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abstract
Membrane fouling is a major drawback to any membrane system. Fouling reduces the membrane 
flux either temporarily or permanently. Unfortunately, it is impossible to produce zero-fouling 
membranes but minimization of membrane fouling can be done efficiently. Membrane surface 
modification is one of the most often used methods to increase membrane resistance to fouling. 
The three major parameters that affect the membrane fouling are hydrophilicity, surface charge and 
surface roughness. Besides that, some researchers also suggest that two other parameters which 
should be taken into account are chemical composition and porosity. In this study, the first three 
major parameters mentioned above only are considered as contributing to fouling. Usually, these 
three parameters are characterized by three different techniques (hydrophilicity by contact angle 
measurement, surface roughness by atomic force microscopy (AFM) and surface charge by zeta 
potential). This study concentrates on characterising effect of surface roughness alone. Commercial 
polyethersulfone (PES) nanofiltration membranes with and without surface modification were 
characterized and humic acid was chosen as the foulants. 
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1. Introduction

Nanofiltration membrane technology has been 
increasingly used in many applications especially in 
treatment of water and wastewater. However, fouling is 
a major problem for efficient use of nanofiltration (NF) 
membranes causes significant loss of productivity, prod-
uct quality and added operational cost [1].

For membrane processes especially nanofiltration, the 
major problem is the permeate flux decline due to mem-
brane surface fouling and concentration polarization [2,3]. 

Indirectly, this limitation affects the overall membrane 
performance and economics as well [4–6]. 

Fouling reduces the membrane flux either temporarily 
or permanently. Membrane fouling can be categorised 
as reversible or irreversible depending on the types of 
fouling and whether the flux reduction is temporary or 
permanent. Membrane fouling is considered reversible 
when flux recovery can be achieved by fluid dynamics or 
chemical cleaning and irreversible when flux decline can-
not be fully recovered or flux recovery is not possible [7,8].  

Pretreatments such as coagulation or flocculation or 
low pressure membrane filtration normally applied to 
reduce fouling. However fouling caused by small col-
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loid, biological macromolecules, dissolved organics and 
soluble salts may still block many RO and NF applica-
tions [9,10]. 

Reversible fouling can be treated by employing feed 
pretreatment, modifying the membrane surface or by 
membrane cleaning procedures. Zhang et al. [11] sug-
gested membrane fouling can be reduced by changing 
regimes across the membrane surface, regular cleaning 
and changing the surface-foulant affinity (membrane –
surface  modifications). 

Generally, in order to reduce the fouling problem, 
there are several approaches can be distinguished as 
proposed by Fane et al. [12]:
i)  pretreatment of the feed solution, 
ii)  module and process conditions, 
iii)  cleaning procedures and iv) membrane properties.

Altering membrane properties, besides other fouling 
control methods, can directly lead to optimized systems 
with minimized fouling and effective cleaning [13].

Besides the bulk modification of polymers, surface 
modification of membranes is a promising approach to 
provide membranes with tailor-made separation proper-
ties and a reduced tendency for fouling [14]. Membrane 
properties have been investigated by many researchers 
in order to reduce fouling. These methods include radical 
polymerization [15,16], low temperature plasma [17,18] 
and photochemical [19,20] techniques. Photochemical 
grafting (especially UV-initiated grafting) techniques 
are widely used due to their low cost of operation, mild 
reaction conditions, selectivity to absorb UV light with-
out affecting the bulk polymer and a possibility of easy 
incorporation into the end stages of a membrane manu-
facturing process [20]. Before surface modification can 
be done, characteristics of foulants should be considered 
as the foulants properties may also influence membrane 
performance.

Humic acid (HA) is one of the natural organic matters 
(NOM) which are a major fouling problem in the purifica-
tion of surface water. Humic acids are expected to a result 
from condensation polymerisation reactions, amino acid 
sugar interactions, lignin biodegradation, and animal and 
plant decomposition [21]. However concentrations of hu-
mic acid in surface waters are heavily affected by changes 
in the weather [22]. HA is a heterogeneous mixture having 
both aromatic and aliphatic components [19] and contain 
three main functional groups: carboxylic acids (COOH), 
phenolic alcohol (OH) and methoxy carbonyl (C=O) [23]. 
Carboxylic functional groups account for 60–90% of all 
functional groups [24]. As a result, at the pH range of 
natural waters or at neutral to high pH, humic substances 
become negatively charged [25–27]. Humic acid is also 
more hydrophobic generally than other humic substances 
(e.g. fulvic acid) [28].

Humic acids are classified as dissolved organic carbon 
(DOC) and have an impact on water colour for concentra-
tions above 5 mg/L [29]. Most countries have regulations 

for HA content in drinking water. For example, in New 
Zealand, the concentration of HA for reliable potable 
drinking water must be below the regulatory limit of 
1.17 mg/L [22].

To attempt to reduce fouling by HA, a commercial 
nanofiltration membrane was modified by UV-irradiated 
grafting method. When modifying membrane surface, 
attention was given to the three major parameters that af-
fect the membrane fouling: hydrophilicity, surface charge 
and surface roughness. Solute-membrane interactions are 
usually influenced by surface charge and hydrophilicity 
since solutes are often charged and have hydrophobic/
hydrophilic characteristics. However, in this study this 
interaction was characterized by AFM alone in term of ad-
hesion forces instead of using contact angle measurement 
(for hydrophilicity) and streaming potential (for surface 
charge). AFM was also used to characterize membrane 
surface morphology (roughness).

2. Experimental 

2.1. Materials

Commercially available polyethersulfone nanofiltra-
tion flat sheet membrane (NFPES10, Nadir, Germany) 
was used for photochemical modification. Before use, 
the membranes were rinsed with de-ionized water to 
remove the wetting agent. Humic acid was provided by 
Aldrich and Acrylic Acid (AA)(99.5%) was obtained from 
Acros Organic.

2.2. Preparation of modified membrane

A membrane sample with a diameter of 5 cm was 
immersed in 5 g/L AA solution for 30 min. Next, the 
membrane was irradiated with ultraviolet light using a 
B-100 lamp (Ultra-Violet Products Ltd.) of relative radia-
tion intensity of 21.7 mW/cm2 at a wavelength of 350 nm 
for different exposure times to induce polymerization 
of AA on the membrane sample. After polymerization, 
membrane was rinsed intensively with water/methanol 
solution at room temperature to remove any non-grafted 
polymer and stored in de-ionized water overnight. The 
unmodified membrane was marked as 0 min UV time (the 
membrane was not immersed in the acrylic acid solution).

2.3. Nanofiltration procedure and solution analysis

Water permeability and solution flux experiments 
were performed using a cross-flow filtration system 
containing flat sheet membrane with a cell diameter of 
7.5 cm. A circular disc membrane with an effective mem-
brane area of 12.6 cm2 was used in the current work. A 
gear pump with a variable speed was used to circulate 
the feed through the cell. The trans-membrane pressure 
and flow rate were adjusted using the retentate outlet 
valve and variable speed key of the pump. In all ex-



300  M.N. Abu Seman et al. / Desalination and Water Treatment 10 (2009) 298–305

periments, the membranes were immersed in de-ionized 
water overnight. Each membrane was pressurized at 
10 bar for 30 min to avoid any compaction effects and to 
establish leak tightness. A water permeability test was 
performed with water produced by an ultrapure water 
system, Milli-Q, Millipore. A 15 mg/L solution of humic 
acid was prepared by dissolving humic acid powder in 
de-ionized water and the solution was adjusted to pH 10 
with 1 M NaOH to make sure all the humic acid powder 
was completely dissolved. For fouling experiments, the 
same solution was adjusted to pH 7 by using 1 M HCl. In 
this study, the solution was circulated through the filtra-
tion system unit at constant pressure of 7 bar and a cross 
flow velocity of 0.3 m/s and permeate was collected and 
measured with an electronic balance. This feed solution 
was circulated under these conditions for 4 h to study the 
flux reduction over time. The experiment was conducted 
two times to get a reproducibility of the data.

For solution concentration measurements, a UV Ab-
sorbance Spectrophotometer (UV Mini-1240, Shimadzu) 
was used at a wavelength of 254 nm with Hellma 10 mm 
cell made of Quartz SUPRASIL. To measure unknown 
sample concentration, a standard calibration curve of 
absorbance against humic acid concentration (0–15 mg/L) 
was produced.

2.4. Atomic force microscopy (AFM)

A Mulitmode AFM (Veeco Instruments (USA)) was 
used to visualize membrane surfaces and to characterize 
the surface forces between the membrane and foulant. To 
quantify adhesion forces, a colloid probe was prepared 
which consisted of a silica glass sphere (Polysciences, Inc.) 
coated with a layer of HA. Details of force measurement 
acquisition are described elsewhere [20,30]. The AFM 
cantilevers used had their force constants measured by 
the static deflection method [31]. 

3. Results and discussion

3.1. Permeability and flux reduction

Membrane permeability for unmodified and modified 
membranes was measured at room temperature and the 
result is shown in Fig. 1. UV irradiation had a signifi-
cant effect on clean water permeability. This shows that 
the base membrane (NFPES10) characteristics changed 
because the membrane surface was grafted with acrylic 
monomers during the UV irradiation process. The water 
permeability for all modified membranes was higher 
than unmodified membrane. As can be seen in Fig. 1, as 
the irradiation time increased, the water permeability 
increased more than 1.5 times for membrane irradiated 
with 1 and 3 min, however this value starts decreasing 
after 5 min of irradiation time which is near to value of 
unmodified membrane. 

This situation could be explained by hydrophilic char-
acteristics of membrane surfaces. Roudman and DiGiano 
[25] showed that increasing hydrophilicity leads to the 
formation of hydrophilic channels or highways which 
increase the rate of water permeation. In this study, by 
increasing the irradiation time, more acrylic monomers 
were incorporated onto the membrane surface. Increas-
ing the amount of acrylic acid grafted on the membrane 
surface will indirectly increase the membrane hydrophi-
licity [32–34] and these membrane properties will have 
influenced the water permeability of the membrane. This 
is consistent with studies by Qiu et al. [32], where it was 
found that the degree of grafting of acrylic monomers 
increased and the contact angle was decreased (hydro-
philicity increased) when the irradiation time increased. 
The same pattern was also observed by Kilduff et al. 
[35], where the modification of NFPES10 with N-vinyl-
2-pyrrolidinone (NVP) decreased the contact angle as 
irradiation time was increased. 

For membrane with 5 min irradiation time, the lower 
water permeability compared to the other two modified 

Fig. 1. The effects of UV exposure time on pure water permeability.
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membranes could be due to the acrylic monomer grafted 
on the membrane surface started constricting pores, 
blocking the membrane pores or both. 

The humic acid solution was circulated through the 
membrane system for 4 h (240 min) at a constant pres-
sure of 7 bar. Filtration of humic acid solution (Fig. 2) 
shows that the initial permeation rate for all modified 
membranes decreased with increasing UV irradiation 
time. As the irradiation time was increased, more acrylic 
monomer would have grafted on membrane surface in-
creasing the charge density. Carroll et al. [33] used acrylic 
acid monomer to produce negatively charged surface on 
polypropylene hollow-fiber microfiltration membrane. 
The interactions between the negative fixed charges of 
grafted acrylic polymer on the membrane surface and the 
negatively charged humic acid at pH 7 increase hydraulic 
resistance, contributing significantly to the lower initial 
permeation rate in order of irradiation time of 5 min < 
3 min < 1 min. 

In order to interpret the fouling behaviour of the mem-
brane, the data were normalized relative to initial flux val-
ues (Fig. 3). The tendency of the NFPES10 nanofiltration 
membrane to foul was reduced by UV for all irradiation 
times or in other words the acrylic grafted membrane has 
the ability to increase resistance to membrane fouling. 
After 4 h of operation, the unmodified membrane shows 
the highest flux reduction compared to modified mem-
brane with a 26% reduction of initial permeate flux. All 
the modified membranes were less prone to fouling than 
unmodified  and membrane irradiated at 5 min had the 
most stable flux over the operation time, without show-
ing a significant flux reduction (5 % flux reduction over 
4 h operation). This could be explained by the negative 
charge density of the irradiated membrane being high 
enough to exclude/repel the humic acid solute from at-
taching to the membrane surface. The more important fact 
is that although all the modified membrane has different 

Fig. 2. Flux reduction of 15 mg/L humic acid solution during 
4 h of operation at 7 bar and pH 7.

Fig. 3. Normalized flux of 15 mg/L humic acid solution during 
4 h operation at 7 bar and pH 7.

permeation rates, they still maintain a reasonable high 
rejection of humic acid as low as unmodified membrane 
(Table 1). There is no significant change in removal of 
humic acid over the 4 h of operation time.

3.2. AFM analysis

To get a better understanding of the role of membrane 
surface properties and fouling, AFM was used to visual-
ize both modified and unmodified NFPES10 membrane. 
Figs. 4–7 show the three dimensional AFM images for 
initial and modified membranes, with scanning areas of 
5 mm × 5 mm.

The roughness of the membrane surfaces was moni-
tored by assessing three parameters, root mean square 
roughness (RMS), basically the standard deviation of the 
height values for all of the pixels in the image; the rough-
ness average (Ra) an arithmetical mean of the absolute 
height values; and Rmax the maximum range in heights 
on the image. Analysis of the surface morphology of the 
membranes have shown that the values of root mean 
square surface roughness (RMS) were increased with 

Table 1
Rejection of 15 mg/L humic acid solution at 7 bar and pH 7 for 
different irradiation times at different operation time

Irradiation time 
(min)

Rejection (%) at different operation time*

1 h 2 h 3 h 4 h

0 (unmodified)
1
3
5

99
99

100
99

98
99

100
98

98
99

100
98

99
99

100
98

*error in concentration measurement and calculated rejection 
is less than 5%



302  M.N. Abu Seman et al. / Desalination and Water Treatment 10 (2009) 298–305

Fig. 4. High resolution 3D image of unmodified NFPES10 
membrane.

Fig. 5. High resolution 3D image of modified NFPES10 with 
1 min irradiation.

Fig. 6. High resolution 3D image of modified NFPES10 with 
3 min irradiation.

Fig. 7. High resolution 3D image of modified NFPES10 with 
5 min irradiation. 

increasing irradiation time and 5 min irradiation showed 
the roughest surface among all the membranes with an 
almost 3 fold increase in the RMS roughness compared 
to unmodified membrane (Table 2). It seems that our 
assumption that the highest amount of grafted acrylic 
monomer on the membranes surface occurs with 5 min 
irradiation would be reasonable.

As well as hydrophility, the, increase in surface rough-
ness of the modified membrane could be one of the factors 
affecting water permeability compared to the unmodified 
membrane. Studies by Hirose et al. [36] on cross-linked 
aromatic polyamide composite reverse osmosis (RO), 
found an approximately linear relationship between 
surface roughnesses and flux where they observed that 

an increase in surface roughness produced a very high 
flux due to the increasing of the effective membrane area.

Membrane surface roughness is one of the most con-
troversial issues due to its effect on flux and fouling. On 
the other hand, according to Vrijenhoek et al. [37], col-
loidal (silica particles with 0.1 mm diameter) fouling can 
be correlated with surface roughness of nanofiltration 
membrane. Their experiments showed that the permeate 
flux for the rougher composite polyamide membranes 
was substantially lower than the permeate flux of cel-
lulose acetate with smoother surface. Colloidal particles 
preferentially accumulated at the valleys of rough mem-
brane surface and blocking the valleys, resulting in a more 
severe flux reduction. This contrast with what we found 
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in this study where the roughest membrane showed the 
lowest flux reduction. This could be explained by the 
characteristic of the foulants itself as mentioned by Hong 
and Elimelech [26]. In this study, was undertaken at high 
pH, low ionic strength and absence of divalent cations, 
humic acid in solution is in a stretched and linear con-
figuration, hence roughness would not have a significant 
effect on flux decline.

Interaction of solutes is normally characterized by 
membrane properties through membrane hydrophilicity/
hydrophobicity and membrane fixed charge using contact 
angle measurement and streaming potential respectively. 
However in this study, AFM was used to characterise 
membrane properties in terms of the force of adhesion 
using a HA coated silica probe, as shown in Fig. 8. A 
typical force measurement between the colloid probe 
and the membrane surface is presented in Fig. 9. Force 
measurements were carried out at 5 different locations 
on the surface, to minimise effects of localised surface 
geometry. Full explanation of AFM force-distance curves 
are described in detail elsewhere [20].

Adhesion forces vs. the degree of membrane treatment 
are shown in Fig. 10. Measurement with HA coated-silica 
probe showed a very good agreement with the experi-

Table 2
Measurement of roughness parameters with contact mode 
from AFM images

Irradiation 
time

RMS (nm) Ra (nm) Rmax (nm)

0 (unmodified)
1
3
5

1.621
1.823
1.988
4.699

1.280
1.401
1.559
2.456

16.585
50.880
29.116

103.91

Fig. 8. Scanning electron microscope image of HA coated-
silica probe.

Fig. 9. Example force versus distance measurement between a silica probe and membrane surface. Attractive forces are nega-
tive. Magnitude of the maximum attractive force reached on the retract curve (------) gives the adhesion value for this curve.

mental hypothesis. At a loading force of 15 nN, when 
HA-coated silica colloid probe was retracted from the 
membrane surface the adhesion force was much higher 
for the unmodified membrane compared to all modified 
membranes. This trend was also observed previously 
[20] where they found a higher adhesion force for initial 
ultrafiltration PES membrane compared to modified 
membrane. Membrane with 3 min and 5 min irradiation 
times demonstrated the lowest measured adhesion forces 
indicating that they have a higher resistance to fouling 
than less modified or unmodified membranes. This could 
be due to the more negatively charged surface on the 
grafted membrane being strong enough to repel/exclude 
the negative charge of humic acid, with a resultant de-
crease in the adhesion force. This is consistent with the 
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Fig. 10. Adhesion force for unmodified and grafted membrane at 15 nN loading force in pure water.

previous assumption, based on experimental data, that 
the modified membrane is more resistant to fouling than 
the unmodified membrane.

4. Conclusion

NFPES10 nanofiltration membranes were surface 
modified by using UV-initiated grafting technique with 
acrylic acid as monomer at different time of polymeriza-
tion. All modified membranes have shown a very good 
tendency for reducing fouling compared to unmodified 
membrane with the higher degree of modification has 
the higher resistant to be fouled. This is supported not 
only by the fouling experimental data, but also from the 
adhesion force measured using AFM.
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