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a b s t r a c t

The accurate prediction of nanofiltration membrane performance in industrial applications is dependent
upon understanding the fouling behavior of representative feed solutions. However, most membrane
studies focus on fouling of a single type of foulant, which is not a good predictor for realistic feed solutions
that contain multiple foulant types. In this study, combined fouling by organic and inorganic colloidal
foulants is studied. Through the use of model foulants, three hypothesized mechanisms responsible for
eywords:
anofiltration
ombined fouling
oulant interactions
olloids
rganic foulant

the enhanced membrane flux decline in the presence of multiple foulant types are examined: increased
hydraulic resistance of the mixed cake layer structure, hindered foulant diffusion due to interactions
between solute concentration polarization layers, and changes in colloid surface properties due to organic
adsorption. All three mechanisms were found to play a role in combined fouling to various degrees.
Organic adsorption was shown to cause the greatest synergistic effect. The synergistic effect caused by
increased resistance of a heterogeneous fouling layer indicates that current fouling layer models need to

the s
be reexamined to include

. Introduction

Nanofiltration (NF) is an attractive technology for producing
lean water from non-traditional sources, i.e. brackish water and
astewater, since it can provide high multivalent ion and organic

ontaminant rejection at a much lower operating pressure than
everse osmosis. Unfortunately, as with all membrane filtration
rocesses, an inherent problem of NF is decreased productivity
ue to fouling of the membrane by colloidal materials, dissolved
rganics, inorganic precipitates, and microorganisms. While fouling
an be controlled by using low fouling membrane materials [1–4],
re-treatment of the feed stream [5–8], and optimizing the sys-
em configuration and operation [9,10], proper use of these control
trategies still requires a deeper understanding of the responsible
ouling mechanisms.

Most previous studies on membrane fouling have focused only
n a single, well characterized foulant of homogenous physico-
hemical properties (referred to in this paper as individual fouling).

ne marked limitation in applying the theoretical and experimen-

al results obtained from these studies to water and wastewater
ltration systems is that fouling in these systems is almost always
aused by more than one type of foulant with various particle sizes

∗ Corresponding author. Tel.: +1 713 348 2046; fax: +1 713 348 2026.
E-mail addresses: Alison.Contreras@rice.edu (A.E. Contreras),
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uggested mechanisms.
© 2008 Elsevier B.V. All rights reserved.

and surface characteristics, most commonly both colloidal mate-
rials and dissolved organic macromolecules, e.g., natural organic
matter (NOM) and soluble microbial products. Several studies have
identified that poly-dispersed suspensions form cake layer struc-
tures with resistances different than mono-dispersed solutions and
that interactions between foulants can be correlated to flux decline
behavior [11–14].

A limited number of studies on combined fouling (i.e., fouling
with multiple types of foulants) by both inorganic colloids and dis-
solved organic matter have shown that fouling behavior differs
under varying solution conditions and with different membrane
types [15–17]. Li and Elimelech [16] performed combined foul-
ing experiments with a low salt rejection NF membrane in the
presence of silica colloids and NOM. Flux measurements revealed
significantly faster membrane fouling in combined fouling experi-
ments than what might be predicted by summing the contributions
from each foulant based on the individual fouling experiments. The
aggravated membrane fouling or enhanced flux decline, referred
to as a synergistic effect, was attributed to the hindered back dif-
fusion of each foulant. In another study performed on a high salt
rejection NF membrane, Lee et al. [15] found that flux decline dur-
ing filtration of a mixture of NOM and silica colloids was initially

greater than the sum of the flux declines caused by each foulant
individually, but was reduced in the latter filtration stages. It was
hypothesized that an “active salt rejecting layer” formed during
combined fouling negated the effect of cake-enhanced concentra-
tion polarization (CECP), which increases the salt concentration and

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:Alison.Contreras@rice.edu
mailto:Albert.S.Kim@hawaii.edu
mailto:qilin.li@rice.edu
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onsequently the osmotic pressure in the concentration polariza-
ion (CP) layer of salt ions [9,18]. It is important to note that although
ouling behavior differed according to the experimental conditions
f each study, common throughout these studies is the observa-
ion that combined fouling cannot be predicted from fouling by
ndividual foulants alone.

The objective of this study was to understand the effects of dif-
erent organic foulants found in water and wastewater on combined
ouling during the nanofiltration of complex solutions containing
oth colloidal materials and dissolved organic matter. Interactions
f four model organic macromolecules with colloidal silica foulants
nd the membrane surface were thoroughly characterized and
elated to membrane flux behavior observed in cross-flow filtration
xperiments to reveal the different combined fouling mechanisms
nvolved. Results of the study clearly demonstrated the signifi-
ance of interactions among different foulant types, which has been
argely neglected in previous mechanistic studies.

. Theory

Three potential mechanisms have been identified as contribut-
ng to the combined fouling flux decline observed during previous
ombined fouling studies [15–17]. The weighted effect of each
echanism is anticipated to be different for interacting vs. non-

nteracting foulants.

.1. Increased cake layer resistance

Dissolved organic compounds in water and wastewater are
uch smaller in size compared to colloidal foulants such as silica.

t has been shown that poly-dispersity in particle size distribution
s likely to affect fouling layer resistance by altering the structure of
he cake/gel layer formed at the surface of the membrane [11,19,20].

Membrane permeate flux can be described by the resistance in
eries model:

= �P − ��m

�(Rm + Rc)
(1)

here � is the permeate flux, �P is the applied pressure, ��m is
he trans-membrane osmotic pressure, � is the dynamic viscos-
ty of the solution, Rm is the resistance of the membrane and Rc is
he resistance of the cake/gel layer. Rc is determined by the specific
esistance of the fouling layer or the fouling layer mass per mem-
rane unit area. For mono-dispersed, spherical colloids, the specific
ake resistance is usually estimated using the Carman–Kozeny
quation,

ˆ c = 180�(1 − εc)

�pd2
pε3

c

(2)

here εc is cake layer porosity, �p is solid density of the particle,
nd dp is particle diameter. The Carman–Kozeny equation predicts
hat decreases in cake porosity and particle diameter result in an
ncrease in the specific cake layer resistance. Although this equa-
ion is only applicable for rigid, nearly touching particles, one can
magine that as the porosity of the layer decreases due to the pres-
nce of smaller particles filling interstitial pore spaces, as shown
n Fig. 1, the same relation would be true for the mixed fouling

ayer adjacent to the membrane. Fouling layer resistance would
onsequently increase, resulting in increased flux decline. A recent
nalytical study verified this theory by showing that a cake layer
omposed of normally distributed particle sizes will always create
higher specific resistance compared to a log-normal distribution
ith the same mean particle size due to the presence of more small

articles in the normal distribution [19].
Fig. 1. Schematic description of the cake/gel and CP layers of colloids and macro-
molecules after cake/gel layer formation. Cs: concentration at the membrane
surface; Cb: bulk concentration; D: back diffusion coefficient. Subscript: c = colloids,
m = macromolecules.

2.2. Hindered back diffusion

The back diffusion of one foulant type may be hindered by
the presence of the concentration polarization of fouling layer of
other types of foulants. During filtration, permeate flow brings
the solute towards the membrane surface, convective flow trans-
ports the solute along the membrane surface tangentially, and
Brownian diffusion and shear-induced diffusion simultaneously
transport the solute back to the bulk fluid. Recently, the Brownian
and shear-induced diffusion phenomena were unified using irre-
versible thermodynamics [21]. For small particles (�1 �m), such
as the colloidal particles used in this study, shear-induced diffusion
is negligible [22]. Accumulation of the solute within the concentra-
tion polarization layer can be described by the convective-diffusion
equation,

∂C

∂t
+ ��w · ∇C − ∇(D∇C) = 0 (3)

where D is the back diffusion coefficient, �w is the flow velocity,
and C is the concentration of the solute. A schematic description is
available in Fig. 1.

The Stokes–Einstein equation (Eq. (4)) can be used to estimate
the diffusion coefficient of small, spherical solutes in free solution

Do = kBT

3��dp
(4)

where kB is the Boltzmann constant and T is the absolute tem-
perature. When there is significant accumulation of colloids at the
membrane surface, i.e. formation of a cake layer, back diffusion of
smaller solutes, e.g., dissolved organic foulants, is hindered by the
presence of the cake layer due to the tortuous pathway of transport.
The hindered diffusion coefficient D* is related to the porosity (ε)
and diffusive tortuosity (	) of the cake layer [18].

D∗ = Doε

	2
(5)

The slower back diffusion leads to faster accumulation of the
smaller solutes and hence a higher concentration in the CP layer.
This phenomenon has been demonstrated with salt ions – termed
cake-enhanced concentration polarization (CECP) – and has been
identified as a significant contributor to membrane flux decline
observed in colloidal fouling of NF and RO membranes [9,18]. CECP
is observed by a decrease in the observed salt rejection over time

as the concentration of salt at the membrane surface increases.

CECP may also occur for dissolved organic compounds that
are small enough to penetrate the colloidal cake layer. As a result,
the concentration of dissolved organic foulants in the CP layer is
increased and formation of the organic gel layer is accelerated.
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eanwhile, the higher organic concentration in the CP layer
ncreases local fluid viscosity. Although only valid at dilute concen-
rations, the Stokes–Einstein equation predicts that the diffusivity
f colloids will be reduced as the local fluid viscosity increases, fur-
her accelerating colloidal foulant accumulation at the membrane
urface. In reality, higher concentrations at the membrane surface
ill make colloid–colloid interactions and volume exclusion more

mportant.

.3. Alteration of colloid surface properties due to adsorption of
issolved organic macromolecules

Adsorption of dissolved macromolecules on colloidal surfaces
an disturb electric double layer interactions and alter van der

aals forces among colloids and between colloids and membranes,
s well as cause steric hindrance effects. A number of studies on col-
oidal transport in porous media have shown that NOM can play an
mportant role in facilitating the transport of natural and model
olloids [23–25] and their aggregation kinetics [26]. Additionally,
nteractions between the organic foulant and the membrane sur-
ace can modify membrane surface properties, including membrane
urface roughness, hydrophobicity and charge, and has been shown
o affect flux behavior [27–30]. These changes can significantly

odify the fouling behavior of colloidal particles by either increas-
ng or decreasing (depending on the molecular characteristics of
he organic foulant) colloidal aggregation in the CP layer and their
eposition on the membrane surface.

. Materials and methods

.1. NF membrane

A low salt-rejection thin-film composite nanofiltration mem-
rane (NF 270 by Dow-FilmTec, Minneapolis, MN) was used in all
ltration experiments. Precut membrane samples were stored in
e-ionized water at 4 ◦C. The storage water was replaced weekly.
he hydraulic resistance of the NF 270 membrane, determined from
lean water flux measurements, was 1.98 (±0.09) × 1013 m−1 at
0 ± 0.3 ◦C. Observed salt rejection with 10 mM NaCl ranged from
0.2 to 58.8% at 20 ± 0.3 ◦C, consistent with the manufacturer’s
pecified salt rejection of 40–60%. Membrane surface zeta potential
as characterized using a streaming potential analyzer (Zeta CAD,
AD Instrumentation, Les Essarts le Roi, France). Measurements
ere performed under the various solution conditions used in the
ltration experiments. Before each measurement, the membrane
oupons were soaked in 10 mM NaCl (the background electrolyte
olution used in filtration experiments) for 24 h at 4 ◦C. Membranes
ere then allowed to equilibrate with the test solution for 30 min

efore the measurement was started.

.2. Model foulants

Commercial colloidal silica, Snowtex-XL (ST-XL, Nissan Chem-
cal America Corp., Houston, TX) was used as the model colloidal
oulant. Manufacturer supplied data specified that particle size
anged from 40 to 60 nm.

Humic substances, proteins and polysaccharides have been
dentified as the major organic foulants in water and wastewater
31–36]. For this reason, four organic compounds were used in this
tudy: Suwannee River humic acid (HA), dextran, sodium alginate,
nd bovine serum albumin (BSA). In addition to the other commonly

tudied organic foulants, dextran was chosen because it is known
o have minimum interaction with most surfaces and can serve as
good model for “non-interacting” macromolecules.

HA (standard II) was obtained from International Humic Sub-
tances Society (St. Paul, MN) and was not purified any further.
rane Science 327 (2009) 87–95 89

Dextran from Leuconostoc mesenteroides, sodium alginate derived
from brown algae, and BSA were purchased from Sigma–Aldrich (St.
Louis, MO). The molecular weights reported by the manufacturers
are 1–5, 9–11, 10–60, and ∼66 kDa for humic acid, dextran, sodium
alginate, and BSA, respectively. All stock solutions and feed waters
were prepared using ultrapure water produced by a Millipore sys-
tem (RiOS System, Billerica, MA). Because HA has low solubility
under acidic conditions, pH was raised to 8.2 with NaOH and the
solution was filtered using a vacuum filter (Whatman Grade No. 1
filter paper, England) and stored in an amber glass bottle. The con-
centration of the stock solution was then verified by total organic
carbon (TOC) measurements with a TOC analyzer (Shimadzu Scien-
tific Instruments, Japan). All stock solutions were stored in the dark
at 4 ◦C.

Surface zeta potential and hydrodynamic diameter of the
model foulants were characterized by electrophoretic mobility and
dynamic light scattering (DLS) measurements using a Zetasizer
Nano ZS (Malvern Instruments, Westborough, MA).

3.3. Measurement of organic foulant adsorption on silica

Adsorption of organic foulants on the silica colloidal par-
ticle surface determines their impact on colloid–colloid and
colloid–membrane interactions. Adsorption of the model organic
foulants on a silica surface was investigated using a quartz
crystal microbalance with dissipation monitoring (QCM-D) tech-
nique (Q-Sense E4, Q-Sense, Glen Burnie, MD). Principles and
applications of the QCM-D technique can be found elsewhere
[37].

Silica-coated quartz crystals (QSX303, Q-Sense, Glen Burnie,
MD) were used to simulate the surface of the model silica colloidal
foulant. QCM-D measurements employed the same background
solution (10 mM NaCl) and organic concentration (20 mg/L) used
in the cross-flow filtration experiments. Before each experiment,
the crystal sensors and the flow modules were cleaned with 2%
sodium dodecyl sulfate (SDS) solution followed by de-ionized
water and dried with ultrapure N2 gas. The crystals were fur-
ther cleaned in a UV/Ozone ProCleaner (BioForce Nanosciences,
Ames, IA) for 20 min. In each experiment, fundamental frequen-
cies of each crystal were first verified under dry air conditions.
Then, a baseline was established by running the background solu-
tion (10 mM NaCl) for 10 min. This was followed by the adsorption
phase using the organic foulant solution. After adsorption equi-
librium was established, the influent was switched to the buffer
solution again to remove the residual foulant solution in the cell
channel.

3.4. Membrane filtration experiments

Nanofiltration experiments were carried out in a laboratory
scale cross-flow membrane filtration system consisting of two
membrane-cells in parallel [38]. A pulsation dampener (Model
H1020V, Blacoh Fluid Control, Inc., Riverside, CA) situated at the
outlet of the hydra-cell pump was charged at 80% operating pres-
sure to dampen pressure irregularities. Feed water temperature was
kept constant at 20 ◦C using a re-circulating water chiller (VWR,
West Chester, PA).

Filtration experiments included three main phases: membrane
compaction, conditioning, and fouling. The membranes were first
compacted at 100 psi (689.5 kPa), a pressure higher than the
designed experimental pressure, using ultrapure water for a min-

imum of 5 h to obtain a stable clean water flux. During the
conditioning phase, background electrolyte solution, i.e. 10 mM
NaCl was filtered through the membranes for at least 9 h. Pres-
sure was adjusted to yield a stable permeate flux of 2 × 10−5 m/s
in all experiments, corresponding to an applied pressure range of
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Adsorption of dissolved organic compounds on the surface of ST-
XL may alter its surface properties, e.g., zeta potential and particle
size, and consequently impact the interactions among ST-XL col-
loids. Surface zeta potential and hydrodynamic diameter of ST-XL
were measured in the presence and absence of the model organic
0 A.E. Contreras et al. / Journal of

5–70 psi (448–483 kPa). This ensured the same initial permeate
ux for the fouling stage of all experiments. Conductivity of both
ermeate and feed waters was monitored during the conditioning
hase to check membrane integrity and establish initial observed
alt rejection. After a stable permeate flux of 2 × 10−5 m/s and
ppropriate salt rejection had been achieved, the fouling phase was
tarted by addition of the corresponding foulant or foulants. The
ump was stopped while the foulant was introduced to the feed
ank and allowed to mix thoroughly for 5 min before pumping was
esumed. A sample was taken from the feed reservoir immediately
efore filtration was resumed for confirmation of foulant concen-
ration. Concentrations of colloidal and organic foulants used were
00 and 20 mg/L, respectively, in both individual fouling and com-
ined fouling experiments. Pressure, permeate flux, and feed water
emperature were continuously monitored during the experiments.
amples were taken from both the feed and permeate at prede-
ermined times during both the conditioning and fouling stages
or analysis of pH, conductivity (Oakton pH/CON 510 Benchtop

eter, Oakton Instruments, Vernon Hills, IL) and foulant concen-
rations. Concentrations of organic foulants were determined by
OC measurement. Colloidal foulant concentrations in the feed
ere determined by turbidity measurement using a turbidity meter

Hach Company, Loveless, CO). The cross-flow system was thor-
ughly cleaned after each experiment with 6 L of 5 mM NaOH
e-circulated for 1 h followed by three rinses with 6 L of de-ionized
ater for at least 1 h each. All experiments were repeated at least

wice.

. Results and discussion

.1. Characteristics of model foulants

The model foulants were characterized for their size and sur-
ace zeta potential under the solution conditions used in the
ltration experiments. Table 1 summarizes the results of the
haracterization. The mean hydrodynamic diameter was derived
rom an average number-based-distribution based on at least
ve measurements. BSA has a negative surface zeta potential of
20.7 ± 0.9 mV under the experimental conditions used whereas

hat of dextran was close to neutral at −7.2 ± 1.5 mV. Alginate and
A had a much more negative zeta potential, measuring −45.0 ± 1.2
nd −37.9 ± 1.2 mV, respectively, under the same solution condi-
ions.

The model inorganic foulant (ST-XL) measured 60.7 ± 1.2 nm
n hydrodynamic diameter and had a high negative surface
eta potential (
 = −37.9 ± 0.4 mV) under experimental conditions.
hese results agree with the manufacturer’s specifications of size
between 40 and 60 nm) and previously published zeta potential

easurements [15]. The measured particle sizes of dextran, BSA and
odium alginate were all one order of magnitude smaller than that

f ST-XL indicating that they can penetrate the ST-XL colloidal cake

ayer during filtration. Particle size is not reported for HA because
ts extremely small size (∼1 nm) is beyond the detection range for
LS measurement.

able 1
haracteristics of model foulantsa.

odel foulant Zeta potential (mV) Diameter (nm)

extran −7.2 ± 1.5 4.3 ± 0.2
SA −20.7 ± 0.9 6.9 ± 0.2
umic acid −37.9 ± 1.2 n/a
odium alginate −45.0 ± 1.2 5.12 ± 2.2
ilica (ST-XL) −37.9 ± 0.4 60.7 ± 1.2

a Reported values are the average of five measurements with standard deviation.
he solution condition used was 10 mM NaCl and pH 5.9 ± 0.3.
rane Science 327 (2009) 87–95

4.2. Adsorption of organic foulants on silica surface

QCM-D experiments were performed using silica-coated crys-
tal sensors to investigate adsorption of the model organic foulants
on the silica surface. Adsorption is indicated by changes in the
vibration frequency of the piezoelectric quart-crystal sensor, and
the amount of organic molecules adsorbed can be calculated from
the frequency change using the Sauerbrey equation [39] (Eq. (6))
provided that the adsorbed layer is rigid, indicated by low energy
dissipation:

�f = − 2f 2
0

A
√

�q�q
�m (6)

where �f is change in frequency (Hz), f0 is the resonant frequency
(Hz) of the crystal sensor, �m is change in mass adsorbed (kg), A
is the piezoelectrically active crystal area (m2), �q is the density of
quartz (kg/m3), and �q is the shear modulus of quartz (Pa).

Experiments using dextran, HA, and sodium alginate showed
negligible change in the vibration frequency of the silica-coated
crystal sensor, indicating no adsorption of these compounds on the
silica surface. This is consistent with the very high negative zeta
potentials of humic acid and alginate (Fig. 3) and consequently
strong electrostatic repulsion between these molecules and the
negatively charged silica surface.

Significant adsorption of BSA on silica surface was observed.
Fig. 2 presents the areal mass of BSA adsorbed as well as the
thickness of the adsorbed layer, calculated from the Sauerbrey
equation. A comparison of the Sauerbrey model fit to that by a
visco-elastic model [37] indicates that a rigid layer is adsorbed and
that the Sauerbrey equation is valid. The calculated thickness of the
adsorbed layer indicates a monolayer of BSA adsorbed on the sur-
face of the silica-coated crystal, suggesting that the presence of BSA
may change the surface properties of the silica colloids and hence
their interactions with the membrane and other silica colloids.

4.3. Impact of the organic foulants on the physicochemical
properties of silica colloids
Fig. 2. Areal mass and thickness of the adsorbed BSA layer on the silica surface.
Phase 1: 10 mM NaCl; phase 2: 20 mg/L BSA in 10 mM NaCl; phase 3: 10 mM NaCl.
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f model organic foulants. Horizontal black line with striped halo represents the
verage and standard deviation of ST-XL surface zeta potential in the absence of
odel organic foulants. All test solutions contained 10 mM NaCl and the pH was

.9 ± 0.3.

oulants, and the influence of the model organics under relevant
olution conditions is demonstrated in Figs. 3 and 4.

It is worth noting that although electrophoretic mobility mea-
urement using phase analysis light scattering provides an average
eta potential of all particles in a suspension, the size and concen-
ration (1 or 20 mg/L) of dissolved organic compounds in the mixed
uspensions were so small that the free organic molecules in the
ixture had negligible impact on the zeta potential of the suspen-

ion. Zeta potential measurements of the organic foulants alone
t these concentrations yielded non-detectable signals. The zeta
otential and size of the organic foulants reported in Table 1 were
chieved using much higher concentrations: at least 100 mg/L for

A and 1 g/L for dextran, alginate and BSA. Therefore, it is safe to

onsider that the measured zeta potential or mean particle size of
he mixed suspensions represents that of the ST-XL with or without
he model organic foulants adsorbed on the surface.

ig. 4. Particle size of ST-XL in the presence of varying concentrations of model
rganic foulants. Black line with striped halo represents the average and standard
eviation of the measured particle size of ST-XL in the absence of model organic

oulants. All test solutions contained 10 mM NaCl, and the pH was 5.9 ± 0.3.
rane Science 327 (2009) 87–95 91

As shown in Fig. 3, the zeta potential of the ST-XL was not affected
by dextran or HA despite the zeta potentials of both dextran and HA
being very different from that of the silica colloids. Meanwhile, no
significant changes in particle size were observed in the presence
of these two organic compounds (Fig. 4), indicating no adsorption
of HA dextran on the ST-XL colloidal surface. Similarly, no signifi-
cant change in zeta potential or particle size of the ST-XL colloids
is observed in the presence of alginate. This is consistent with the
QCM-D measurements that showed no adsorption of these com-
pounds on silica-coated quartz crystal sensors.

In the presence of the model protein BSA, however, the magni-
tude of the zeta potential of the silica colloids decreased notably
and the reduction increased with increasing BSA concentration
(Fig. 3). In addition, a careful examination of the particle size of
ST-XL suggests the presence of an adsorbed BSA layer (Fig. 4). In
the presence of 20 mg/L of BSA, the diameter of ST-XL increased by
approximately 7 nm. The reduced zeta potential and increase par-
ticle size are consistent with the adsorption of a monolayer BSA
on the silica surface observed in the QCM-D experiments. Data in
Figs. 3 and 4 also indicate that surface coverage of BSA increases
with BSA concentration.

4.4. Impact of the organic foulants on membrane surface zeta
potential

The zeta potential of the NF 270 membrane in 10 mM NaCl solu-
tion at pH 5.0 is −23.6 ± 1.5 mV. Membrane surface zeta potential
measurements in the presence of each model foulant were per-
formed immediately after those without organic foulants using the
same membrane coupons. Fig. 5 illustrates the effect of the four
model organic foulants on the membrane surface zeta potential.
Changes in the membrane surface zeta potential upon exposure to
the organic foulants are presented. Negative values indicate reduc-
tion in the negative zeta potential, while positive values represent
increases.

All model organic foulants except dextran caused notable
changes in membrane surface zeta potential, indicating significant

adsorption of BSA, alginate and HA on the membrane surface. While
adsorption of the highly negatively charged HA and alginate led to
an increase in the magnitude of the negative membrane surface
zeta potential, BSA significantly reduced its magnitude due to its
lower charge density. These changes suggest that HA and alginate

Fig. 5. Effect of organic foulants on membrane surface zeta potential (10 mM NaCl,
pH 5.2 ± 5.5). Values represent the change from the original membrane zeta potential
of −23.6 ± 1.5 mV.
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ig. 6. Normalized flux of the individual organic and colloidal fouling and the com
SA.

ill increase the electrostatic repulsion between the membrane
nd the ST-XL colloids, while BSA will have an opposite effect.

.5. Cross-flow filtration results

Fouling experiments were performed with feed waters contain-
ng ST-XL alone, an organic foulant alone and both the ST-XL and an
rganic foulant. Concentrations of ST-XL and the organic foulants
ere 100 and 20 mg/L, respectively, in all experiments. Fig. 6 shows

he membrane permeate flux measured in all four sets of experi-
ents, each with a different model organic foulant.

In order to examine the three proposed combined fouling mech-
nisms, the combined fouling layer resistance was compared to that
redicted from the individual foulant resistance using a resistance

n series model. The predicted value, calculated by summing the
esistances of the individual colloidal and organic fouling layers, is
eferred as “the sum” in the discussion hereafter.

The resistance of the fouling layer was calculated using a rear-
angement of Darcy’s Law (Eq. (1)), where the trans-membrane
smotic pressure (�� ) was calculated following a previously
m

ublished method [9,18]. Rearranging the film-theory equation pro-
uces the following expression [9],

�m = fos(Cm − Cp) = fosCbRo exp
( v

k

)
(7)
fouling experiments for, (a) dextran; (b) humic acid; (c) sodium alginate; and (d)

which relates the trans-membrane osmotic pressure to the
bulk molar salt concentration (Cb), the observed salt rejection
(Ro = 1 − Cp/Cb), and the mass-transfer coefficient (k) through the
osmotic coefficient fos [40]. Since low salt concentrations were
used in this study, van’t Hoff’s equation was used to determine fos

[18].
As the experiments were performed under laminar conditions,

the initial mass-transfer coefficient, k0, was calculated during the
conditioning phase using Eq. (8),

k0 = 0.808

(
6QD2∞
WH2L

)1/3

(8)

Here D∞ is the bulk diffusion coefficient of the solute, Q is the vol-
umetric feed flow rate, W is the channel width, H is the channel
height, and L is the channel length. Plugging values of the initial
permeate flux vo, ko and the observed salt rejection Ro during the
conditioning stage into the second half of Eq. (7) allows calcula-
tion of the intrinsic salt rejection Ri (Ri = 1 − Cp/Cm). ��m during
the fouling experiment was then calculated using the first half of

Eq. (7) from the measured Cp assuming a constant Ri.

Observed salt rejection during colloidal fouling alone decreased
slightly from 55.0 to 52.1% (Fig. 8), which agrees well with the mod-
eling results of calculated CECP for the NF270 membrane [9,18].
These results show that silica colloid cake-enhanced concentration
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diffusion and a change in cake layer structure are present. Because
this change in resistance is seen in the latter stages of fouling after
significant accumulation of foulants has occurred, it is likely that the
increase in resistance is caused by a change in cake layer structure
as dextran fills in the interstitial pore space of the cake layer and

Table 2
Initial flux decline rates of all fouling experiments.

Foulant(s) Initial flux decline ratea (L−1)

ST-XL 0.77
Dextran 0.02
Dextran + ST-XL 0.81
Humic acid 0.04
Humic acid + ST-XL 0.39
Sodium alginate 0.25
ig. 7. Calculated cake/gel layer resistances (Rc) of each fouling experiment compare
lginate; and (d) BSA.

olarization has negligible contribution to the flux decline of the
F270 membrane due to its low salt rejection. Therefore, contrary

o other studies [15], CECP as a combined fouling mechanism will
ot be discussed here.

Fig. 7 compares the calculated cake/gel layer resistances for each
et of fouling experiments. The resistances are plotted as a function
f cumulative permeate volume. This normalizes the plots, as the
mount of colloidal or organic foulant transported to the mem-
rane surface at a given permeate volume during the combined
ouling experiment should be the same as that during colloidal
ouling or organic fouling experiment if there are no organic-silica
nteractions.

The flux decline rates during the initial stage of fouling for
ll experiments are summarized in Table 2. Salt rejections dur-
ng selected experiments are presented in Fig. 8. The effect of each
rganic foulant is discussed below.

.5.1. Combined fouling with dextran
Fig. 6a compares the membrane flux during filtration of the dex-

ran solution, the ST-XL suspension and the mixture of dextran

nd ST-XL. The corresponding fouling layer resistances for these
xperiments are plotted in Fig. 7a.

Dextran alone did not foul the membrane, as evidenced by the
table membrane flux throughout the organic fouling experiment.
he ST-XL colloids caused significant decline of the membrane flux.
e sum of individual foulant contribution for (a) dextran; (b) humic acid; (c) sodium

Up until the latter stages of fouling, combined fouling with dextran
creates a similar fouling layer resistance as that with silica alone.
Towards the end of the experiment, however, the combined cake
layer resistance begins to rapidly increase compared to the sum
term, indicating a synergistic effect. Since dextran does not adsorb
on ST-XL, the observed synergy indicates that both hindered back
Alginate + ST-XL 0.44
BSA 0.16
BSA + ST-XL 1.07

a The initial flux decline rate is calculated by fitting data collected during the first
100 min by a linear function assuming J/Jo = 1.
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hat hindered back diffusion remains a small but contributive effect
uring combined fouling with dextran.

.5.2. Combined fouling with HA
As shown in Fig. 6b, fouling by HA alone caused only slight

ux decline. The combined fouling experiment with HA and ST-
L showed no synergistic effect in the beginning stage. In fact, a
loser look at the initial flux decline rates (Table 2) during filtra-
ion of the ST-XL suspension and the mixture of HA and ST-XL (0.77
nd 0.39 L−1, respectively) shows that the presence of HA reduced
he initial flux decline rate. This is attributed to HA adsorption onto
he membrane surface, which increases the electrostatic repulsion
etween the foulants and the membrane. In the latter fouling stages,
owever, the membrane flux during combined fouling deviated

rom the calculated sum and showed a synergistic effect that con-
inued to increase with filtration time. As HA does not adsorb to
T-XL, this increase is either due to the hindered back diffusion
ffect or to the increased resistance caused by a mixed fouling layer
ith HA interspersed in the ST-XL cake layer.

.5.3. Combined fouling with sodium alginate
Initial flux decline in the presence of sodium alginate alone was

he most substantial of all the organic foulants (Fig. 6c). The alginate
ouling layer also displayed active salt rejecting characteristics, as
videnced by the steady increase in observed salt rejection over the
ength of the experiment (Fig. 8). Strong synergism was observed
uring the filtration of the ST-XL-alginate mixture (Fig. 7c). The

ouling layer resistance calculated during combined fouling is sig-
ificantly higher than the calculated sum of individual fouling

ayers in spite of the slightly reduced initial fouling rate (Table 2,
.77 L−1 vs. 0.44 L−1) caused by the increased repulsion between
T-XL and the membrane. Salt rejection during the combined foul-
ng experiment remained stable over time, indicating either the
mpact of CECP and salt rejection by the fouling layer were negligi-
le, or the two effects cancelled each other out. The same combined
ouling mechanisms for HA (hindered back diffusion and cake layer
tructure) are expected to apply to alginate. However, the synergis-

ic effect caused by sodium alginate is greater in the initial stages of
ltration compared to that by HA. It is postulated that this is due to
more significant effect of the hindered back diffusion mechanism.
ince sodium alginate solution is much more viscous than the other
odel foulants, the back diffusion of the ST-XL colloids in the CP

Fig. 8. Salt rejections observed during selected filtration experiments.
Fig. 9. Feed solution turbidity measurements of selected filtration experiments.

layer may be more severely hindered, causing faster accumulation
of ST-XL and therefore a greater flux decline rate.

4.5.4. Combined fouling with BSA
Flux decline in the presence of BSA alone appears to be caused

by a compressible fouling layer that increases in resistance over
time (Fig. 6d). The mixture of BSA and ST-XL caused much greater
flux decline than the sum of the contribution from each foulant
(Fig. 7d). The greater initial flux decline rate can be explained by the
faster deposition of ST-XL due to the reduced electrostatic repul-
sion between ST-XL and the membrane as well as that between
ST-XL colloids, a result of the lower negative surface zeta poten-
tial upon adsorption of BSA (Figs. 3 and 5). Analysis of the feed
water showed an increase, instead of the expected decrease, in tur-
bidity with filtration time, resulting from the formation of ST-XL
aggregates (Fig. 9). Storage of the same feed solution over time
did not show similar increase in particle size, indicating that these
aggregates likely formed in the CP or fouling layer. This observa-
tion suggests that the cake layer formed was dynamic and some
ST-XL aggregates were washed off from the membrane surface dur-
ing cross-flow filtration. This is consistent with the large fluctuation
of salt rejection observed during the combined fouling experiment
(Fig. 8). While it is unclear if the decrease in salt rejection is due to
CECP or a disturbance in the fouling layer, calculations show that
the increase in trans-membrane osmotic pressure over the course
of the experiment has a negligible contribution to flux decline.

The synergism during the combined fouling experiment con-
tinued throughout the experiment. Because BSA adsorbs on silica
surfaces, the observed synergism results from the interplay of all
the three combined fouling mechanisms discussed in the Theory.
In addition, the observed aggregation of foulants in the cake layer
as well as the change in the growth rate of the combined fouling
layer resistance at permeate volume of about 2.5 L (Fig. 7d) suggests
a shift in the combined fouling layer structure towards the latter
stages of filtration. These results with BSA show that the effects of
organic foulant adsorption on silica surface are complex and can
have important implications on membrane flux decline.
5. Conclusions

The flux decline behavior of a nanofiltration membrane in the
presence of four model organic macromolecules and one model
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ilica colloidal foulant was investigated to examine mechanisms
esponsible for the synergism observed in combined fouling. All

odel organic foulants tested exhibited a synergistic effect when
n combination with the model silica colloids. The extent of the
ynergy, however, strongly depends on the molecular characteris-
ics of the organic foulant. The three hypothesized mechanisms:
ncreased resistance of the mixed fouling layer, hindered back dif-
usion, and organic foulant adsorption were shown to have varying
ffects on combined fouling, depending on the specific organic
oulant. The greatest synergism was observed in the presence of an
nteracting organic foulant, BSA, which can adsorb on silica colloids
s well as the membrane surface to reduce repulsive interaction
etween foulants and the membrane as well as that among foulants.
dsorption of the organic foulant to the clean membrane surface
nly impacts the very beginning fouling stage and does not have
lasting effect on the overall flux decline behavior. The study also

howed that the interplay of the various mechanisms in combined
ouling can be very complex, calling for further investigation of
he combined fouling process. More comprehensive models that
ncorporate the combined fouling mechanisms suggested here are
eeded to properly predict the fouling of complex solutions.
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