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ABSTRACT

Membrane techniques are an alternative for classical processes of water treatment. However,
one of their main drawbacks is that their capacity and membrane lifetime are limited by the
phenomenon termed fouling. Natural organic matter (NOM) has been reported as the main
foulant during water ultrafiltration. The character of NOM fouling depends on many factors.
The results of the study on the effect of water properties such as pH, kind of foulant and ionic
strength on the extent of membrane fouling are discussed in this article. Membranes used in
the experiment vary in contact angle. Unified Modified Fouling Index (UMFI) was used to
describe the intensity of fouling during ultrafiltration. The investigations was made with the
use of the Ultrafiltration Cell Millipore CDS10 System. The device was equipped with flat sheet
membranes and was operated in the dead-end mode. The study showed that the increase of
ionic strength and pH resulted in the decrease of fouling. It was also found that the most severe
fouling was caused by humic substances, followed by polysaccharides (dextrans) and the low-
est fouling rate was observed for the mixture of humic substances and polysaccharides. Mem-
brane hydrophobicity and pore size distribution had also a significant impact on fouling in case

of low ionic strength waters.
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1. Introduction

Membrane techniques are an alternative for water
treatment method for classical processes of water treat-
ment. Due to gradual deterioration of water quality and the
increasingly stringent standards on drinking water qual-
ity, membrane processes are becoming common for solu-
tion for drinking water production. However, in Poland,
only three water treatment plants are using low-pressure
membrane processes (i.e., Sucha Beskidzka-2006, and
Jaroslaw, Water Treatment Station KWK “Piast”) in their
treatment system. The main limitation of the implementa-
tion of membrane systems is related to accumulation of
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organic and/or inorganic substances on the surface and
in pores of the membrane [1]. This phenomenon, termed
fouling, hinders capacity and lifetime of membrane.
Natural organic matter (NOM) has been reported as the
main foulant during water ultrafiltration. The intensity
of NOM fouling depends on many factors, among which
properties of filtrated water, membrane type and param-
eters are of the greatest importance. It is caused by both,
electrostatic repulsive forces between charges of foulants
and membrane and adsorptive properties of membrane
material related to its hydrophobicity and hydrophilic-
ity [2]. Hydrophobicity /hydrophilicity can be defined
using contact angle which is measured between water
drop and membrane surface [3]. It is established that
membrane is highly hydrophilic if the contact angle value
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is equal to 0° (complete wetting) and highly hydrophobic
when the value is above 90° (no wetting) [4,5]. Generally,
it is stated that the greater is the contact angle the more
hydrophobic is the membrane.

Ionic strength, as one of the main properties of fil-
trated water, has a great influence on fouling, espe-
cially in the presence of calcium cations which affects
the solubility of organic substances and change their
molecular distribution [2,6,7]. Composition of organic
substances is also an important factor. SUVA,, (specific
UV absorbance at 254 nm) is the parameter widely used
to describe properties of organic substances. SUVA , is
defined as the ratio of absorbance at 254 nm wavelength
(UVA,,) to dissolved organic carbon (DOC) content [8].

Several fouling modes can be mathematically charac-
terized using Hermia’s model. Originally, the model was
developed for constant pressure filtrations and in order to
apply it to constant flow filtration conformal transforma-
tion must be performed [9]. Several membrane fouling
indices (MFls) have been proposed based on Hermia’s
model. One of them is Unified Modified Fouling Index
(UMEFI). The UMFI value can be determined from the
dependence between normalized membrane specific flux
J. (dimensionless) and unit permeate capacity V_(dm?/
m?), regardless of hydrodynamic process conditions. The
higher is the value of UMFI the faster decline in normal-
ized membrane specific flux is observed [10]. UMFI is
defined based on the cake layer (as the dominant form of
membrane fouling) formation equation:

1/]’=1+UMFI V. 1)

where ] " is the normalized membrane specific flux [-], V
is the unit permeate capacity [dm®/m?], and UMFI is the
Unified Modified Fouling Index [m?/dm?].

It should be noted that normalized membrane
specific flux is also relative flux (ratio of momentary flux
to initial flux), which allows to compare fouling of mem-
branes varying in cut-off.

The aim of the study was to investigate the effect of
water properties such as pH, kind of foulant and ionic
strength on the extent membrane fouling.

2. Materials and methods

The study was performed with the use of the Ultra-
filtration Cell Millipore The CDS10 System. The CDS10
device was equipped with flat sheet membranes and was
operated in dead-end mode. The operational pressure was
kept constant at 0.1 MPa. The construction of ultrafiltration
system was discussed in [11]. Characteristics of membranes
provided by manufacturers are presented in Table 1.

Contact angle measurements of contact angle were
carried out using pocket goniometer and the sessile

Table 1
Membranes characteristics given by manufacture

Membrane material Manufacturer MWCO [kDa]

Polyether-sulfone Millipore Sp. zo.0. 10

(PES)

Polyacrylonitrile KOCH Membrane 20
(PAN) Systems
Poly(vinylidene KOCH Membrane 30
fluoride) (PVDF) Systems

drop method was applied. The contact angle is the angle
formed by water at the three phase boundary where the
water, air, and membrane surface [12].

Additionally, the cut-off of applied membranes was
determined using standard substances i.e., polyethyl-
ene glicols (PEGs). PEGs of various molecular weight
ie, 0.2, 8, 20, 40 and 108 kDa were used to prepare
solutions of concentration range 8-10 mgC/dm’.
The retention degree was calculated based on mea-
surements of organic carbon concentration. Membrane
cut-off was determined as a molar weight of compounds
which were rejected by the membrane in 90% [13].

The mean pore sizes and corresponding geometric
standard deviations can be determined from diagram
of relation between solute separation and mean pore
size. The Einstein-Stokes (ES) diameter, which that cor-
responds to 50% of the solute separation, is taken as
the mean pore size (u,,), while the ratio between the ES
diameter corresponding to 84.13% of solute separation
and that corresponding to 50% is taken as the geometric
standard deviation (¢ ) [14]. The ES diameters were cal-
culated based on molecular weights [15]. For polyethyl-
ene glycol:

tpEg = 16.73 * 10710 MO-557 o

where r, . is the ES radius [cm], and M is the the average
molecular weight of PEG [g/mol].

UMEFI was employed to describe intensity of fouling
during ultrafiltration. Humic substances and dextrans
were the main components of the simulated waters. The
pH of the waters used in the range 5-9. Table 2 lists the
characteristics of the feed waters (value of parameters
and standard deviations) used in the study.

3. Results and discussion

Properties of membranes are an important param-
eter that affects degree of fouling. Some of the mem-
brane properties and operational paremeters, such as:
fluxes of deionized water, contact angles, determined
cut-off, mean pore size and geometric standard devia-
tion obtained for new membranes are shown in Table 3.
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Table 2
Characteristics of the model waters
Filtration number  pH Ca* [mg/dm’]  SUVA [m?/gC] TOC [mg/dm’] DOC [mg/dm®] UVA_, [-]
1 PES 6.95 + 0.03 0 4.3471 + 0.0011 6.14 £ 0.21 5.82 +0.15 0.253 + 0.001
PAN 670010 O 3.3429 + 0.0003  7.06 = 0.02 7.00 = 0.02 0.234 + 0.001
PVDF 692+0.07 0 3.5063 + 0.0005 710 +0.12 6.36 = 0.06 0.223 + 0.002
2 PES 7.05 + 0.07 98 £2.8 1.6935 + 0.0007  5.73 +0.10 3.72 £ 0.09 0.063 + 0.001
PAN 7.09 = 0.03 95.2 + 0.0 1.5837 £ 0.0003  6.60 = 0.02 442 +0.01 0.070 + 0.002
PVDF 6.96 = 0.03 98.6 +29 1.6341 + 0.0004 6.52 +0.09 410 £0.11 0.067 + 0.001
3 PES 711 = 0.03 199 + 2.5 1.2336 £ 0.0006  6.09 = 0.08 3.81 +0.08 0.047 = 0.001
PAN 700+0.08  201.3+3.8 1.5471 £ 0.0003  6.80 + 0.04 446 +0.02 0.069 + 0.001
PVDF 7.01 = 0.06 198 +2.9 1.3759 £ 0.0003  6.85 +0.09 4.07 +0.02 0.056 + 0.001
4 PES 5.03 £ 0.05 0 3.1433 + 0.0007 6.44 + 0.07 6.49 + 0.15 0.204 + 0.001
PAN 508+001 0 3.3728 £ 0.0003  6.85+0.04 6.76 + 0.02 0.228 + 0.001
PVDF 499+003 0 34745 +0.0005 691 +0.13 6.85 +0.08 0.238 + 0.001
5 PES 9.02 + 0.04 0 4.7687 + 0.0017 6.20 £ 0.09 5.62 +0.20 0.268 = 0.001
PAN 8.99 = 0.03 0 3.8462 + 0.0006 691 +0.03 6.63 + 0.06 0.255 + 0.001
PVDF 9.06 = 0.02 0 3.7309 = 0.0008  6.92 +0.01 6.54 +0.13 0.244 + 0.001
6 PES 717 = 0.03 0 1.5147 + 0.0004 6.62 = 0.05 647 +0.15 0.098 + 0.000
PAN 7.00 £ 0.10 0 0.7796 = 0.0003  6.67 = 0.08 6.67 +0.11 0.052 + 0.001
PVDF 696+0.01 0 0.6577 £ 0.0002  6.68 = 0.03 6.69 £ 0.15 0.044 + 0.001
7 PES 7.01 = 0.07 0 7.6331 + 0.0017 5.25+0.14 5.07 £ 0.11 0.387 = 0.000
PAN 6.98 £ 0.11 0 7.2258 + 0.0006  6.80 = 0.09 6.20 = 0.05 0.448 + 0.001
PVDF 6.92 + 0.03 0 7.0484 + 0.0011 6.97 +0.02 6.20 £ 0.10 0.437 + 0.000
Table 3 for ultrafiltration membranes during the study was

Membranes characteristics

Membrane Contact ] [dm*/hm?] Cut-off n, o

angle [°] (t=20°C) [kDa] [nm] [r}{m]
PES 73.7+21 143+14 116 49 2.1
PAN 66.7+54 91x7 80 4.0 1.6
PVDF 57.5+52 947 6.5 14 16

Determined contact angles were in the range from
57.5 to 73.7°. This allowed classifying membrane mate-
rials as between strongly hydrophobic and strongly
hydrophilic. PVDF membrane was found to be the most
hydrophilic and PES membrane as the most hydrophobic
(Table 3).

The determined cut-off values were significantly
different from those provided by the manufacturers. It
may result from different experimental conditions and
standard substances. Membranes separation proper-
ties, except for particles size, depend on many factors
e.g., particles shape, their flexibility and affinity to
membrane material. Thus, the dependence between
retention coefficient and molecular weight determined

not explicit [3,16]. It is stated that retention coefficient
determined for particles of identical molecular weight
but various shapes can be different. The study showed
that PES and PAN membrane had similar mean pore
size. However, PES membrane possessed wider pore
size distribution in comparison with PAN membrane.
Moreover, PAN and PVDF membranes were character-
ized by narrow pore size distribution, but mean pore
size (i.e., compactness) of PVDF membrane was three
times smaller than that determined for PAN membrane.

Fouling intensity was characterized by means of
Unified Modified Fouling Index, which was deter-
mined using Least Squares Estimation. The exemplary
diagram of dependence between 1/]” and V_including
confidence intervals determined for significance level
(o) equal to 0.05 is shown in Fig. 1. The regression lines
fitted well experimental data, which was confirmed by
high values of correlation coefficients (0.9104-0.9999).
Low correlation coefficient (R=0.0443) was obtained only
in one case, i.e., filtration no. 3, PAN membrane, which
could be explained by the character of the obtained
function (constant function — no fouling occurred).
Small measurement uncertainties of UMFI were btained
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Fig. 1. The relationship between 1/]” and V. (filtration no. 3,
PVDF membrane).

in most cases and did not exceed 10 %. (as shown in
Figures 2-4). All measuring points and regression lines
were covered by the determined confidence interval i.e.
interval to which estimated parameter value belonged
with 95% probability.

The plotted measuring points (on the basis of which
UMFI was determined) represent the average of two
replicates. The standard deviation for the average value
of 1/] ranged 0.03-0.14.

The pH of the feed is the crucial parameter affect-
ing membrane fouling. The impact of pH on the fouling
intensity occurred during filtrations 1, 4 and 5 (tab.2) is
shown in Fig. 2. Fouling was lower for feed waters of
higher pH. Manttari et al. showed that the membrane
and humic acids were almost completely discharged at
acidic pH (4-5), which promoted fouling [17]. The impact

BPES
B PAN
OPVDF

UMFI [m#/m?]

4 (pH5)

1 (pH7)
Filtration number

5 (pH9)

Fig. 2. Influence of pH on UMFI value.

of pH was also studied by other researchers [18-21].
It was found that the same trend of adsorption of humic
acids occurred at low pH for which electrostatic repul-
sion was lower. It was also reported in article published
by Sutzkover-Gutman [22].

For pH 7, low fouling was observed for membranes
of narrow pore size distribution and lower contact
angle. Negative charge of functional group of organic
substances prevented adsorption of NOM on negatively
charged membrane surface, but on the other hand it
improved the adsorption on positively charged mate-
rials (more hydrophobic) [2,23,24]. The tendency was
no longer valid in acidic or basic environment. Foul-
ing of PAN membrane was greater than of PES mem-
brane in acidic environment. As mean pore size of both
membranes was similar, the acidic environment caused
greater hydrophobicity of PAN membrane. However, in
basic environment PAN membrane fouling was lower
than the one the obtained for PVDF membrane despite
of its greater mean pore size and contact angle. In such
an environment (i.e., high pH) PAN membrane seemed
to act as more hydrophilic. However, measurements of
contact angle were performed in pH 7. Probably, PAN
material (and its properties) were more susceptible to
pH change.

The ionic strength (expressed as the concentra-
tion of calcium ions) effect on UMFI index is pre-
sented in Fig. 3. It was observed that the increase of
calcium ions concentration caused less severe foul-
ing. It is generally accepted that the presence of
divalent ions enhances fouling caused by humic sub-
stances [16,25-30]. This was owing to specific inter-
actions between Ca?* and humic acids (HA-calcium
complexation),which could reduce HA inter-chain
repulsion and resulted in a compact HA molecular con-
formation, subsequently resulting in the formation of a
less permeable and highly resistant fouling layer [31].
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Fig. 3. Influence of ionic strength on UMFI value.
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Fig. 4. Influence of organic substances composition on fouling.

It must be noted that Ca** can reduce HA solubility and
increase its aggregation by cancelling (protonation) the
negative charge effect of the functional groups [32,33]
or by bridging the negative membrane surface with the
negative-charge functional groups (carboxylic, pheno-
lics, and methoxyl carbonyls) of the humic substances
[34]. According to Aoustin et al. as charge repulsion
between ionized negative groups on HA is lowered by
the Ca**, HA molecules tend to curl up to smaller molec-
ular sizes [27]. Moreover, ionic strength and pH have an
influence on mass distribution of organic substances [7].

Considering influence of calcium on fouling chemi-
cal properties and wide diversity of organic compounds
present in feed water must be taken into account [29].
According to Yamamura et al. the presence of calcium
ions causes more severe humic acids fouling than the
one cancelling obtained for organic substances present
in surface water [26]. According to Zularisam individ-
ual dextran fouling appeared to be unaffected by the
increase in divalent calcium ions (from 0.1 to 1 mM) [35].
However, pronounced flux decline was observed in the
case of individual and combined fouling of humic acids.
According to Katsoufidou et al., as Ca** concentration
increases, humic acids aggregates grow larger in size
forming a backwashable cake layer [16,29].

The gentle fouling observed in the presence of
calcium ions (Fig. 3) could result from interactions
between dextranes and humic substances, thus reduc-
ing the intermolecular bridging mechanism of Ca*, and
subsequently implying minimal sorption of HA onto
the membrane surface. The formation of backwashable
filtration cake caused by particles aggregation seems to
be the main mechanism. Moreover, the cake acts as a
barrier that protects membrane pores from deposition
of smaller particles. Such an explanation is in agree-
ment with Katsoufidou et al. observations [16,29].
It should be emphasized that in a few cases, a small

fouling in the presence of calcium ions was observed.
This phenomenon was observed only at the highest
dose of calcium (200 mg/1), which was reported in
[16,29]. For smaller concentrations of Ca?*, the authors
noticed severe fouling. A discrepancy between the
present results and the results reported by Katsoufidou
is due to the fact that in both experiments different
membranes cut-offs were used (150 kD PES vs.10 kDa
PES) and the different concentrations of organics were
applied in the feed. It can be concluded that consider-
ing the effect of calcium ions on fouling, the properties
of the membrane and the other parameters of the feed
need to be taken into account cumulatively.

SUVA index was used to determine qualitative com-
position of natural water. Value of SUVA, > 4 m*/gC
is characteristic for water which contains significant
amounts of hydrophobic, aromatic and high-molecular
weight organic substances. Value of SUVA,,, <2 m?/gC
indicates that mainly non-humic, hydrophilic, low-
molecular weight substances are present in water.
Mixture of hydrophilic and hydrophobic, low- and
high-molecular weight substances occur in water with
SUVA,,, equal to 2-4 m*/gC [8]. The influence of organic
substances composition on fouling is shown in Fig. 4.

Waters characterized by medium value of SUVA equal
to 3.73 m?/gC blocked PES and PAN membranes less
than waters with low content of hydrophobic substances.
The most severe fouling was observed for waters, which
contain hydrophobic, aromatic organic substances.
The intensity of fouling of PVDF membrane was quite
constant regardless of hydrophobicity of organic sub-
stances. Apart for interactions between membrane
surface and organic substances also foulant-foulant
interactions had an impact on membrane fouling.
Waters prepared for filtrations 6 an 7 were mainly com-
posed from mixtures of polysaccharides (no. 6) and
sodium salts of humic acids (no. 7). The heterogeneity
of these solutions was much smaller than in case of feed
water used in filtration 1. It resulted in additional inter-
molecular interactions appearing in more homogenic
solutions and caused weaker interactions between par-
ticles and membrane surface. Thus, fouling observed
during filtration no. 1 was the lowest. The influence of
hydrophobicity and hydrophilicity on membrane foul-
ing is questionable. On the one hand hydrophilic frac-
tion is said to be the main foulant [24,36,37], on the other
hand, oppositely, the hydrophobic fraction seems to be
of greater importance [38,39]. According to Jung C-W et
al. the adsorption of hydrophobic fraction resulting in
membrane fouling is much more rapid in comparison
with hydrophilic fraction regardless of membrane char-
acter [38]. Moreover, Lee S. et al. suggested considering
the consideration of NOM character regarding of NOM
regardless of membrane properties [39].
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The most severe fouling was observed for the most
hydrophobic membrane of the greatest mean pore size
i.e.,, PES, and then for membrane of transient wetta-
bility and similar mean pore size i.e., PAN. The least
membrane blockage appeared in the case of most
hydrophilic membrane of smallest mean pore size i.e.,
PVDF. The dependence was established regardless
of feed water composition. It can be concluded that
hydrophobicity /hydrophilicity of membrane, apart
from spherical exclusion, also must be considered,
whereby the most severe fouling is obtained for hydro-
phobic membranes.

Zularisam A.W. et al. observed that hydrophobic
membranes (polysulphone, polyethersulphone) pos-
sessed greater affinity to fouling than hydrophilic
membranes [2]. Such a relationship was also deter-
mined by Nakatsuka S. et al. and Laine J.M. et al. and
it is in agreement with kinetic adsorption test [40-42].
According to this test, the highest degree of adsorption
is obtained for hydrophobic membranes regardless of
organic fraction character [38].

4. Conclusions

Based on the obtained results of the study the follow-
ing conclusions can be derived:

* pH increase causes less severe fouling during ultrafil-
tration;

¢ the decrease of electrostatic interactions and the incr-
ease of organic substances adsorption on membrane is
observed for low pH; moreover, the impact of pH on
fouling depends on hydrophobicity /hydrophilicity of
membrane and its pore size distribution;

® high ionic strength (Ca concentration) causes less
severe fouling during ultrafiltration;

e the presence of calcium ions favours the filtration
cake formation mechanism as a result of particles
aggregation; the appearing cake is quite compact but
can be removed during back flushing;

e considering the effect of calcium ions on fouling, the
properties of the membrane and the other parameters
of the feed need to be taken into account cumulatively;

e the most severe fouling is caused by humic sub-
stances, then polysaccharides (dextrans) and the
lowest is produced by mixture of humic substances,
and polysaccharides, which is connected with inter-
actions between membrane - organic substances and,
additionally, with intermolecular interactions;

e regardless of the type of organic substances more
severe fouling is observed for more hydrophobic
membrane.

Acknowledgements

This work was performed by the financial support
from The Polish Ministry of Education and Science
under grant no. N N523 421637.

References

[1] AL Schafer, Natural organics removal using membranes.
Principles, performance and cost, Technomic Publishing
Company, Lancaster, Penssylvania, 2001.

[2] AW. Zularisam, AF. Ismail and R. Salim, Behaviours of
natural organic matter in membrane filtration for surface
water treatment — a review, Desalination, 194 (2006) 211-231.

[3] G. Amy, Fundamental understanding of organic matter foul-
ing of membranes, Desalination, 231 (2008) 44-51.

[4] S.Lee, S.Kim, J. Cho and EM.V. Hoek, Natural organic matter
fouling due to foulant-membrane physicochemical interac-
tions, Desalination, 202 (2007) 377-384.

[5] HJ. Butt, K. Graf and M. Kappl, Physics and Chemistry of
Interfaces. Wiley-VCH Verlag & Co. KGaA, 2003, ISBN: 3-527-
40413-9.

[6] M.D. Kennedy, HK. Chun, YV.A. Quintanilla, B.G.J. Heijman
and J.C. Schippers, Natural organic matter (NOM) fouling of
ultrafiltration membranes: fractionation of NOM in surface
water and characterisation by LC-OCD, Desalination, 178
(2005) 73-83.

[7] M.D. Kennedy, J. Kamangi, B.GJ. Heijman and G. Amy,
Colloidal organic matter fouling of UF membranes: role of
NOM composition and size, Desalination, 220 (2008) 200-213.

[8] N. Ates, M. Kitis and U. Yetis, Formation of chlorination
by-products in waters with low SUVA—correlations with
SUVA and differential UV spectroscopy, Water Res., 41 (2007)
4139-4148.

[9] H. Huang, T. Young and J.G. Jacangelo, Unified Membrane
Fouling Index for Low Pressure Membrane Filtration of
Natural Waters: Principles and Methodology, Environ. Sci.
Technol., 42 (2008) 714-720.

[10] H.Huang, T. Young and J.G. Jacangelo, Novel approach for the
analysis of bench-scale, low pressure membrane fouling in
water treatment, J. Membr. Sci., 334 (2009) 1-8.

[11] M. Bodzek, A. Platkowska, M. Rajca and K. Komosinski,
Fouling of membranes during ultrafiltration of surface water
(NOM), Ecol. Chem. Eng. A, 16 (2009) 107-119.

[12] Y. Yoon, G. Amy, J. Cho and N. Her, Effects of retained natural
organic matter (NOM) on NOM rejection and membrane flux
decline with nanofiltration and ultrafiltration, Desalination,
173 (2005) 209-221.

[13] K. Scott, Handbook of industrial membranes,
Advanced Technology, 1995.

[14] R. Malaisamy, D.R. Mohan and M. Rejendran, Polyurethane
and sulfonated polysulfone blend ultrafiltration membranes.
I. Preparation and Characterization Studies, ]. Col. Int. Sci., 254
(2002) 129-140.

[15] D.Rana, T. Matsuura, R.M. Narbaitz and C. Feng, Development
and characterization of novel hydrophilic surface modifying
macromolecule for polymeric membranes, ]. Membr. Sci., 249
(2005) 103-112.

[16] K. Katsoufidou, S.G. Yiantsios and A.J. Karabelas, A study of
ultrafiltration membrane fouling by humic acid and flux recov-
ery by backwashing: Experiments and modeling, J. Membr.
Sci., 266 (2005) 40-50.

[17] D.E.Potts, R.C. Ahlert and S.S. Wang, A critical review of foul-
ing of reverse osmosis membranes, Desalination, 36 (1981)
235-264.

[18] A.E. Childress and M. Elimelech, Effect of solution chemistry
on the surface charge of polymeric reverse osmosis and nano-
filtration membranes, J. Membr. Sci., 119 (1996) 253-268.

Elsevier



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

A. Platkowska-Siwiec and M. Bodzek / Desalination and Water Treatment 35 (2011) 235-241

M. Elimelech, W.H. Chen and ]J. Waypa, Measuring zeta
(electrokinetic) potential of reverse osmosis membranes by a
streaming potential analyzer, Desalination, 95 (1994) 269-286.
M. Manttari, L. Puro, J. Nuortila-Jokinen and M. Nystrom,
Fouling effects of polysaccharides and humic acid in nanofil-
tration, J. Membr. Sci., 165 (2000) 1-17.

A.E. Childress and S.S. Deshmukh, Effect of humic sub-
stances and anionic surfactants on the surface charge and
performance of reverse osmosis membranes, Desalination, 118
(1998) 167-174.

I. Sutzkover-Gutman, D. Hasson and R. Semiat, Humic sub-
stances fouling in Ultrafiltration processes, Desalination, 261
(2010) 218-231.

V. Jacquemet, G. Gaval, S. Rosenberger, B. Lesjean and
J.C. Schrotter, Towards a better characterisation and under-
standing of membrane fouling in water treatment, Desalina-
tion, 178 (2005) 13-20.

T. Carroll, S. King, S.R. Gray, B.A. Bolto and N.A. Booker, The
fouling of microfiltration membranes by NOM after coagula-
tion treatment, Water Res., 34 (2000) 2861-2868.

AR. Costa, M.N. de Pinho and M. Elimelech, Mechanisms
of colloidal natural organic matter fouling in ultrafiltration,
J. Membr. Sci., 281 (2006) 716-725.

H. Yamamura, K. Okimoto, K. Kimura and Y. Watanabe, Influ-
ence of calcium on the evolution of irreversible fouling in
microfiltration/ultrafiltration membranes, J. Water Supply -
Res. Technol. ~AQUA, 56 (2007) 425-434.

E. Aoustin, AL Schifer, A.G. Fane and T.D. Waite, Ultrafiltration
of natural organic matter, Sep. Purif. Technol., 22-23 (2001) 63-78.
W. Yuan and A. Zydney, Humic acid fouling during ultrafiltra-
tion, Environ. Sci. Technol., 34 (2000) 5043-5050.

K. Katsoufidou, S.G. Yiantsios and A.J. Karabelas, An experi-
mental study of UF membrane fouling by humic acid and
sodium alginate solutions: the effect of backwashing on flux
recovery, Desalination, 220 (2008) 214-227.

M. Kulovaara, S. Metsamuuronen and M. Nystrom, Effect of
aquatic humic substances on a hydrophobic Ultrafiltration
membrane, Chemosphere, 38 (1999) 3485-3496.

A. Seidel and M. Elimelech, Coupling between chemical and
physical interactions in NF membrane fouling by natural
organic matter: impactions for fouling control, J. Membr. Sci.,
203 (2002) 245-255.

(32]

(33]

[34]

[35]

[36]

(371

(38]

(39]

[40]

[41]

[42]

241

AL Schafer, A.G. Fane and T.D. Waite, Fouling effect on rejec-
tion in the membrane filtration of natural waters, Desalination,
131 (2000) 215-224.

J. Cho, G. Amy and ]J. Pellegrino, Membrane filtration of natu-
ral organic matter: factors and mechanisms affecting rejection
and flux decline with charged ultra- filtration (UF) membrane,
J. Membir. Sci., 164 (2000) 89-110.

Q. Li and M. Elimelech, Synergistic effects in combined foul-
ing of a loose nanofiltration membrane by colloidal materials
and natural organic matter, J. Membr. Sci., 278 (2006) 72—-82.
AW. Zularisam, A. Ahmad, M. Sakinah, A.F. Ismail and
T. Matsuura, Role of natural organic matter (NOM), colloidal
particles, and solution chemistry on ultrafiltration perfor-
mance, Sep. Purif. Technol., 78 (2011) 189-200.

M.D. Kennedy, HK. Chun, YV.A. Quintanilla, B.G.J. Heijman
and J.C. Schippers, Natural organic matter (NOM) fouling of
ultrafiltration membranes: fractionation of NOM in surface
water and characterisation by LC-OCD, Desalination, 178
(2005) 73-83.

AW. Zularisam, A.F. Ismail, M.R. Salim, M. Sakinah and
H. Ozaki, The effects of natural organic matter (NOM) fractions
on fouling characteristics and flux recovery of ultrafiltration
membranes, Desalination, 212 (2007) 191-208.

CW. Jung, HJ. Son and L.S. Kang, Effects of membrane
material and pretreatment coagulation on membrane foul-
ing: fouling mechanism and NOM removal, Desalination, 197
(2006) 154-164.

S. Lee, S. Kim, J. Cho and E.M.V. Hoek, Natural organic matter
fouling due to foulant-membrane physicochemical interac-
tions, Desalination, 202 (2007) 377-384.

S. Nakatsuka, L. Nakate and T. Miyano, Drinking water
treatment by using ultrafiltration hollow fibre membranes,
Desalination, 106 (1996) 55—-61.

JM. Laine, J.P. Hangstrom, M.M. Clark and ]. Mallevialle,
Effect of ultrafiltration membrane composition, ] AWWA, 81
(1989) 61-67.

N. Lee, G. Amy, H. Habarou and J.C. Schrotter, Identification
and control of fouling of low-pressure (MF and UF) mem-
branes by drinking water natural organic matter (NOM),
Proceedings of “Membranes in Drinking and Industrial Water
Production MDIW 2002”, Mulheim an der Ruhr, Germany
2002, 677-683.



