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Abstract

Applications of membrane technologies for potable water production have been expanding significantly,
leading to increased efforts to control membrane fouling, which can significantly reduce membrane per-
formance, increase operating costs, and shorten membrane life. Natural organic matter is ubiquitous in all
water supplies and has been implicated as a major contributor to fouling during filtration of natural water.
In this review, we discuss factors that influence NOM fouling, including hydrodynamics; properties of the
feed constituents such as size, hydrophobicity, charge density and isoelectric point; properties of
the membrane including hydrophobicity, charge density, surface roughness, and porosity; and properties of
the solution phase such as pH, ionic strength and concentration of metals. We review approaches to
identify and mathematically describe fouling kinetics, including effects of pore blockage, cake formation,
and osmotic pressure. Finally, we discuss strategies to mitigate fouling, with a focus on strategies that
involve a modification of the nanostructure of membrane surfaces, via UV-assisted graft polymerization of
hydrophilic monomers to increase surface wettability and reduce interactions between NOM and the
membrane surface.

Introduction protozoans, bacteria, and viruses) and partially

remove natural dissolved organic matter (NOM);

Applications of membrane technologies for pota-
ble water production have been expanding signif-
icantly; a dramatic example of this effort is the
construction of the 140,000 m’/d Mery-sur-Oise
filtration plant, which serves part of the City of
Paris, France. Microfiltration (MF) membranes
remove particulates and control turbidity; ultra-
filtration (UF) membranes can provide protection
from pathogenic microorganisms (including

and nanofiltration (NF) membranes remove diva-
lent cations (water softening) and can effectively
remove NOM. NOM removal is an important
strategy to reduce the formation of disinfection by-
products, including trihalomethanes and haloace-
tic acids, which are produced when NOM reacts
with chlorine during potable water disinfection.
Some disinfection by-products in drinking water
are suspected to be toxic, carcinogenic and
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mutagenic to humans (Minear & Amy, 1996), and
are regulated by the U.S. EPA through the Dis-
infectants/Disinfection ~ By-products (D/DBP)
Rule. The economics of NF processes for NOM
removal and disinfection by-product control are
becoming increasingly competitive (Blau et al.,
1992; Allegeir & Summers, 1995; Visvanathan
et al., 1998; Chellam, 2000).

New membrane technology has resulted in
materials offering improved water flux, improved
salt rejection, and lower operating pressures.
However, membrane fouling can significantly
reduce membrane performance, increase operating
costs, and shorten membrane life (Nilson &
DiGiano, 1996). The economical development of
water treatment technologies employing mem-
branes requires an understanding of fouling
mechanisms and ways to control them. Natural
organic matter is ubiquitous in all water supplies
and has been implicated as a major contributor to
fouling during filtration of natural water. In this
review, we will discuss NOM properties that
influence fouling, approaches to identify and
mathematically describe fouling kinetics, and
strategies to mitigate fouling. Our focus will be on
mitigation strategies that involve a modification of
the nanostructure of membrane surfaces, via
UV-assisted graft polymerization.

Natural organic matter
Natural organic matter properties

Naturally occurring dissolved and colloidal organic
matter (NOM), acting alone or in concert with
inorganic ions and colloids, is considered a major
contributor to membrane fouling in water treat-
ment applications, including microfiltration (Kaiya
et al., 1996; Yuan & Zydney, 1999a, b), ultrafiltra-
tion (Mallevialle et al., 1989; Jucker & Clark, 1994;
Cho et al., 1999; Kabsch-Korbutowicz et al., 1999;
Lin et al., 1999; Cho et al., 2000a, b; Maartens
et al., 2000) and nanofiltration (Nilson & DiGiano,
1996; Hong & Elimelech, 1997; Braghetta et al.,
1997, 1998; Alborzfar et al., 1998; Yoon et al.,
1998; Combe et al., 1999; Manttari et al., 2000).
Natural organic matter is present in all surface and
ground waters, with total organic carbon concen-
trations generally ranging from 1 to 8 mg 17! and
median concentrations of 3.4 mg 1™ and 0.8 mg 1!

in surface water and ground water, respectively
(Symons et al., 1975; Krasner et al., 1995). NOM is
a heterogeneous mixture of complex organic mate-
rials including humic substances, hydrophilic acids,
proteins, lipids, carboxylic acids, amino acids, and
hydrocarbons. Humic substances comprise the bulk
of organic substances in natural systems; estimates
range from 30 to 70% (Thurman, 1985; Bufile,
1990). Carbohydrates and proteinaceous materials
may be adsorbed or covalently bonded to a humic
substance ‘core’ (Malcolm, 1990; Shulten &
Schnitzer, 1993). The molecular size and weight of
humic substances have been estimated using a
variety of techniques, and reported weight-aver-
aged molecular weights (M,,) for aquatic humic
substances generally range from 1500 to
5000 g mol™" for humic acids and from 600 to
2000 g mol~! for fulvic acids (Thurman et al., 1982;
Beckett et al., 1987; Aiken & Malcolm, 1987; Reid
et al., 1990; Chin & Gschwend, 1991; Chin et al.,
1994). Estimated radii of gyration of humic sub-
stances fall in the range of 4.5-30 A (Thurman
et al., 1982; Cameron et al., 1972; Cornel et al.,
1986). However, as will be shown, aggregation is
possible and can significantly increase NOM size.

NOM isolation

Water from the Tomhannock reservoir in Troy,
NY (TMK water), a typical source of NOM in
terms of organic carbon content (3 mg 17!), humic
content (40%) and molecular weight (1200 Da),
was used in much of the research reported in this
paper. Reservoir water was first pretreated by
microfiltration (using a 0.45-micron cartridge
filter) and softened by ion exchange, and then
concentrated by reverse osmosis. Previous research
has shown that such treatment has little impact on
the reactivity of organic matter in terms of nano-
filtration membrane fouling, sorption by synthetic
resins and activated carbon, and molecular weight
distribution measured using size exclusion chro-
matography (Kilduff etal, 2004a). Natural
organic matter passing a 0.45-micron membrane is
typically defined as dissolved (DNOM), whereas
the retained fraction is considered particulate
(PNOM). As a result of the pretreatment
employed, the organic matter used in this research
is the dissolved fraction of the total organic matter
in the Tomhannock reservoir. However, because
aggregation and/or precipitation is possible under



filtration conditions, and because organic matter
may deposit on membrane surfaces, we will not
attempt to make a distinction between particulate
and dissolved organic matter during the filtration
process, and will refer to the natural organic
matter simply as NOM.

Because NOM is a heterogeneous mixture of
various organic molecules, its isolation and frac-
tionation into more homogeneous components has
been a common approach in characterization and
reactivity studies. Adsorption is a widely employed
technique to isolate and separate NOM compo-
nents into operationally defined fractions depend-
ing on their affinities to different synthetic resins
and their back-elution efficiencies (Leenheer, 1981;
Thurman & Malcolm, 1981; Malcolm & McCarthy,
1992; Aiken et al., 1992; Leenheer et al., 2000).
Humic components (i.e., ‘hydrophobic acids’
including humic acids, fulvic acids, and tannins)
are isolated by adsorption to XAD-8, a neutral
methylmethacrylate resin, at pH 2. More polar
species are isolated by adsorption on XAD-4, a
styrene-divinyl benzene resin. Species not adsorbed
to either XAD-8 or XAD-4 resins are termed
hydrophilic, and may include small organic acids,
sugars, and perhaps amino acids (Leenheer &
Croue, 2003).

Fouling by NOM - Theory and models

Flux decline caused by organic macromolecules
(acting alone or in concert with inorganic species,
including inorganic colloids) may result from
concentration polarization, from pore blockage by
solute adsorbed on the membrane surface or
within pores, and from the formation of a cake
layer on the membrane surface, which presents a
resistance to flow in addition to the membrane
itself. Concentration polarization effects have been
shown to be small in comparison with pore
blockage and surface deposition (Cho et al., 1999;
Yuan & Zydney, 2000). Based on the complexity
of NOM, including the wide distribution of
molecular sizes, it is reasonable to expect fouling
by both pore blockage and surface deposition,
especially when the size distributions of feed
solution components and membrane pores exhibit
significant overlap.
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Dead-end filtration

For dead-end filtration under constant applied
pressure, rate laws corresponding to pore block-
age, pore constriction, and cake formation can be
written by assuming that the number of pores, the
pore diameter, or the mass of a cake layer formed
at the membrane surface, respectively, change in
proportion to the convective transport of mass to
the membrane surface. Various fouling models are
obtained for each fouling mode (e.g., see Kilduff
et al., 2002), which can all be formulated as a
single equation as shown by Hermia (1982):

d*t dt\"

am = F (dW) ’ m
where ¢ is time (s), W is the mass filtered (kg), k is a
fouling coefficient with units that depend on the
value of n (e.g., s kg2, for n=0) and n is a
dimensionless filtration constant that reflects the
mode of fouling: (i) cake formation corresponds to
n=0; (i1) complete pore blocking corresponds to
n=2; and, (iii) standard blocking (pore constric-
tion) corresponds to n=1.5.

Combined pore blockage cake filtration

Ho and Zydney (2000) developed a model for
dead-end filtration (UF and MF) of proteins that
combines pore blockage and cake filtration modes
of fouling. This model has more recently been
applied to filtration of natural organic matter
(Kilduff et al., 2002; Taniguchi et al., 2003a). In
this model, total flow through the membrane at
any time during filtration, Q (kg s™"), is the sum of
flow through open pores (through which the
resistance is R,,) and through partially blocked
pores on which a cake has formed, offering addi-
tional resistance to flow. In the absence of signifi-
cant cross-flow, the combined pore blockage-cake
filtration model is written:

OCbAPCf Rm
=0, — t
e-¢ {exp( R )*Rmﬂzc

(o)

where oy, is the pore blockage parameter (m* kg™!
solute); note that bulk or feed concentration, Cy, is
in weight fraction units. The resistance from cake




528

formation, R., which increases as a function of
time in proportion to the rate that NOM mass
accumulates on the membrane surface, is obtained
from:

Ro+ R _ % N

Rm + RC,O
where o, (Pa m*skg™?) is the cake formation
parameter and R, is the initial resistance of the
deposit (i.e., a leakage flow). Extensions to systems
having significant cross flow were developed by
Kilduff et al. (2002). This model is applicable when
the resistance caused by concentration polariza-
tion is small, i.e., when salt rejection is negligible.
The first term in Equation (2) is equivalent to the
classical pore blockage model; this term dominates
when ¢ is small (< R,/oaAPCy) and the magnitude
of the second term becomes negligible. At long
times, (> R,,,/aAPCy) the second term dominates
and the volumetric flux is governed by the classic
cake filtration model.

20.APCy

(Rm + R(;O)2 ’ (3)

Effects of osmotic pressure

When the feed solution contains both salt and NOM
and salt rejection is significant, the effects of con-
centration polarization cannot be neglected. The
change in solution flux is related to the change in
osmotic pressure as a result of concentration
polarization (assumed to be primarily caused by
salt), and the change in the hydraulic resistance of
the NOM cake that forms on the membrane surface
(Kilduff et al., 2004a). Applied to a well-mixed
system with crossflow (e.g., a feed and bleed system
with a recycle loop) the rate of flux decline is given
by:

dJy _ 050 Rmem ﬁs <dCreten,s>

At (R + R\ dt

J, dR
) @
m C
In Equation (4), the change in osmotic pressure
difference across the membrane is expressed in
terms of the change in the directly measurable bulk
(retentate recycle loop) salt (NaCl) concentration,
Cretens- First, the osmotic pressure difference is
expressed in terms of the concentration at the

membrane surface, Cpem, using the definition of
intrinsic membrane rejection, R;.,. Then, con-

centration at the membrane surface, Cpem, Was
eliminated in favor of Cieens by comparing clean
water flux (which yields the membrane resistance,
R,) and NaCl solution flux measured under
steady-state conditions with different salt concen-
trations. Data from such experiments were used to
calculate osmotic pressure difference, which was
related to Cpem, using a literature correlation (o).
The ratio fs= Cpem/Cretens, Which reflects the
degree of concentration polarization, was then
computed and correlated as a function of NaCl
concentration. The term o is the osmotic reflec-
tion coefficient, estimated as the intrinsic mem-
brane resistance, and other terms have been
defined previously. In the cake formation model,
the time rate of change in cake resistance is
assumed to be proportional to the rate of change
in cake mass, mic, . (kg), which increases at a rate
proportional to the net rate of convective mass
transport toward the membrane surface:

dRe 1]
dt — Ucake Am cake dt
= OCcakccreten.,NOM(t) (Jv - J*); (5)

where o1 18 the specific cake resistance (assumed
constant) (m kg_l), Creten,Nom 1S the NOM con-
centration in the retentate recycle loop (kg m™),
and J* (m s7) is the effective flux associated with
back-transport resulting from crossflow. The
changes in the bulk salt and NOM concentrations,
dCreen/dt, were determined using an overall
material balance on the retentate recycle loop,
which was shown to approximate a well-mixed
condition. Equations (4) and (5) require numerical
integration (e.g., Runge-Kutta technique) using
the specific cake resistance and the effective back-
transport flux (J*) as calibration parameters.

Factors affecting flux decline during NOM filtration

Factors potentially affecting membrane fouling by
NOM include the hydrodynamics of the mem-
brane system, characterized by solution flux and
surface shear (Hong & Elimelech, 1997; Cho et al.,
1999; Braghetta & DiGiano, 1998); properties of
the feed constituents such as size, hydrophobicity,
charge density and isoelectric point (Jucker &
Clark, 1994; Nilson & DiGiano, 1996; Hong and
Elimelech, 1997; Cho et al.,, 1999, 2000b; Lin



et al., 2000; Carroll et al., 2000); properties of the
membrane including hydrophobicity, charge den-
sity, surface roughness, and porosity (Combe
et al., 1999; Kilduff et al., 2000); and properties of
the solution phase such as pH, ionic strength and
concentration of metals (Jucker & Clark, 1994;
Braghetta & DiGiano, 1997; Hong & Elimelech,
1997; Braghetta & DiGiano, 1998; Yoon et al.,
1998; Combe et al., 1999; Yuan & Zydney 1999a;
Cho et al., 2000b, Jones & O’Melia, 2000; Lin
et al., 2000; Kilduff et al., 2004a).

Effects of fluid shear

Fluid shear at the membrane surface increases
with increasing crossflow velocity, enhancing mass
transport away from the membrane surface. Fig-
ure 1 illustrates the effects of crossflow velocity
and recovery (r= QOperm/Qfeed) on flux decline
during nanofiltration of pretreated (microfiltered
and softened) Tomhannock Reservoir (TMK)
water. As the crossflow velocity increases,
increased back-transport reduces the mass trans-
ported to the membrane surface by convection,
and thus reduces the mass accumulated on the
membrane. In terms of the osmotic pressure/cake
formation model (Equations (4) and (5)) an
increase in back transport is reflected in an
increased value of J°, the effective back-transport
flux. This back-transport flux is essentially equiv-
alent to a mass transfer coefficient, k (acting away
from the membrane); the rate of flux decline
decreases with decreasing values of J,/k (Cho
et al., 1999). When membrane systems are oper-
ated at low values of J,/k, the rate of flux decline
becomes small (Hong & Elimelech, 1997; Cho
et al., 1999). This can be seen in Figure 1 with a
crossflow velocity of 0.4 m s™' (J,/k=1). After an
initial decrease in flux due to osmotic effects, the
rate of flux decline is near zero. The rate of flux
decline increases with increasing recovery because
the solute concentration, and hence the convective
transport of mass to the membrane surface,
increases.

Effects of solution composition

The role of solution composition appears to be
well established, with fouling exacerbated by
conditions of low pH (Jucker & Clark, 1994; Hong
& Elimelech, 1997; Yuan & Zydney, 1999; Jones &
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Figure 1. Nanofiltration (NF 70 membrane) of pretreated
(microfiltered and softened) Tomhannock reservoir water
(14 mg DOC/1) showing the effect of crossflow velocity and
recovery (r=Qperm/Qreea) On rate of flux decline. Filled
symbols, recovery=75%; open symbols, recovery =95%.
Crossflow velocity: 0.4 m s~ (squares); 0.20 m s~ (dia-
monds); 0.10 m s~' (circles). Operating conditions: initial
solution flux=1.25x10"> (m s™"), T=23°C.

O’Melia, 2000), high ionic strength (Hong &
Elimelech, 1997; Jones & O’Melia, 2000; Yuan &
Zydney, 2000), and high divalent cation concen-
tration (i.e., hardness ions) (Hong & Elimelech,
1997; Schafer et al., 1998; Yoon et al., 1998; Yuan
& Zydney, 2000).

When rejection of salts is significant, as in NF,
flux decline occurs as a result of the osmotic
pressure developed, an effect magnified by con-
centration polarization. In addition, salts can
exacerbate membrane compaction and reduce the
permeability of charged membranes by reducing
the membrane pore size or porosity, due to poly-
mer matrix compaction or shrinkage, caused by an
increased ion concentration in the membrane
matrix and increased screening of charged moieties
(Eriksson, 1988; Braghetta et al., 1997; Kilduff
et al., 2004). An alternative explanation postulates
an increase in the frictional coefficients inside the
membrane (Van Reenen & Sanderson, 1992).
Interactions between ionic species and NOM cause
greater flux decline than either species acting
alone. An example is shown in Figure 2, which
shows a statistically significant increase (a factor of
about three over the range of ionic strength stud-
ied) in the specific resistance of the TMK NOM
cake with increasing ionic strength. This corre-
sponds to a significant increase in the rate of NOM
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Figure 2. Nanofiltration (NF 70 membrane) of pretreated
(microfiltered and softened) Tomhannock reservoir water
(10 mg DOC/1). Effect of ionic strength on fitted osmotic
pressure/cake formation model specific cake resistance,
(squares) and measured conductivity rejection in the pres-
ence (diamonds) and absence (circles) of NOM. Operating
conditions: initial solution flux=1.25x 107> (m s™'), cross-
flow velocity=0.1 (m s™"), recovery=0.85, and T=23°C.
Additional details regarding the dataset on which this figure
is based can be found in Kilduff et al., 2004a.

solution flux decline. It is likely that the increase in
salt concentration in the cake layer reduced charge
repulsion between ionized functional groups on
single NOM molecules, allowing them to adopt
more compact configuration, and between NOM
molecules, increasing the compactness of the cake,
resulting in lower cake porosity. In separate UF
experiments, SEC analysis of UF permeate con-
firmed a reduction in NOM size with increasing
ionic strength (Kilduff et al., 2004b). In addition,
the presence of an NOM cake on the membrane
surface increased salt rejection (compare diamonds
and circles in Figure 2), which increased the effects
of osmotic pressure and, in turn, the impact of salt
on NOM cake resistance. Rejection decreased with
increasing ionic strength as both the membrane
charge and the NOM cake charge is shielded more
effectively.

Lowering pH and increasing the concentration
of divalent cations can also increase the rate of flux
decline by reducing NOM charge density and
charge repulsion between ionized (acidic) func-
tional groups on NOM molecules, as a result of
complex formation, ion pair formation, or both.
In addition, cations such as calcium can form
bridges between NOM functional groups (Yoon
et al., 1998). These effects can result in a more
compact cake with higher specific resistance, and

may increase NOM deposition. However, as a
result of lower NOM cake charge, and, for nega-
tively charged NF membranes, lower (or shielded)
membrane charge (surface and pore), such effects
can be mitigated due to a reduction in salt rejec-
tion and thus osmotic pressure (Yoon et al., 1998;
Kilduff et al., 2004a).

Other factors, including the role of NOM
polarity, are less well understood. For example,
Carroll et al. (2000) fractionated NOM by charge
and polarity and found that the major contribu-
tion to fouling was from neutral, hydrophilic
NOM components. However, others report that
the most extensive membrane fouling was caused
by hydrophobic NOM components, as defined by
XAD resin adsorption (Nilson & DiGiano, 1996).
In addition, as shown in Figure 3, the role of
organic matter polarity, as measured by XAD
sorption, appears to exhibit a dependency on ionic
strength.

Under relatively low ionic strength conditions,
flux decline was similar for the unfractionated
TMK solution and both the polar and non-polar
fractions. In contrast, the hydrophobic fraction,
which comprised about 40% of the NOM, exhib-
ited significantly greater flux decline under high
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Figure 3. Nanofiltration (NF 70 membrane) of pretreated
(microfiltered and softened) Tomhannock reservoir water
showing the effect of polarity and ionic strength on flux de-
cline. Filled symbols: 10 mg/I NOM, ionic strength 0.05 M as
NaCl. Open symbols; 12 mg/l NOM ionic strength 0.018 M
as NaCl. Polarity fraction by XAD sorption: (circles)
hydrophilic fraction; (squares) hydrophobic fraction; (dia-
monds) unfractionated. Operating conditions: initial solu-
tion flux=1.25x10"° (ms™"), crossflow velocity=0.1
(m s™"), recovery =0.85, and T=23°C.



ionic strength conditions. The hydrophobic frac-
tion of the TMK water also had the highest spe-
cific UV absorbance, consistent with the findings
of others (Schafer et al., 1998). However, recent
studies have shown the importance of non-UV
absorbing, algogenic polysaccharide material in
causing flux decline (Her et al., 2004). These
compounds are generally measured as hydrophilic
using the XAD sorption protocol. Therefore, the
hydrophilic fraction may be comprised of both low
molecular weight, charged organic molecules and
much higher molecular weight polysaccharides.
This could explain why it has been difficult to
generalize fouling potential based on polarity, and
why different studies find differences in the relative
magnitude of flux decline caused by the hydro-
philic and hydrophobic fractions.

Role of colloids

Recent research on fouling of microfiltration and
ultrafiltration membranes by surface waters has
implicated colloids as important foulants. Com-
position of such colloids may be organic, inor-
ganic, or some combination. For example, Howe
and Clark (2002) identified organic matter enri-
ched by Ca and/or Si in lake water foulants using
both FTIR and XPS. Yuan and Zydney (1999a, b)
showed that convective transport and deposition
of relatively large humic acid aggregates catalyzed
fouling by smaller humic acid molecules, although
their role was less significant for smaller molecu-
lar-weight-cutoff (e.g., UF) membranes. Taniguchi
et al. (2003c) later showed that surface water
NOM could also aggregate and catalyze fouling by
smaller NOM molecules, even after pretreatment
by microfiltration and softening.

The aggregation of TMK surface water NOM
after pretreatment was demonstrated by a bi-modal
size distribution measured using membrane frac-
tionation and size exclusion chromatography
(SEC) with UV and refractive index detection
(Taniguchi et al., 2003c). Greater detail concerning
the size and character of these aggregates is shown
in Figure 4 (upper panel), which compares SEC
chromatograms using UV and multi-angle light
scattering (Dawn EOS, Wyatt Technologies, Santa
Barbara, CA.) detectors. Low molecular weight
components (weight-averaged MW of 1200 based
on poly(styrene sulfonate) calibration) were detec-
ted by the UV detector. A distinct early-eluting
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peak composed of non-UV absorbing species was
detected by the light scattering detector. The radius
of gyration of such species was computed from
Debye plots using manufacturer supplied software.
As shown in the lower panel of Figure 4, the radius
of gyration of NOM aggregates ranges from 50 to
over 100 nm, confirming the findings of membrane
fractionation experiments and SEC with differen-
tial refractometry.

Insight into how aggregates can influence the
modes of fouling can be gained by plotting flux
data on the coordinates suggested by Equation (1).
The slope of versus dt/dW on log-log coordinates
yields the filtration constant, n. Such a plot is
shown in Figure 5 for filtration by the 1000 kDa
membrane (model fits are shown as solid lines,
data as symbols). The model predicts that the rate
of change of dt/dW plotted on the y-axis increases
steeply early in the filtration run, passes through a
maximum, and finally reaches a constant value.
The filtration constant, n, obtained as the log slope
of the model fits shown in Figure 5, progresses
from n=2 (indicating pore blockage) early in the
filtration run, passes through a transition region,
and reaches a plateau value of n=0, indicating
that fouling by cake formation controls later in the
run. This is consistent with studies that have
shown fouling to shift to a cake formation mode
after pore blocking processes proceed to comple-
tion (Bowen et al., 1995; Lu et al., 1997, Huang &
Morrissey, 1998).

The mode of fouling rapidly shifted to cake
formation during filtration of the 100 mg/l TMK
isolate (shown in Figure 5 as squares). Similar
behavior was observed for membranes having
MWCOs ranging from 10 to 1000 kDa. In stark
contrast, as shown by the single diamond in Fig-
ure 5, fouling of the 1000 kDa membrane was
essentially eliminated when an additional micro-
filtration (0.45 micron) step was done just prior to
the filtration run, even though the organic carbon
concentration was the same. The difference was
attributed to the removal of aggregates that
formed after pretreatment, as confirmed by both
size exclusion chromatography and parallel mem-
brane fractionation. When the TMK solution was
diluted by a factor of 2 (shown in Figure 5 as
circles), the transition regime between pore
blockage and cake formation was reached, but the
mode of fouling did not shift fully to cake for-
mation.
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Figure 4. Size exclusion chromatograms of concentrated (100 mg/l) pretreated (microfiltered and softened) Tomhannock
reservoir water. Upper panel compares size exclusion chromatograms using UV and multi-angle light scattering detectors. The
radius of gyration computed from Debye plots, shown in the lower panel, suggests the existence of non-UV absorbing

aggregates.

The shift in fouling mode from cake formation in
the presence of NOM aggregates, to pore blockage
upon dilution, to lack of fouling after an additional
filtration step (and subsequent removal of aggre-
gates) suggests that even though such aggregates
comprised a small proportion of the NOM mass,
they were responsible for the cake formation on the
larger membranes. This supports the findings of
Yuan and Zydney (2000), who proposed that an
initial fouling layer consisting of large aggregates
could effectively ‘catalyze’ fouling by smaller
molecular weight species. In the absence of

aggregates, the smaller NOM species penetrated
into the membrane pore structure, causing pore
blockage instead of forming a cake layer on the
surface.

Approaches to mitigate fouling

Several approaches to mitigate the negative effects
of NOM fouling on nanofiltration membrane
performance have been described (Potts et al.,
1981). These include (i) selecting a membrane
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Figure 5. Ultrafiltration (1000 kDa poly(sulfone) mem-
brane) of pretreated (microfiltered and softened) Tomhan-
nock reservoir water. Flux data were plotted on the
coordinates of Equation (1). Lines are derivatives calculated
from the fitted combined pore blockage-cake formation
model (Equations (2) and (3)). The log slope of the plot
yields the filtration constant, n. Feed solutions: unfiltered
RO isolate (squares) exhibits rapid transition to cake for-
mation (n=0); diluted RO isolate (circles) exhibits pore
blockage (n=2); pre-filtered RO isolate (diamonds) showed
a lack of fouling. Additional details regarding the dataset on
which this figure is based can be found in Taniguchi et al.
(2003c¢).
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material that minimizes attractive interactions
between NOM and the membrane surface
(Childress & Elimelech, 1996); (i) improved pre-
treatment to selectively remove the most adhesive
components in NOM (Rautenbach et al., 1997);
and (iii) enhanced module design and operation
that reduces fouling through more effective
hydrodynamics, effectively decreasing J,/k
(Chellam & Wiesner, 1997; Mallubhotla & Belfort,
1998). An important variant of (i) above is to
tailor membrane surface chemistry for particular
applications. Modifications to polymer substrates
can be made through homogeneous reaction in
solution with subsequent preparation as a syn-
thetic membrane via phase inversion (Nabe et al.,
1997). However, an easier, inexpensive, and scal-
able approach involves surface modification of
commercial membranes.

Surface modification

The modification of polymers has found applica-
tion in several areas. These include such diverse
fields as protecting of ship hulls from marine foul-
ing, reducing interactions between the components
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of blood and implant materials such as catheters,
and promoting specific interactions for affinity
separation processes and fractionation by chro-
matography. Heterogeneous graft polymerization
of specific functionalities or polymer layers has been
employed as a route to tailor polymeric membrane
surfaces for many different applications. In contrast
to surface modification techniques such as alcohol
wetting and surfactant adsorption, graft polymeri-
zation can modify membrane surface properties
permanently. Applications have included filling
membrane pores to improve selectivity of perva-
poration membranes (Kai et al., 2000; Yamaguchi
et al., 2001); attaching moieties to provide ion-
exchange properties (Michel et al., 1998; Saito &
Yamashita, 1998; Kim & Saito, 2000); and intro-
ducing affinity ligands for protein separations
(Kiyohara et al., 1997). Considerable attention has
been directed at using graft polymerization to
increase the wettability of membrane surfaces as a
route to reduce fouling.

Previous research has correlated low surface
wettability with non-specific sorption of both
detergents and proteins (Sigal et al., 1998). There-
fore, graft polymerization to increase the wettabil-
ity of membrane surfaces offers promise to reduce
their ability to interact with species present in
solution and thus reduce their potential to foul
during filtration. Recent work has shown that it is
possible to create nanochannel membranes by
grafting amphiphilic copolymers consisting of a
poly(vinylidene fluoride) backbone and poly(oxy-
ethylene methacrylate) side chains (Akthakul et al.,
2004). These materials were shown to molecularly
self-assemble into  bicontinuous nanophase
domains of semicrystalline PVDF, and poly(ethyl-
ene oxide) (PEO), providing selective transport
channels of defined size. Fouling resistance was
attributed to hydrogen bonding between water and
the ether oxygen groups of the PEO side chains,
which act as a grafted brush layer at the membrane
surface and within the water-filled nanochannels.

Much of the graft polymerization research has
been motivated by needs of the biotechnology
industry and has focused on reducing the fouling
that occurs during ultrafiltration of proteins (e.g.,
Yamagishi et al. 1995a, b; Ulbricht et al., 1996;
Nabe et al., 1997; Chen & Belfort, 1999; Pieracci
et al.,, 1999; Wang et al., 2000; Wavhal & Fisher
2002; Xu etal, 2002). More recently, graft
polymerization technology has been applied to
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reduce fouling by natural organic materials during
potable water production, including reverse osmo-
sis desalination (Belfer et al., 1998; Gilron et al.,
2001) and nanofiltration (Kilduff et al., 2000;
Freger et al., 2002).

A variety of hydrophilic monomers have been
grafted to membrane surfaces to increase their
wettability and reduce their potential to foul during
filtration. Some of the monomers that have been
employed are tabulated in Table 1. Graft poly-
merization requires the generation of active ionic
or radical sites on the membrane surface. This may
be accomplished by several different means,
including ionizing radiation (Kim et al., 1991;
Kiyohara et al., 1997; Kabanov & Kudryavtsev,
2003); oxidants and/or chemical redox systems
such as ozone (Wang et al., 2000), benzoyl perox-
ide (Xu et al., 2002), potassium persulfate-sodium
metabisulfite (Belfer et al., 1998), and di-(2-phen-
oxy ethyl) peroxy dicarbonate (Patil et al., 2001);
low temperature helium (Ulbricht & Belfort, 1995,
1996) or argon (Wavhal & Fisher 2002) plasma;
and UV radiation (e.g., Yamagishi et al., 1995a, b;
Ulbricht et al., 1996, 1998; Pieracci et al., 1999,
2000, 2002).

Modification of poly(aryl sulfones)

In many cases, initiators or specially synthesized
molecules having reactive end groups are necessary,
often requiring complex reaction conditions and/or
long reaction times, both of which increase expense.
For example, modification of poly(acrylonitrile)
UF membranes via UV radiation required the use
of benzophenone as a photoinitiator (Ulbricht
et al., 1998); and modification of poly(propylene)
MF membranes via ozonation required the use of
ferric chloride as an initiator (Wang et al., 2000). It
is possible to modify poly(aryl sulfone) membranes
without a photoinitiator, as a result of their intrinsic
photosensitivity, as described more fully in a US
Patent (Crivello et al., 1995). Poly(ether sulfone)
membranes offer attractive features for water
treatment applications, including wide pH toler-
ance (1-13) and good resistance to oxidants,
including chlorine under water treatment condi-
tions (i.e., <50 ppm) (Zeman & Zydney, 1996). A
possible disadvantage of poly(aryl sulfone) mem-
branes is that they generally exhibit lower wetta-
bility (cos 0#~0.50-0.60) than both regenerated
cellulose (cos 0>0.80) and commercially available

aromatic polyamide (cos 0>0.80) membranes.
Therefore, poly(aryl sulfone) membranes are
potentially more susceptible to fouling by natural
organic matter and other colloidal material.
Attachment of hydrophilic polymer chains to the
membrane surface to significantly increase the
wettability of membrane surfaces and reduce foul-
ing is therefore a promising strategy to prepare
membranes for water treatment applications.

As shown in Figure 6, when poly(aryl sulfone)
membranes are UV-irradiated, the trunk polymer
chains are cleaved, forming reactive radical sites.
Either water or methanol-soluble monomers
chemically bond to these radical sites and undergo
free-radical polymerization (Yamagishi et al.,
1995a). A potential advantage of UV irradiation is
the ability to control trunk polymer bond cleavage
(and possible damage to the membrane pore struc-
ture) via judicious selection of both the emission
intensity and wavelength (Pieracci et al., 2002).

Degree of grafting and grafting efficiency

The wettability of modified membrane surfaces
depends on monomer type, monomer concentra-
tion and irradiation energy, all factors that govern
the amount of polymer grafted to the surface. The
amount of polymer grafted, or the ‘degree of
grafting’ may be assessed gravimetrically (e.g.,
Yamagishi et al., 1995a) and by spectroscopic
techniques. For example, the degree of grafting,
DG, was determined by Taniguchi et al. (2003a, b)
using attenuated total reflectance Fourier Trans-
form infrared spectroscopy (ATR/FTIR). DG was
defined as the ratio of the peak height due to
absorbance of the carbonyl group of the grafted
molecule to that at 1487 cm™' due to the absor-
bance by the benzene carbon—carbon bond (which
remained unaffected by grafting) minus the value of
that ratio for the unmodified membrane (possibly
caused by additives in the original casting mixture).
Degree of grafting generally increases with mono-
mer solution concentration, which is usually on the
order of 1-5% w/w (Ulbricht et al., 1996; Pieracci
et al., 2000). It will also increase with applied
energy dosage (J m~2) (controlled by light intensity
and radiation time), but may exhibit a plateau or a
maximum as depletion of available monomer and/
or loss (cleavage or ablation) of grafted monomer
occurs at high energy dosages (Taniguchi et al.,
2003b). Taniguchi et al. (2003b) found a linear
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Table 1. Hydrophilic monomers that have been grafted to membrane surfaces to increase surface wettability and reduce
fouling potential during filtration

Monomer Abbr. Structure References
Acrylic acid AA o Ulbricht and Belfort (1996), Ulbricht et al. (1996, 1998),
I Freger et al. (2002), Wavhal and Fisher (2002), Xu et al.
”7°\C /C\OH (2002), Taniguchi et al. (2004)
H
Methacrylic acid MA o Yamagishi et al. (1995b), Ulbricht and Belfort (1996),
N o Belfer et al. (1998, 1999, 2000), Freger et al. (2002)
H,C==C,
CH,
Vinyl acetate VA o Kim et al. (1991)
|
Hzc/ \o/ \cu,
2-Hydroxyethyl HEMA cHy Yamagishi et al. (1995b), Ulbricht and Belfort (1996),
methacrylate I Ha Ulbricht et al. (1996), Wang et al. (2000),
HC/"\H/"\ﬁ/\OH Taniguchi et al. (2004)
Poly(ethylene glycol) PEG-MA Ulbricht et al. (1996, 1998), Belfer et al. (1998b, 2000,
methacrylate " W M 2001); Gilron et al. (2001), Freger et al. (2002)
H7¢=c—c——o+c —C —O)TOH
CHy
3-sulfopropyl SPMA e Belfer et al. (1998b, 1999, 2000, 2001), Gilron et al.
methacrylate \T (2001), Freger et al. (2002), Taniguchi et al. (2004)
0, H, H,
NN NN
wo” \\0 H,
2-dimethylamino-ethyl AEMA on, Ulbricht et al. (1998)
methacrylate ",
W NN N
]
o CHy
2-trimethyl AmEMA chy Ulbricht et al. (1998)
ammonium-ethyl oS’
methacrylate chloride \c
0/ \o
(CH,),NMe,CI
Vinylsulfonic acid VSA o w Belfer et al. (1998b)
A\
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Table 1. Continued

Monomer Abbr. Structure References
2-acrylamido-2-methyl-1- AMPS o e Belfer et al. (1998b), Gilron et al. (2001),
propane sulfonic acid AN Taniguchi et al. (2004)
we” NN\
H,C——S=——0H
N-Vinyl-2-pyrrolidone NVP o Chen and Belfort (1998); Pieracci et al.

Y

H2C

.

(1999, 2000, 2002), Kilduff et al. (2000)

correlation between DG and the product of
monomer concentration and irradiation energy,
C x E (wWt% kJ m™?), for the NVP/PES system for
C < 10% w/wand E < 4kJ m™>.

Grafting efficiency, the DG achieved at a given
energy dosage, also depends on UV wavelength.
The efficiency of grafting N-vinyl pyrolidinone
onto PES membranes was significantly higher with
high-energy 254 nm lamps as compared to 300 nm
lamps (Pierraci et al., 2002a). However, the high-

energy wavelength was also responsible for rapid
pore enlargement and loss of rejection for bovine
serum albumin. Rejection was better maintained
when the higher wavelength lamps were used, and
could be further optimized by using filters (e.g.,
benzene) to tailor the wavelengths reaching the
membrane surface.

The degree of grafting achieved for a given lamp
wavelength and energy dosage will depend on both
the sensitivity of the base polymer, and intrinsic

ro~-0+04 —m—

£0~0%

O

£0~0t—10£0~01

l "S 02

OO 210100

Figure 6. Proposed mechanism of UV-assisted graft polymerization of poly(aryl sulfone) membranes showing trunk polymer
cleavage, formation of reactive radical sites, and chain growth (after Yamagishi et al., 1995a).



properties of the monomers employed. Kaeselev
et al. (2001) observed significant differences in the
initial polymerization rate and the degree of
grafting for several hydrophilic monomers,
including NVP and AMPS (see Table 1). Fur-
thermore, much higher irradiation energy was
required to achieve a desired degree of grafting
when polysulfone was the base polymer as com-
pared with poly(ether sulfone).

Ideally, monomer will bond exclusively to either
the surface or polymer chains, and homopolymer
formation will be minimized, because homopoly-
merization consumes monomer and the polymer
particles formed could become trapped in pores,
reducing membrane permeability. Such homopol-
ymer will contribute to the measured degree of
grafting whether gravimetric or spectroscopic
techniques are used. Ethanol washing has been used
to remove homopolymer from membrane pores,
and to assess the degree of homopolymerization
(Pierracci et al., 2002b; Taniguchi et al., 2003b).
The degree of grafting is lower when modified
membranes are post-washed in ethanol, but the
difference is only significant above a critical irradi-
ation energy. For the NVP/PES system, this energy
is in the range of 4-5 kJ m™>; energy doses below
this value do not promote homopolymerization and
the post-wash technique does not have any effect on
the degree of grafting. This is somewhat lower than
the observed maxima in DG as a function of applied
energy dosage.

Degree of grafting and wettability

The ability of graft polymerization to achieve a
significant reduction in contact angle, 6, and
increase in wettability (cos 0) relative to as-received
(unmodified) membranes is shown in Figure 7.
Membranes made from sulfonated polysulfone and
poly(ether sulfone) were modified with a 3% solu-
tion of N-vinyl pyrolidinone. Contact angle was
reduced by up to 50% relative to as-received
membranes, and could be reduced to values
approaching regenerated cellulose (the ‘gold stan-
dard’ of wettability) and well below that of a widely
used aromatic polyamide thin film composite
membrane. Similar results have been obtained
using the NVP/PES system (Pieracci et al., 1999,
2000, 2002a); using other hydrophilic monomers
with PES (Yamagishi et al., 1995b; Kaeselev et al.,
2001; Taniguchi et al., 2003a, b, 2004); and using
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Figure 7. Effect of graft polymerization on membrane
wettability. Graft modification of PES-10 poly(ether sul-
fone) and NTR 7450 sulfonated polysulfone membranes
with 3% w/w N-vinyl pyrolidinone for various times, as
indicated. Significant reduction in contact angle was
achieved relative to as-received membranes (AR) and a
commercial aromatic polyamide thin film composite mem-
brane (NF 70). Additional details regarding the dataset on
which this figure is based can be found in Kilduff et al.
(2002).

other monomer/base polymer materials. For
example, Ulbricht et al. 1996 modified PAN with
acrylic acid and PEG methacrylates, whereas Kim
et al. (2002) modified PVC with NVP; both studies
observed significant increase in wettability.

The wettability of modified membranes generally
increases with increasing DG, but often exhibits
asymptotic behavior (Kaeselev et al., 2001; Kilduff
et al., 2002; Pierraci et al., 2002a; Taniguchi et al.,
2004). The asymptote value, and the rate of
approach toward this value, both depend on the
intrinsic properties of the monomers employed
(Kaeselev et al., 2001; Taniguchi et al., 2004), but
values on the order of 0.85-0.90 are readily attain-
able and are comparable to regenerated cellulose
(cos#=0.91 (Pieracci et al., 2002a). Taniguchi et al.
(2004) observed that larger monomers reached their
maximum wettability values at lower values of DG
than smaller molecules, possibly because each
molecule covers a greater proportion of the mem-
brane surface. However, smaller monomers were
more reactive, either because of their increased
diffusivity or intrinsic properties. Reactivity,
defined as the initial slope of a plot of DG versus the
product of monomer concentration and irradiation
time, Ct, decreased with the cube root of monomer
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molar volume. Experience thus far suggests that
relatively low DG values (0.2 to less than 1) and
intermediate wettabilities (0.74 < cos 0 < 0.82)
are sufficient to produce membrane surfaces that
resist fouling by both proteins and natural organic
matter (Kaeselev et al., 2001; Kilduff et al., 2002;
Taniguchi et al., 2003a, b).

In one approach to modifying membranes (dip
technique), coupons are dipped in monomer
solution (e.g., for about 30 min), and then irradi-
ated in nitrogen. An alternative is the immersion
method, in which membrane coupons are irradi-
ated while immersed in monomer solution. For a
given degree of grafting, these two methods pro-
duced similar surface wettability (Kilduff et al.,
2002), and both methods could produce mem-
branes with the same wettability as regenerated
cellulose (Pierraci et al., 2000). However, the
kinetics of the dip technique were superior. For
example, a high degree of grafting of N-vinyl-2-
pyrrolidone to a 50 kDa poly(ether sulfone)
membrane was realized in 30 s using the dip
method, whereas 300 s were required to achieve a
similar degree of grafting using the immersion
technique (Pierraci et al., 2000). In large part, this
is because the N-vinyl-2-pyrrolidone solution
absorbed much of the UV energy, shielding the
membrane, and thus required long irradiation
times.

Effect of grafting on surface roughness
and permeability

Surface roughness may influence fouling, when the
relative scale of the roughness and the size of solu-
tion components are similar. Ulbricht et al. (1998)
found that thin polymer layers of certain acrylates
and methacrylates grafted onto PAN reduced sur-
face roughness and decreased advancing/receding
contact angle hysteresis. However, not all grafted
monomers resulted in a smoother surface, and
inhomogeneities were observed. These may have
been created by gel-formation, agglomeration and
precipitation during modification. Pieracci et al.
(1999) found that UV irradiation of 10 kDa
poly(ethersulfone) UF membranes (using a wave-
length of 254 nm) increased their roughness (mea-
sured using AFM) by 0.6-1.1 nm, on the order of
50 to nearly 100%. Subsequent graft polymeriza-
tion of N-vinyl-2-pyrrolidone appeared to smooth
out this roughness, depending on the degree of

monomer grafting. Taniguchi et al. (2003b) inves-
tigated the effect of graft polymerization on surface
roughness as a function of applied energy dosage.
Using lower energy 300 nm lamps, Taniguchi et al.
(2003b) observed lower increase in roughness in the
absence of graft polymerization than the Pieracci
et al. (1999) study. Consistent with that work,
roughness decreased with increasing energy dosage,
until a minimum was reached, and then increased.
The minimum in surface roughness was generally
smoother than the as-received membranes, and
corresponded to the maxima in DG. As chain
scission, homopolymerization, and surface etching
became more important than photo-induced
grafting at high-energy values, roughness increased.
The effect of irradiation on roughness appeared to
correlate with membrane skin thickness; roughness
increased to a significantly greater extent for
membranes having a thin skin (2 pum) as compared
to those having a thicker skin (8 pm).

Kilduffet al. (2002) fitted the pore blockage/cake
formation model to flux data for filtration of NOM
solutions by NVP graft-modified PES membranes
for different reaction times. The fitted pore blockage
parameter (Equation (2)) for the membrane irradi-
ated for the longest period of time (180 s, using
254 nm lamps) was significantly higher than the
fitted value for all other membranes, providing
evidence that increased surface roughness may
exacerbate fouling and/or change the fouling
mechanism. However, the effect of roughness on
fouling may be largely physical, related to the ability
of foulants to become lodged in pores, and not
related to adsorption effects. Han et al. (2004)
showed that root mean square roughness ranging
from 5 to 60 nm had little effect on hen egg lysozyme
adsorption, and speculated that surface roughness
would only affect the sorption of protein when the
average length scale of the substrate surface is of
the same size or smaller than the dimension of the
adsorbate (although changes in orientation may be
possible). When the scale of the roughness exceeds
that of the protein dimension, the chemical com-
position of the substrate surface has a dominant
influence on the adsorption process.

Graft polymerization has been shown to reduce
membrane permeability (increase membrane resis-
tance) (Ulbricht et al., 1996; Pieracci et al., 2000;
Kaeselevet al.,2002; Kilduffet al., 2002; Taniguchi
et al., 2003a, b, 2004). A reduction of up to about
40-60% after graft modification of commercial



PES-10 poly(ether sulfone) with 3% w/w N-vinyl
pyrolidinone as compared to as-received NF-PES-
10 membranes is shown in Figure 8 for irradiation
times of 60 s and 10 s, respectively. A reduction in
permeability is explained by pores blocked by
grafted poly(vinyl pyrolidinone) (PVP) chains, and
possibly some homopolymer deposition in pores.
Figure 8 also shows data illustrating an increase in
permeability at longer irradiation times. In this
study, a decline in the degree of grafting with
increasing irradiation time was not observed;
therefore, exhaustion of monomer on the mem-
brane surface and subsequent trunk polymer scis-
sion is not a likely explanation. A more likely
explanation is the loss (cleavage or ablation) of
grafted monomer at long irradiation times.

Effect of grafting on rejection and cleaning

Graft polymerization can induce significant
increases in rejection for natural organic matter
(Kilduff et al., 2002; Taniguchi et al., 2003a). A
decrease in permeability and concomitant increase
in rejection suggest that grafted polymers are
constricting pores, blocking pores, or both, shift-
ing the pore size distribution to smaller sizes. In
addition, when grafted monomers contain acidic
groups, an increase in rejection may be caused, in
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Figure 8. Effect of graft polymerization on membrane
permeability. Graft modification of commercial PES-10
poly(ether sulfone) with 3% w/w N-vinyl pyrolidinone
using the dip method with 254 nm lamps for various times:
(diamonds) 0's, L,=0.124 m/(hr-kPa); (squares) 10 s,
L,=0.052 m/(hr-kPa); (triangles) 60 s, L,=0.074 m/(hr-
kPa); (circles) 180s, L,=0.383 m/(hr-kPa). Additional
details regarding the dataset on which this figure is based
can be found in Kilduff et al. (2002).
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part, by electrostatic repulsion between charge
moieties on NOM molecules and acidic groups on
the grafted polymers. Taniguchi et al. (2003a)
found that rejection of NOM by membranes
grafted with two neutral polymers, HEMA and
NVP was lower than membranes grafted with
monomers containing carboxylic or sulfonic acid
groups (see Table 1). It is also possible for rejec-
tion to decrease as a result of graft modification.
Two factors may contribute to a decrease in
rejection. When high-energy wavelengths are used,
trunk polymer scission, rapid pore widening and
cleavage of grafted monomers can dominate over
photo-induced grafting when irradiation times are
too long. Second, some monomer solutions may
have the ability to swell and even dissolve the base
polymer material, which can reduce rejection
(Taniguchi et al.,, 2004). When PES is the base
polymer material, both NVP and HEMA (although
to a lesser extent) have shown this ability. Kaeselev
et al. (2002) observed a simultaneous decrease in
volume flux and retention of dextran by PES
membranes modified with AAG and AAP using
high-energy 254 nm lamps. They explained the
increase in hydrodynamic resistance as resulting
from an increase in cross-linking, while chain scis-
sion was seen as responsible for loss of selectivity.
Kilduff et al. (2002) showed that it was possible
to both increase solute rejection and decrease the
rate of flux decline during filtration of NOM
solutions via graft polymerization with NVP.
However, total fouling by NOM, caused by the
accumulation of rejected solute on the surface of
the membranes (cake formation), is strongly rela-
ted to solute rejection, consistent with previous
reports. An increase in the cake formation
parameter, determined by fitting Equations (2) and
(3) to NOM flux data using PES membranes
modified with 3% NVP, is shown in Figure 9 to
correlate with increasing rejection. The increase in
rejection was due to graft modification of com-
mercial PES-10 poly(ether sulfone) membranes
with 3% w/w N-vinyl pyrolidinone using the dip
method with 254 nm lamps for irradiation time
ranging from 10 to 180 s. The behavior of total
NOM fouling as a function of rejection, which
varied over a wide range (0-0.80), was interpreted
by Taniguchi et al. (2003a) in the context of the
NOM molecular weight distribution of the NOM.
Large changes in total fouling occurred when
changes in the membrane pore size due to grafting
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Figure 9. Effect of rejection on the cake formation parameter determined by fitting Equations (2) and (3) to flux data. (circle)
as-received, unmodified commercial PES-10 poly(ether sulfone) membrane; (diamonds) graft modification of membranes with
3% w/w N-vinyl pyrolidinone using the dip method with 254 nm lamps for 10-180 s. Additional details regarding the dataset
on which this figure is based can be found in Kilduff et al. (2002).

corresponded to regions of the solute molecular
size distribution that contained a large proportion
of the solute mass.

An important goal of graft modification is to
produce membranes that exhibit reduced irrevers-
ible fouling by NOM and that are easier to clean
using a minimum of chemical agents. As-received
PES membranes required a combination of
hydrodynamic cleaning with water followed by
chemical cleaning with NaOH to recover the same
fraction (98%) of the initial flux as that achieved
by cleaning the NVP-modified membrane with
water only (Kilduff et al., 2002). Taniguchi et al.
(2003a) found that irreversible fouling was signif-
icantly affected by the membrane surface chemis-
try, and that PES membranes grafted with acrylic
acid were able to reduce irreversible fouling to zero
(shown in Figure 10). However, as shown in
Figure 10, the wettability (or hydrophilicity) of
modified surfaces alone was not a good predictor
of reduced fouling potential, monomers such as
HEMA and AAG resulted in a significant increase
in irreversible fouling even though they are
strongly hydrophilic. One possible explanation is
that because NOM is structurally and chemically
heterogeneous, adsorption of specific functional
groups may be enhanced even though the surface
itself is more wettable. More work is needed to
identify monomers appropriate for reducing NOM
fouling, and to develop criteria to predict their
effectiveness.

Conclusions

Flux decline caused by natural water foulants may
result from concentration polarization, from pore
blockage by solute adsorbed on the membrane
surface or within pores, and from the formation of a
cake layer on the membrane surface, which presents
a resistance to flow in addition to the membrane
itself. Rate models that combine pore blockage and
cake filtration have successfully described flux
decline when salt concentration polarization is
negligible, although more work is needed to relate
foulant properties to model parameters — specific
cake resistance and the pore blockage rate constant.
In addition, when rejection of salts is significant, as
in NF and RO, flux decline occurs as a result of the
osmotic pressure developed. Salts can also exacer-
bate membrane compaction, reduce the perme-
ability of charged membranes, and reduce charge
repulsion between ionized functional groups on
single NOM molecules, increasing the compactness
of NOM cakes. Lowering pH and increasing the
concentration of divalent cations can also increase
the rate of flux decline by reducing NOM charge
density, as a result of complex formation, ion pair
formation, or both. In addition, cations such as
calcium can form bridges between NOM functional
groups. These effects can result in a more compact
cake with higher specific resistance, and may
increase NOM deposition. However, such effects
can be partially mitigated due to a reduction in salt
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Figure 10. Irreversible resistance R; (= Rg—Ry;) versus
wettability after NOM filtration by PES membranes mod-
ified with hydrophilic monomers: (open circles) HEMA;
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Additional details regarding the dataset on which this figure
is based can be found in Taniguchi et al. (2003a).

rejection, and thus osmotic pressure. The role of
polarity is difficult to generalize. Large, aromatic
components measured as hydrophobic by adsorp-
tion to methyl methacrylate resin at low pH have
been shown to contribute to fouling, but non-UV
absorbing, algogenic polysaccharide material mea-
sured as hydrophilic using the same protocol also
cause significant flux decline. The presence of col-
loids and/or aggregates, which may contain both
organic and inorganic components, can play an
important role in fouling. They can govern the type
of fouling observed, and can catalyze fouling by
smaller molecules. In addition, aggregates may
form during filtration even after pretreatment as
concentrations of dissolved and colloidal matter
increase.

Minimizing interactions between foulants and
membrane surfaces is an important strategy for
mitigating fouling during filtration. Graft poly-
merization is a versatile technique to minimize such
interactions by producing membranes having a
wide range of surface properties, including charge
density and wettability, via selection of monomer
properties and functionality. Through judicious
choice of starting pore size, monomer type, and
graft polymerization conditions (UV intensity,
wavelength energy, irradiation time, and monomer
concentration), flux and rejection can be tailored
for different applications. Charged membranes,
which incorporate Donnan exclusion in addition to
size exclusion, can significantly enhance the rejec-
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tion of NOM. Major benefits of surface modifica-
tion include a reduction in fouling due to
adsorption of NOM, which is likely to be most
important for high-humic content waters, and a
reduction or elimination of irreversible fouling,
making cleaning protocols more effective and
possibly chemical-free. A major fouling mechanism
for NOM is cake formation; more work is needed
to identify ways in which modified surfaces can
influence cake properties. More research is also
needed to identify additional monomers appropri-
ate for reducing NOM fouling, to develop criteria
to predict their effectiveness, and to evaluate their
effectiveness for preventing fouling by polysac-
charide-rich algogenic organic matter.
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