling, especially
biological fouling (biofouling).

Visvanathafl et al. [90] used a membrane
bioreactor (MBR) as a pretreatment process to
eliminate this biofouling, MBR is the process in
which a conventional biological system is
coupled with the membrane process (MF or UF).
The results show that the MBR system produced
better effluent with 78% DOC removal, and
the filtrate yielded the highest permeate flux
improvement, which was approximately 300%
compared with non-pretreated seawater. A hybrid
NF/RO/MSF crystallization system offered very
promising performance: high water recovery
(77.2%) and water costs as low as $0.37/m’ were
suggested by Turek and Dydo [91].

4. Membrane fouling

Membrane fouling is caused by dissolved
inorganics (BaSO,, CaCO,) or organic compo-
nents (humic acids), colloids (suspended parti-
cles), bacteria or suspended solids [92,93]. Foul-
ing may occur in pores of membranes by partial
pore size reduction caused by foulants adsorbing
on the inner pore walls, pore blockage and
surface fouling such as cake and gel layer for-
mation [94]. Fouling will lead to higher opera-
tion costs: higher energy demand, increase of
cleaning and reduced life-time of the membrane
elements [95]. Existing fouling indices to mea-~
sure the colloidal fouling potential of feedwater
are the SDI, applied worldwide, and the Modified
Fouling Index (MFI). Both tests are designed to
simulate membrane fouling by feeding water
through a 0.45 pm microfilter in dead-end flow
[961.

The formation of a membrane fouling layer
was monitored during the treatment of polluted
surface water using spiral-wound NF membranes
[97]. The plant feed was not disinfected and
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Fig. 1. Weight and composition of each process stream in the case of 90% recovery of desalted water, using an HPRO
system for NF scale removal (based on 1 kg of raw seawater). Total weight, kg; water weight, kg; mono and multivalent
ion, wt% (monovalent ion, wt%; multivalent ion, wt%) [88].

displayed a high fouling tendency. The fouling
layer was shown to be a mixture of biological,
organic and inorganic species. Calcium and phos-
phate were the main inorganic compounds pre-
sent with minor amounts of iron and aluminum.
The high level of phosphorus found was probably
due to the use of sodium hexametaphosphate as a
pretreatment agent (Table 1).

Boerlage et al. [96] developed a MFI using UF
modules as a water quality indicator and to pre-
dict flux decline occurring in membrane filtration
installations. The MFI-UF was found to be a
promising tool for measuring the colloidal fouling
potential for RO nano- and UF systems.

Table 1

Concentration of various elements in the fouling layer

(97]

Element Concentration p1g/cm?
membrane area

Calcium 41.9

Phosphorus 322

Sulphur 2.6

Magnesium 1.6

Iron 17.5

Organic carbon 13.7




288 N. Hilal et al. / Desalination 170 (2004) 281-308

The extent to which UF membranes are
capable of retaining colloidal particles depends
on the UF pore size expressed as a molecular cut-
off (MWCO), surface morphology (e.g., porosity)
and the nature of the membrane material (e.g.,
hydrophilicity). These UF membrane properties
also influence the filtration mechanisms occurring
during the test (e.g., cake and blocking filtration).
Therefore, the influence of UF membrane proper-
ties on the MFI-UF was examined to explain the
occurrence of filtration mechanisms in the test.
The MFI-UF test may be equally applied for flux
decline prediction and a differential pressure
increase in NF and UF to determine the backwash
frequency of a feed water.

Biofouling — defined as accumulation of
microorganisms, i.e., biofilm on a surface by
growth and/or deposition at such a level that
causes operational problems — is difficult to
identify. It may cause problems such as declined
normalized flux and/or increased normalized
pressure drops during NF or RO [93]. Controlling
biofouling can be achieved by (1) far-reaching
removal of degradable components from the
feedwater, (2) securing the purity of the chemi-
cals dosed, and (3) performing effective cleaning
procedures. Also a cleaning procedure applied
when fouling is not a problem might delay
biofilm formation.

Vrouwenvelder and Kooij [98] showed that
the diagnosis of the type/cause of fouling is an
essential first step to controlling further fouling.
A quick scan (autopsy) gives conclusive infor-
mation about the types and extent of fouling of
the membrane filtration plant. This opens ways
for prevention and control of fouling. The tools
(AOC-test, Biofilm monitor) can be used to test
chemicals dosed on the risk of (bio)fouling. In
addition, Vrouwenvelder et al. [95] made an
overview for coherent tools for fouling of NF and
RO membranes. These tools — developed for the
diagnosis, prediction, prevention, and control of
fouling — have been applied in practice and have

proven their value in controlling fouling. An
overview is shown in Table 2 [95].

The specific oxygen consumption rate is a
(SOCR) parameter for determining the presence
of an active biomass in a membrane system by
measuring the oxygen demand, while ScaleGuard
is a continuous on-line monitor with a single
spiral-wound membrane element that detects scal-
ing in an early stage when fed with the con-
centrate from either a pilot or full-scale plant.
Scaling was observed on the ScaleGuard before
it occurred on the full-scale installation.

The presence of calcium and humic substances
or NOM in surface waters can cause severe
fouling of NF membranes [99]. It was found that
at high calcium concentrations fouling is detri-
mental, with the mechanism depending on solu-
tion chemistry. Calcium—humate complexes
caused the highest flux decline due to their highly
compactable floc-like structure compared to
calcite precipitates. Deposition of calcium and
organics increased with pH due to the precipi-
tation of calcite and adsorption of organics on the
calcite surface. Humic acid caused the highest
flux decline of the three organics used due to its
highest concentration in the boundary layer,
which was related to its largest molecular weight
and thus a lower diffusion away from the
membrane. As a result, precipitation occurred.
Operation at low flux, low transmembrane pres-
sure and high shear reduced the deposition of
insoluble matter at the membrane surface and
thus fouling.

In a more detailed study, Hong and Elimelech
[100] investigated the role of chemical and
physical interactions in NOM fouling of NF
membranes. The role of solution ionic strength,
pH, and divalent cations in NOM membrane
fouling, as well as the fouling mechanisms in-
volved, are reproduced in Fig. 2 [100]. Of these
chemical factors, the presence of divalent cations
such as calcium and magnesium had a marked
effect on NOM fouling. In addition, it was shown
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Table 2

Overview of tools available for determining the fouling potential of feed water and fouling diagnosis of NF and RO
membranes used in water treatment [95]

Tools Fouling diagnosis Comment
Integrated diagnosis (autopsy) Biofouling, inorganic, Diagnosis of foulant in membrane elements
compounds and particles

Biofilm monitor and AOC Biofouling Predictive and prevention of biofouling by
determining the (growth) potential of water

SOCR Biofouling Non-destructive method for determining
active biomass in membrane systems

MFI-UF Particulate Particulate fouling potential of water

ScaleGuard Scaling Optimizing recovery, acid dose and anti-
scalant dose

Chemical Conditions NOM in Solution NOM on Membrane Surface

Compact, dense, thick fouling layer

High ionic strength, ,
low pH, or &% &
pressnce of divaient cations
Coiled, compact configuration - R
Severe parmeats flux decline
PPt o Loose, sparse, thin fouling layer
high pH, and Poin gy gty oy ot
absencs of divalent cations

Stretched, linaar configuration 'BRERAE

Small permeate flux desling

Fig. 2. Schematic description of the effect of solution chemistry on the conformation of NOM macromolecules in the
solution and on the membrane surface, and the resulting effect on membrane permeate flux. The NOM fouling described
in the diagram is applicable for permeation rates above the critical flux. The difference between the two chemical

conditions shown becomes less clear at very high permeate flux. At low permeate flux (below the critical flux), no
significant fouling is observed for both conditions [100].

that rapid membrane fouling occurs at high per- low levels of divalent cations, and high pH. The
meation rates, even under chemical conditions not rate of fouling is controlled by an interplay
favorable for fouling, such as low ionic strength, between permeation drag and electrostatic double
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layer repulsion; that is, NOM fouling of NF
membranes involves interrelationship (couplirig)
between physical and chemical interactions. Also,
the addition of a strong chelating agent (EDTA)
to feed water reduces NOM fouling significantly
by removing free and NOM-complexed calcium
ions.

A more negatively charged membrane surface
correlated with increased fouling, indicating elec-
trostatic repulsion, was not effective for fouling
control. Increased surface area due to greater
surface roughness for the more negatively
charged membranes may have contributed to
organic adsorption fouling. Fouling was reduced
with addition of monochloramine, lower flux, and
lower recovery. Experiments operated under such
conditions did not produce fouling and affirmed
the viability of integration membrane systems
(IMSs) for treatment of this source [42].

The effect of membrane fouling on rejection
was presented by Schafer et al. [94]. The study
was based on experiments with MF, UF, and NF
membranes. It was concluded that fouling was
dependent on pore size and was caused by large
colloids (250 nm) or coagulant flocs in MF, small
colloids, organic-calcium flocs and aggregates
with a dense structure (formed slowly) in UF, and
by a calcium-organic precipitate in NF. The foul-
ing influenced the rejection of colloids in MF and
that of NOM in UF and NF. If a highly charged
layer were deposited on NF membranes, cation
rejection was also influenced. The characteri-
zation of permeate organics revealed that low
molecular weight acids passed through the NF
membranes and that the rejection of these
acids was also dependent on the deposit on the
membrane.

The mechanisms which can explain such an
increase in rejection are different for the three
membrane processes. In MF, pore plugging and
cake formation was found responsible for fouling.
This reduces the pore size and increases rejection.
In UF, internal pore adsorption of calcium-
organic flocs reduces the internal pore diameter

and subsequently increases rejection. In NF, the
key factor appears to be the charge of the deposit.
This was investigated with the deposition of a
ferric chloride precipitate. If the precipitate were
a high positive charge, the rejection of cations
increased and that of negatively charged low
molecular weight acids decreased compared to
more neutral or negative precipitates. In essence,
the rejection characteristics of membranes de-
pended more on the fouling state of the mem-
branes and the nature of foulants than on the
initial membrane characteristics. On the other
hand, Kosutic and Kunst [101] concluded that the
pore size distribution curves and effective number
of pores on the membrane surface indicated plug-
ging of the tight network pores in the membrane
surface and even their disappearance during
prolonged fouling. The negligible changes of the
the NF membrane performance parameters during
membrane fouling with humic acid could be attri-
buted to insignificant changes in the pore size
distribution and the effective number of pores in
the surface of the membrane. A delay of chemical
cleaning of the fouled membrane led to irrever-
sible changes in the porous structure of both the
RO and NF membranes, which were caused by
microbial activity. '

Depending on the feed composition, flux de-
cline ranging from a few percent to a complete
loss of water flux can be found. For aqueous
solutions containing organic components, in the
absence of suspended solids or high concen-
trations of ions that may cause scaling, adsorption
of organic material on the membrane surface is
the major fouling mechanism [92]. Identification
of the parameters that play arole in the process of
adsorption on the membrane surface should lead
to a better understanding of the mechanism that
results in a hindrance of the water flux, and
eventually to pore blocking. In that study, many
parameters were selected for a detailed investi-
gation of the adsorption process such as dipole
moment, polarizability, dielectric constant, solu-
bility in water, octanol-water partition coeffi-
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cient, contact angle membrane/water, molecular
size, and pKa. All of these parameters were
evaluated in the framework of adsorption on NF
membranes from an aqueous solution. The use of
each parameter for describing adsorption was
discussed. The pKa was rejected on theoretical
grounds; other parameters such as the solubility
in water proved to be impractical. Eventually, the
dipole moment, octanol-water partition coeffi-
cient, and molecular size were selected.

The adsorption of organic molecules from an
aqueous solution on the membrane surface or
inside the membrane pores has a large influence
on water flux. The more a given component is
adsorbed on the membrane, the larger the flux
decline. This may be up to a flux decline of 60%
for a concentration of 10 mmole/l of a single
organic component in pure water. Schaep et al.
[4] suggested UF as pretreatment, adding hydro-
chloric acid to minimize the fouling, especially to
prevent calcium carbonate. Finally, Shaalan [102]
suggested an empirical equation to predict the
impact of some water contaminants on flux
decline of the NF membranes. These formulae
enable decision-making concerning the suitable
pretreatment for NF schemes and also selection of
the most appropriate cleaning cycle. The corre-
lation [Eq. (1)] is applicable for the following
conditions: ¢ (time) = 10-80 h,  (ion strength)=
1.6-75 mM, TOC concentration = 0-20 mg/l, P
(operating pressure) = 80-147 psi and d (mem-
brane cutoff) = 300-1000 Dalton. This correla-
tion can give a reasonable prediction of flux
decline changes with respect to an initial set of
conditions:

JI1Jy=0.65 exp (-0.13¢) exp (-0.03117)

1)
exp (0.896 TOC) exp(1.23 P) exp(-0.34d)

5. Separation mechanism with NF membranes

NF combines removal of uncharged com-
ponents at nanoscale with charge effects between

solution and the surface of the membrane. The
removal of uncharged components results from
size exclusion or may be a result from differences
in diffusion rates in a non-porous structure, which
depend also on molecular size [2]. The charge
effect, on the other hand, results in removal of
(mainly multivalent) ions; the former effect re-
sults in the removal of uncharged organic species.
Thus, the separation performance of NF mem-
branes can be identified into the sieving (steric-
hindrance) effect and Donnan (electrostatic)
effect [103].

Kosutic and Kunst [104] showed that the
rejection of organics depended on the sieving
parameters (solute and pore size). In addition to
that factor, Van der Bruggen et al. [105] con-
cluded that the polarity and the charge of organics
might influence the rejection process, especially
when the pore sizes of membranes are large. The
molecular diffusion is another factor affecting the
rejection as mentioned by Chellam and Taylor
[106]. The rejection of ionic components in NF
occurred as a result of charge interactions
between the membrane surface and the ions
(Donnan exclusion). High retentions were found
for Na,SO, and for MgCl, while the retention for
NaCl was much lower [107]. Lhassani et al [108]
suggested that ions are transferred by two
mechanisms in NF: (1) convection: the larger ions
are more retained (physical parameters); (2) solu-
bilization—diffusion: a function of the solvation
energies and the partition coefficient. The larger
the ion, the less well it is retained (chemical
parameters). A pilot plant was built to remove the
ions of the same valences (fluoride, bromide, and
chlor-ide ions). The results indicated that the
smaller the ion, the better it is retained, mainly at
low pressure, when chemical selectivity
predominates. This is derived from the solvation
energy of the ions by water. Since fluoride ions
are more solvated, they are better retained than
chloride and iodide ions.

Schaep and Vandecasteele [109] used three
methods to determine the charge of NF mem-
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branes. The methods were: titration, streaming
potential, and membrane potential. The results of
the membrane potential measurements, where a
membrane separates two electrolyte solutions,
were in qualitative accordance with the results of
titration. It was shown that ion diffusion is influ-
enced by the membrane charge, and anion
diffusion through negative membranes is more
hindered than cation diffusion, while the opposite
is found for positively charged membranes. The
enhanced Donnan effect on rejection of mixture
of polyelectrolyte and monovalent salt (NaCl)
using two NF membranes was studied [110].

The retention of Na* and Mg** ions in their
nitrate solutions was studied in the pH range of
0.5 to 7.0 using a NF membrane [111]. It was
shown that the Mg?* ions were very well retained
(97.5-99.5%) within that pH range, while the
retention of the Na* ion varied from 80% to 40%.
The small Na* retention was measured in neutral
conditions. In addition, it seems that at very low
pH the membrane loses most of its charge due to
a high concentration of protons. This enables the
separation of cations, mainly by their size charac-
teristics. Afonso et al. [112] suggested a relation-
ship between the effective surface charge (Cy) of
two NF membranes (Desal G-10 and Desal G-20)
through streaming potential measurements and
the feed solution concentration (Cy), of the type of
a Freundlich isotherm [Eq. (2)].

mCy=a+bInC, @)

The Desal G-20 membrane, the one bearing a
higher surface charge, appeared to display a log-
arithmic relationship for NaCl [Eq. (3)]:

In Cy, (mol/m®) = 3.57
+0.475 In C, (mol/m’) 3)

Furthermore, the surface charge of Desal G-20
was likely to be partially due to the adsorption of
anions from the solution onto the membrane

surface. Wang et al. {103] concluded that NF45
membrane was expected to be suitable for the
separation of the mixture solutions of bivalent
anion electrolytes or neutral organic solutes with
a few hundreds of MW and univalent anion
electrolytes or neutral organic solutes with
several 10-folds of MW. The experimental results
indicated that the rejection of organic solutes and
inorganic electrolytes by the NF45 membrane
from high to low were ranked as:

Raffinose > Na,SO,> MgSO, > sucrose >
glucose >> KCl = NaCl > MgCl, > glycerin

Recently, Matsuura [113] provided several
directions in which progress in separation can be
improved in the future. For NF membranes, it
was shown that improvement of productivity by
higher flux membranes was achieved through the
development of thin-film composites with a very
thin selectivity skin layer. In addition, Kurihara et
al. [114] attributes the higher productivity of cur-
rent membranes to an increase in surface rough-
ness. Other methods used to improve membrane
performance including development of mixed-
matrix membrane materials including hybrid
organic-inorganic materials and the surface modi-
fication of membranes. These improvements are
not only limited to higher flux at lower operating
pressures but also in terms of less fouling
propensity, higher chlorine tolerance and
increased solvent resistance [115].

6. Modelling of NF membranes

A good predictive model will allow users to
obtain membrane characteristics, predict process
performance as well as optimize the process. The
ability to develop such modelling techniques
successfully will result in a smaller number of
experiments and subsequently save time and
money in the development stage of a process
[116].
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6.1. Models based on the extended Nernst-Planck
equation

For NF membranes, the most commonly
adapted models were those based on the extended
Nernst-Plank equation [Eq. (4)]:

de; z,eD,
jiz_Di,pE{—i%fﬁgF%+Ki,cci‘]v (4)

Tsuru et al. [117] first proposed such a model for
NF membranes, describing the transport of ions
in terms of an effective membrane thickness:
porosity ratio (m) Ax/4,, and an effective mem-
brane charge density (mol.m™) X, The model
was successful in describing the rejection of
mixed salt solutions. In a later work [118], a
similar model, but with the inclusion of steric
effects, was used to model the transport of
organic electrolytes in the presence of Na“ and
CI” ions,

The electrostatic and steric-hindrance (ES)
model was developed from the steric-hindrance
pore model and the Teorell-Meyer-Sievers model.
The new model is used to predict the transport
performance of charged solutes through NF mem-
branes based on their charged pore structure: an
aqueous solution of different tracer charged
solutes (sodium benzenesulfonate, sodium naph-
thalenesulfonate and sodium tetraphenyl-borate)
and a supporting salt (sodium chloride) to verify
the ES model. The prediction based on the ES
model was in good agreement with the experi-
mental results.

Bowen and Mukhtar [119] suggested a hybrid
model in rejection of a single electrolyte at six NF
membranes. The hybrid model is based on the
extended Nernst-Planck equation with a Donnan
condition at the membrane/solution interfaces and
the hindered nature of transport in the mem-
branes. Such an interpretation allows a characteri-
zation of the membranes in terms of two
parameters, effective membrane thickness (Ax)
and effective membrane charge density (X). A

knowledge of the effective membrane thickness,
effective charge density and effective pore size
allows use of the model to predict the separation
of mixtures of electrolytes at a membrane. Very
good agreement between such a prediction and
experimental data has been obtained.

Bowen et al. [120] were the first to coin the
term “Donnan-steric-pore model” (DSPM) that
was a modified form of a hybrid model. The
model takes into account the hindrance effects for
diffusion and convections to allow for transport
of ions/charged solutes taking place within a con-
fined space inside the membranes. This inclusion
allows the membrane to be characterized in terms
of an effective pore radius, 7, in addition to Ax/4,
and X,. Subsequent studies [121,122] showed that
the model can predict the rejection performance
very well of single salt solutions.

Recently, Bowen and Wellfoot [123] sug-
gested modifications to the DSPM models for NF
membranes. The first modification was used to
take into account the effects of log-normal pore
size distributions on the rejection of uncharged
solutes and NaCl at hypothetical NF membranes.
The results showed that the effect of pore-wise
variation in viscosity is less apparent when con-
sidered at a defined applied pressure rather than
at a defined flux, showing a further advantage of
basing theoretical analysis of NF in terms of
applied pressure. Truncated pore size distribu-
tions gave better agreement than full distributions
with experimental rejection data the for NF
membrane. The second modification was devel-
oped to calculate the uncharged solute rejection
on the basis of a single membrane parameter
(pore radius). The theoretical description is based
on a hydrodynamic model of hindered solute
transport in pores. The good agreement between
this model and experimental data confirms that
uncharged solute rejection in NF membranes may
be well-described by such a continuum model.

The surface properties of membranes have
been characterized in terms of potential in the
Outer Helmholtz Plane (Wd) [124]. A theoretical
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analysis of electrical and electrokinetic pheno-
mena (electrolyte conductivity inside pores A,
membrane potential, E,, and streaming potential
(SP) occurring in charged capillaries was devel-
oped in the framework of the linear thermo-
dynamics of irreversible processes with the aim
of studying the variation of SP, E,, and A, as a
function of Wd for various pore sizes and
electrolyte concentrations. The analysis estab-
lished the variation of A, , E, and SP vs. the
Outer Helmholtz Plane potential (¥d). On the
other hand, a comprehensive semi-empirical
mathematical model based on the Poisson—
Boltzmann equation, membrane surface charge
model, was developed [125] to investigate the
effects of solution physico-chemistry on the zeta
potential of NF membranes. The correlations
between the zeta potential, surface charge density
and solution chemistry were well delineated by
this new model.

6.2. Models based on the Spiegler—Kedem model

Another approach for NF modeling is through
the Spiegler-Kedem model [126-129]. This
black-box approach allows the membranes to be
characterized in terms of salt permeability, P,,
and the reflection coefficient 0. This model is in
the first instance limited to binary salt systems,
and in the limiting case to a binary salt system in
the presence of a completely rejected organic ion
[127,129].

A rejection of perchlorate anion (ClO;) using
NF and UF membranes was performed by Yoon
et al. [130]. The data obtained were modelled by
application of a non-equilibrium thermodynamic
model. The model has five parameters: molecular
transport coefficient (w), osmotic pressure grad-
ient (AII), molecular reflection coefficient (o),
the average bulk fluid interfacial concentration
between the feed and permeate side (C,,,), and
the solvent flux (J,). The results indicated that, in
a pure component system, target ions (in this case
Cl0O;) can be excluded from (negatively) charged

membranes with larger pores with respect to the
size of the ion, but this rejection capability is
quickly lost in the presence of a sufficient amount
of other ions that can screen the apparent electro-
static force field. As intuitively expected, the
perchlorate flux is governed by convection in
large-pore membranes. Another model was
developed by Pontalier et al. [131]; it describes
mass transfer through the combination of con-
vective—-diffusive flux in the pores and diffusive
flux in the membrane material. This model sup-
posed solute transfer only occurs in the pores
while solvent can also pass through the mem-
brane material. Solute and solvent fluxes then
depend onsieving effect, friction and electrostatic
forces, permeability and pore radius of the mem-
brane. All these characteristics were introduced in
the model via five parameters which can be esti-
mated from experimental data. This model could
be used for the optimization of the NF process.

Diawara et al. (132) used an NF45 membrane
to treat highly fluorinated brackish drinking
water. Their approach was based on the pheno-
menological model of Spiegler, Kedem and
Katchalsky (SKK) under dilute solution condi-
tions but neglected the charges carried by the
membrane. Experimental results showed for the
first time that selective defluorination can occur
using a NF membrane. The rejection was around
96%. The phenomenological parameters o (the
membrane reflection coefficient) and P, (the
solute permeability) were calculated, and it was
observed that o could be linked linearly to the
hydration energy of the halide ions as shown in
Eq. (5). Furthermore, P, appeared to be linked to
the type of electrolyte.

o (kJ/ mol) = 0.01397 + 0.00212 E, , (kJ/mol)
&)

The SKK model was also used by Van der
Bruggen and Vandecasteele [133] to develop a
model for the retention of organic molecules with
a given NF membrane at different pressures as a
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function of the molecular weight. It was shown
that for the UTC-20 membrane, a transmembrane
pressure of 810 bar is optimal in view of the
retentions. This is helpful in the choice of the
operating pressure for practical applications, in
addition to economical considerations such as
energy requirements, working costs and invest-
ment costs.

6.3. Sophisticated modifications to the models

Hagmeyer and Gimbel [134] proposed to
incorporate the change of the dielectric constant
between bulk and pore solution to calculate the
ion distribution between bulk and pore solution.
Based on the extended Nernst-Planck equation,
the developed model was used to model the data
obtained from the rejection of single salt solu-
tions at different concentrations, the rejection of
ternary ion mixtures as well as the rejection at
different pH values by NF membranes. The
decrease of NaCl rejection as well as the increase
of CaCl, rejection was well described by the
model. The rejections of ternary ion mixtures of
NaC1/Na,SO, and NaCl/CaCl, were determined
experimentally and were predicted by the model
except for the NaC1/CaCl, mixture in a NF
membrane where the negative rejections of Na*
were observed but not predicted.

Lefebvre et al. [135] studied the rejection of
single salts and a multi-electrolyte mixture
experimentally and theoretically using a loose
ceramic TiO, membrane over a certain range of
operating conditions (pH and feed salt concen-
tration). The results were compared with those
obtained by an organic NF membrane (NF200).
Theoretical ion rejection predictions for multi-
electrolyte solutions are obtained by numerically
solving the hindered transport extended Nernst-
Planck (ENP) ion flux equations using the com-
puter simulation program, NANOFLUX, which
incorporates electrostatic, steric, and hydro-
dynamic interactions and a new choice for ion
size (bare crystal, or Pauling, radius). The results

showed that the looser ceramic nanofilter does
not necessarily perform less well than the organic
one. In all operating conditions, the rejection of
Ca®* is very high compared to the rejection of
Na®. This was due to the sign of a positive
membrane charge. The high rejection of Ca?* for
positively charged membranes is mainly due to a
strong Donnan/steric exclusion at the feed/
membrane interface. The low rejection of Na™ for
positively charged membranes is due to its rela-
tively weak Donnan/steric exclusion combined
with its electrical migration in the streaming
potential, which tends to favor the transmission of
co-ions. The authors concluded that their method
could lead to a cost-effective way for choosing
appropriate NF membranes, optimizing the imple-
mentation of industrial NF processes, and finally
dimensioning industrial-scale NF plants.

Based on the Maxwell-Stefan transport equa-
tions, Straatsma et al. [136] developed a NF
membrane filtration model to calculate the perm-
eate flux and rejections of multi-component
liquid feeds as a function of membrane properties
(mean pore size, porosity, thickness, surface
charge characteristic) and feed pressure. A
Freundlich equation was used to describe the
membrane charge by means of adsorption of ions.

Recently Bandini and Vezzani [137] presented
a general model called the Donnan steric pore
model (DSPM) and dielectric exclusion model to
describe mass transfer of electrolytes and neutral
solutes through NF membranes. In this model,
ionic partitioning at the interfaces between the
membrane and the external phases takes into
account three separation mechanisms: steric
hindrance, Donnan equilibrium and dielectric
exclusion. The membrane is characterized
through the use of adjustable parameters such as
average pore radius, effective membrane thick-
ness and volumetric charge density. The separa-
tion effect related to the dielectric exclusion is
relevant with respect to the Donnan equilibrium
in determining bivalent counter-ion rejection,
such as CaCl, as well as MgSO,, whereas
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dielectric effects are not so remarkable in the case
of mixtures containing various co-ions, such as
NaCl + Na,SO,.

van de Lisdonk et al. [138] presented a model,
called the Supersaturation Prediction Model,
which is able of calculating the supersaturation
ratios of sparingly soluble compounds at the
membrane surface. The model is a combination of
a concentration polarization model and a model
for calculation of the supersaturation ratio of
sparingly soluble compounds, especially calcium
carbonate and barium sulphate.

6.4. Incorporating concentration polarization
effect

Concentration polarization (CP) is a serious
problem that has restricted the use of membranes.
Bhattacharjee et al. [139] developed a coupled
model of CP and pore transport of multicom-
ponent salt mixtures in crossflow NF. This model
predicts local variations of ionic concentrations,
flux and individual ion rejections along a rec-
tangular crossflow filtration channel for three-
component salt mixtures by a coupled solution of
the convective-diffusion equation, which governs
the transport of salt ions in the boundary layer
adjacent to the membrane, and the extended
Nernst-Planck equation, which governs the ion
migration through the membrane pores. The two
transport models are coupled through boundary
conditions at the membrane feed—solution inter-
face. The influence of a wide variety of funda-
mental physico-chemical parameters and operat-
ing conditions on the intrinsic and observed
rejection were predicted by this model.

Bowen and Mohammad [140] and Mohammad
[141] modified the DSPM model to take into
account the CP effect for mixture of charged ions/
solutes. With this approach, the permeate flux
was calculated based on the concentration of ions/
charged solutes at the membrane surface. The CP
effect was taken into account by describing the

transport of multi-component ions and solute in
the mass transfer film layer using the extended
Nernst-Planck equation. In such a manner, the
permeate fluxes were predicted based on the
osmotic pressure determined at the membrane
interface. A comparison of the model calculation
with published experimental data shows that the
model can predict the pattern of rejection and flux
reduction behavior quite well for systems con-
taining NaCl-dye-H,0.

de Pinho et al. [142] used computational fluid
dynamics (CFD) for the modeling of NaCl trans-
port occurring at the fluid phase adjacent to a NF
membrane based on a diffusion and convection
mechanism. The results gave a rigorous assess-
ment of the CP and the determination of intrinsic
rejection coefficients, f,,, that are dependent on
the membrane characteristics and on the operating
conditions of the transmembrane pressure and
feed solute concentration. In this work, experi-
mental data of permeate solute concentrations and
fluxes, generated by NF tests of solutions of
neutral solutes, were used as boundary conditions
in CFD. The strong effect of solute concentration
due to membrane-ion electrostatic interactions
was accounted for in the model through diffusion
and convection hindrance factors that are concen-
tration dependent. There is excellent agreement
between predictions and experimental results.

Geraldes et al. [143] suggested a numerical
model based on the finite volume formulation to
predict laminar flows hydrodynamics and mass
transfer of aqueous solutions in the feed channel
of spiral-wound and plate-and-frame systems for
NF membranes. This model was studied through
an integrated approach using CFD for the model-
ling of the fluid phase with appropriate boundary
conditions that took into account the solute trans-
port inside the membrane. The authors analyzed
the CP at the surface of the NF membrane by
correlating concentration boundary layer thick-
ness [Eq. (6)], which is based on the CFD pre-
dicted values of the solute concentration profiles:
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This equation was valid in the operating
condition ranges of 250 < Re < 1000, 0.02 < Re,
<0.1 and 800 < Sc <3200. This correlation shows
that higher circulation Reynolds numbers lead to
asmaller CP. Additionally, for a given circulation
Reynolds number, higher values of both the
permeation Reynolds and Schmidt numbers
induced an increase of the CP.

6.5. Models for economic assessment

There have been very few works on estab-
lishing an economic assessment model specific-
ally for NF membranes. Sethi and Wiesner [144]
developed a cost model to simulate the membrane
systems. In this study, treatment costs and cost
effectiveness of a hollow-fiber NF (HFNF)
system vs. an integrated system comprised of
spiral-wound NF (SWNF) pretreated with
hollow-fiber UF (HFUF) were estimated and
compared. It was concluded that for smaller
facilities, single NF is preferable to treat raw
water. At small plants the integrated HFUF—
SWNF treatment train demonstrated higher non-
membrane capital costs, which constitute the
major component of total costs. However, when
the raw water is largely characterized by particles
with a very high fouling potential for the single
HFNF step, separate HFUF pretreatment for
particulate removal may be warranted. Operating
the HFUF system at higher feed pressures, and
consequently higher permeate fluxes, was pre-
dicted to improve the cost effectiveness of the
integrated HFUF-SWNF system, particularly for
raw waters characterized by larger particles.

Verberne et al. [145] established a model for
cost estimation of a NF membrane system based

on projected practical data and an actual tender
from suppliers. The Verberne cost model was
used by Bruggen et al. [17] to assess an economic
aspect of treatment systems for the elimination of
pesticides, nitrate and hardness from soil water.

7. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) [146] gives
topographic images by scanning a sharp tip over
a surface. It has become an important means of
imaging the surface of materials at up to atomic
level resolution. The technique has therefore
attracted the interest of a number of researchers
interested in the surface properties of membranes
[147].

The study of the surface morphology of
membranes can help explain the separation pro-
cesses in these membranes such as the character-
istics of pore structure (pore diameter, pore
density and pore size distribution) and to deter-
mine their filtration properties [148]. An atomic
force microscope may be used in a number of
different modes in air and even in liquids. The
most widely used is the “contact mode” in which
the tip responds to a very short range of repulsive
(Born) forces. A second mode of operation is the
“non-contact mode” in which the tip responds to
attractive van-der-Waals interactions with the
sample [147].

Contact atomic force and scanning tunneling
microscopes have been used by Bessieres et al
[149] to investigate the surface of polymeric UF
and MF membranes. Experiments were per-
formed in air and in a liquid environment. The
microscopic techniques discerned pore diameters
in the range of 11 to 114 nm for 40 to 200 kDa
MWCO SPS UF membranes and confirmed a
mean pore diameter of 96 nm for the 0.1/zm
PVDF MF membrane. AFM and scanning elec-
tron microscopy (SEM) were used to investigate
the surface structure and topography of poly-
vinylidene fluoride MF membranes [150]. AFM



298 N. Hilal et al. / Desalination 170 (2004) 281-308

reveals very uniform nodule aggregates with
intermediate sized pores in their interstitial
regions.

Non-contact AFM has been used by many
researchers. Bowen et al. [151] used non-contact
AFM to investigate the surface pore structure of
eight Diaflo UF membranes covering a range of
nominal MWCO from 3000 to 300,000. These
membranes were manufactured from three differ-
ent polymer types. Analysis of the pore images
gave quantitative information on the surface pore
structure, in particular the pore size distribution
and surface roughness. Another study using non-
contact AFM was conducted by Bowen et al
[152] for a UF membrane with a 25,000 MWCO.
Analysis of the images gave a mean pore size of
5.1 nm with a standard deviation of 1.1 nm.

On the other hand, AFM was used to scan the
surface pore structure of cyclopore and anopore
MF membranes in air [148]. This work showed
that non-contact AFM is able to image the
original surface of MF membranes in air with
single pore resolution. Analysis of the images
gave quantitative information on the surface pore
structure, in particular the pore size distribution.
Non-contact AFM was used also by Calvo et al.
[153] to determine pore size distributions, internal
surface area and size of surface pores for two
polyether sulphonic microporous composite
membranes with nominal MWCOs of 4000 and
30,000 Da. The results were compared by N,
adsorption—desorption at 77K and a liquid dis-
placement technique.

Fritzche et al. [154] used contact and non-
contact AFM and SEM to investigate the surface
structure and morphology of 30 kDa membranes
from different materials. The surface was found
to have a network like fine structure. Their results
indicated pores with diameters in the 12-20 nm
range. Bottino et al. [155] used AFM to study the
surface of UF and MF ceramic membranes. They
showed that AFM can provide information on
both size and shape of A1,0O, particles constituting
the selective skin layer as well as the surface

roughness of the skin. For MF membranes, they
reported similar results to those obtained by
conventional SEM.

Later, AFM was used to show the fouling
behavior of cellulose acetate and aromatic poly-
amide thin-film composite RO membranes [156].
First, the laboratory-scale colloidal fouling tests
were used to compare the fouling behavior be-
tween two membranes. Results showed a signifi-
cantly higher fouling rate for the thin-film
composite membranes compared to the cellulose
acetate membranes. The higher fouling rate was
attributed to surface roughness which is inherent
in interfacially polymerized aromatic polyamide
composite membranes. AFM and SEM images of
the two membrane surfaces strongly support this
conclusion. These surface images reveal that the
thin-film composite membrane exhibits large-
scale surface roughness of a ridge-and-valley
structure, while the cellulose acetate membrane
surface is relatively smooth.

AFM was used for the first time to quantify
directly the adhesive force between a colloid
probe and two polymeric UF membranes of simi-
lar MWCO (4000 Da) but different materials [ES
404 and XP 117, PCI Membrane Systems (UK)]
[157]. It was found that the adhesive force at the
ES404 membrane was more than five times
greater than that at the XP 117 membrane. The
development of such a sensor (colloid probe) for
quantifying the adhesive force at membrane sur-
faces allowed a relatively fast procedure for
assessing the potential fouling of membrane
surfaces by particles. This should facilitate the
development of new membrane materials with
low or zero fouling properties.

The geometry of AFM cantilever tips is not
simple, and in some cases not precisely known,
making comparison with theory difficult. How-
ever, attaching a sphere to the cantilever instead
of a tip makes it possible to measure interactions
between surfaces of known geometry and hence
facilitates theoretical interpretation of the results
[158]. Such attached spheres are termed colloid
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probes. Thus, Hilal and Bowen [159] used AFM
in conjunction with the colloid probe technique to
study the electrical double layer interactions
between a 0.75 pum silica sphere and a polymeric
microfiltration track etch cyclopore membrane
(nominally 1 um) in aqueous solutions. The silica
colloid probe was used to image the membrane
surface (using the double layer mode) at different
imaging forces in high purity water and at a con-
stant imaging force in sodium chloride solutions
of different ionic strengths at pH 8. The results
provided experimental evidence on the influence
of electrostatic double layer interactions on the
rejection at the pores of a MF membrane. The
electrostatic repulsive force as a single colloid
approaches a membrane was directly measured,
and scanning of the membrane surface with the
colloid probe provided direct visualisation of the
membrane surface as it would be experienced by
the a colloidal particle during flirtation.

Another study of adhesive force between both
the protein bovine serum albumin and a yeast cell
at two different membranes was conducted by
Bowen et al. [160]. These were polymeric UF
membranes of similar MWCO (4000 Da) but of
different materials (ES 404 and XP 117, PCI
Membrane Systems, UK). It was found that for
both protein and cell systems that the adhesive
force at the ES 404 membrane was greater than
that at the XP 117 membrane.

Bowen et al. [120] also used AFM to charac-
terize a NF membrane (Hoechst, PES5). AFM
allows direct determination of surface pore radius
and surface porosity. The AFM images provided
direct confirmation of the presence of discrete
surface pores in such membranes. The first AFM
comparative study of NF membranes was
considered by Bowen et al. [161]. Surface mor-
phology, pore size distribution and particle adhe-
sion of three NF membranes were quantified by
AFM. The NF membranes used were AFC30,
AFC80 and XDA9920 from PCI. The AFC series
was thin-film composite membranes that were

BMO0O5/D

Fig. 3. AFM images of three NF membranes ranging from
tight to very loose [162].

negatively charged, while the XDA9920 was
manufactured from a positively charged polymer
blend. The results showed that the mean pore
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Fig. 4. Pore size distribution of the three NF membranes

ranging from tight to very loose as obtained with AFM
[162].

diameters were ~1 nm. Use of the colloid probe
technique allowed quantification of the adhesion
of polystyrene and silica particles to the mem-
brane surfaces. Adhesion of polystyrene particles
was greater than that of silica particles, due partly
to a greater electrostatic double-layer repulsion

between the negatively charged membrane and
silica, and partly to a short-range repulsive inter-
action associated with the silica surface.

In arecent work, Mohammad et al. [162] used
AFM to image three NF membranes ranging from
very tight (200 MWCO), loose (500 MWCO) and
very loose (2000 MWCO) membranes. Fig. 3
shows the images of the membranes, while Fig. 4
shows the pore size distribution obtained using
the AFM measurements. A comparison with data
obtained from solute rejection studies showed
that the average pore size obtained through AFM
was relatively acceptable. It can be seen that
AFM is a very useful tool for surface morphology
studies of NF membranes albeit for very tight,
low-MWCO membrane properties.

In another work, Mohammad et al. [163]
produced NF membranes with varying properties
through an interfacial polymerization technique.
AFM was again used as one of the tools to deter-
mine the variation in the membrane properties.
The properties include pore size, effective charge
density and effective membrane thickness. The
results showed that increasing the reaction time
resulted in decreasing water permeabilities, but
based on AFM imaging, the pore size was of
similar value. Increasing the monomer concen-
tration resulted in decreasing water permea-
bilities. However, based on AFM imaging the
pore size differed considerably.

8. Conclusions

A comprehensive review is given of (1) the
use of NF membranes in water and wastewater
treatment, (2) NF membrane fouling, (3) the
mechanisms of separation, (4) NF modelling, and
(5) use of AFM., It was shown that NF mem-
branes can be used to treat water by removing
contaminants and organics such as natural or-
ganic matter, disinfection by-product, pesticides,
dissolved uranium, arsenite, chromate, and other
metals. In addition, NF was used as a pretreat-
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ment in the desalination process to prevent
SWRO membrane fouling, prevent scaling (both
in SWRO and MSF) and lower the required pres-
sure to operate SWRO plants.

Fouling problems will lead to higher operation
costs: higher energy demand, increase of cleaning
and reduced life time of the membrane elements.
The separation mechanism of NF has been iden-
tified mostly due to charge and steric effects. A
large majority of modeling works on NF has been
by models based on the extended Nernst-Planck
equation. A good model will lead towards better
prediction and optimization of NF membrane
processes.

Finally, state-of-the-art AFM has been men-
tioned in this review, which can significantly
characterize the surface of NF membranes. Sur-
face morphology, pore size distribution and
particle adhesion of NF membrane were able to
be quantified by AFM.

9. Symbols

c —  Concentration in membranes, mol/m?

C —  Feed solution concentration, mol/m®

Cy — Effective surface charge, mol/m’

d —  Membrane cut-off (Dalton)

D — Diffusion coefficient, m*/s

D,, — Hindered diffusivity, m”s

E,,s — Hydration energy, kJ/mol

F — Faraday constant, C/mol

h —  Channel height, m

! — Ion strength, mM

J —  Membrane flux, LMH

Jo — Initial flux, LMH

Ji — In flux (based on membrane area),
mol/m’s™!

K,. — Hindrance factor for convection

J, —  Volume flux (based on membrane
area), m/s

{ -—  Channel length, m

P —  Operating pressure, psi

¢ — Time, s

R — Gas constant, J/mol K

Re  — Circulation Reynolds number de-
fined by Re = puOh/p

Re, — Permeation Reynolds number de-
fined by Re, = pyph/pp

Sc —  Schmidt number

T — Temperature, K

x —  Distance normal to membrane, m

z; — Valence of ion

Greek

o — Reflection coefficient, kJ/mol

b4 —  Electric potential, V

0, — Boundary layer thickness
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