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Organic fouling of reverse osmosis (RO) membranes and
its relation to foulant—foulantintermolecular adhesion forces
has been investigated. Alginate and Suwannee River
natural organic matter were used as model organic foulants.
Atomic force microscopy was utilized to determine the
adhesion force between bulk organic foulants and foulants
deposited on the membrane surface under various
solution chemistries. The measured adhesion force was
related to the RO fouling rate determined from fouling
experiments under solution chemistries similar to those
used in the AFM measurements. A remarkable correlation
was obtained between the measured adhesion force

and the fouling rate under the solution chemistries
investigated. Fouling was more severe at solution chemistries
that resulted in larger adhesion forces, namely, lower

pH, higher ionic strength, presence of calcium ions (but
not magnesium ions), and higher mass ratio of alginate to
Suwannee River natural organic matter. The significant
adhesion force measured with alginate in the presence of
calcium ions indicated the formation of a crossed-linked
alginate gel layer during fouling through intermolecular
bridging among alginate molecules.

Introduction

Reverse osmosis (RO) membranes are presently being used
in a wide range of applications, including brackish/seawater
desalination, drinking water treatment, and wastewater
reclamation. Of particular interest is the use of RO mem-
branes in advanced wastewater reclamation to augment
limited available water supply. Efficient application of RO
membrane technology in wastewater reclamation is signifi-
cantly hampered by the phenomenon of organic fouling as
wastewater effluent contains a considerable amount of
organic substances (I, 2), designated as effluent organic
matter . Fouling results in reduced water flux and compro-
mised permeate quality. Therefore, understanding the mech-
anisms governing organic fouling is of paramount practical
importance for sustainable application of RO membrane
technology.

The formation of a fouling layer on the membrane
surface—referred to as surface fouling—is the dominant
fouling mechanism for RO because RO membranes are
considered “nonporous”. Surface fouling involves the initial
deposition of organic foulants on the membrane surface and
the subsequent growth of a fouling layer that adversely
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influences membrane performance. Initial foulant deposition
on the membrane surface is controlled by the interaction
between the bulk foulants and the membrane surface.
Intermolecular adhesion between the bulk foulants and the
foulants deposited on the membrane surface primarily
controls the evolution of the fouling layer. For most practical
applications, the rate and extent of organic fouling are
determined by the foulant—foulant interactions because
monolayer coverage on the membrane surface through
foulant—membrane interactions is attained in a very short
period of time (3). Foulant—foulant interactions are also
responsible for the fouling layer structure (thickness and
compactness), which determines the hydraulic resistance of
the foulinglayer and, thus, the flux—decline behavior during
fouling (4). Hence, quantification of foulant—foulant adhesion
can provide molecular-level understanding of the mecha-
nisms governing organic fouling.

Atomic force microscopy (AFM) allows the measurement
of a variety of interaction forces in aqueous solutions (5, 6).
AFM force measurements have recently been applied to
membrane research (7—9). Measurements of interaction
forces between a colloid probe and a membrane surface
enable quantification of the electrostatic double layer
interaction when the colloid probe approaches the mem-
brane surface, and of the adhesion force when the colloid
probe is retracted after it has been in contact with the
membrane surface. Therefore, foulant—foulant adhesion can
be quantified from the force versus separation distance curves
determined during the retraction of the foulant probe from
the fouled membrane surface. In addition, the influence of
solution chemistry (pH, ionic strength, and divalent cations)
on foulant—foulant adhesion can be assessed by varying the
ionic composition of the test solutions during force mea-
surements.

Studies on the use of AFM to measure the interaction
forces governing membrane fouling are rather scarce. Li and
Elimelech (3) were first to demonstrate that the inter-
molecular adhesion force between bulk humic acid and
humic acid deposited on the membrane surface controls the
rate of humic acid fouling of nanofiltration membranes. To
date, however, no direct relationship between foulant—
foulant adhesion and organic fouling behavior of RO
membranes under various solution chemistries has been
reported.

In this study, AFM, in conjunction with a particle/foulant
probe, was used to quantify the intermolecular adhesion
force between the bulk foulants and the foulant deposited
on the membrane surface. Fouling experiments were per-
formed under solution chemistries similar to those employed
in the AFM force measurements to allow direct comparison
of fouling rate to the foulant—foulant adhesion force. A
remarkable correlation was obtained between the measured
adhesion force and the membrane fouling rate under the
solution chemistries investigated, suggesting AFM force
measurement as a tool to predict membrane fouling potential.

Materials and Methods

Organic Foulants. Alginate and Suwannee River natural
organic matter (SRNOM) were used as model organic foulants
since acidic polysaccharides and, to a lesser extent, humic-
like substances are the major components of effluent organic
matter (I, 10—12). Alginate (Sigma-Aldrich, St. Louis, MO)
and SRNOM (International Humic Substances Society, St.
Paul, MN) were received in a powder form. Stock solutions
(2 g/L) were prepared by dissolving the organic foulants in
deionized (DI) water (with no pH adjustment), followed by
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filtration with a 0.45 um filter (Millipore, Billerica, CA). The
stock solutions were stored in sterilized glass bottles at 4 °C.
Based on the manufacturer’s specifications, the alginate was
extracted from brown algae and the molecular weight (MW)
ranges from 12 to 80 kDa. The humic content (i.e., hydro-
phobic acids adsorbed on XAD-8 resin (13)) and MW of the
SRNOM have been reported to be 70—75% and 1500—2500
g/mole, respectively (14).

Charge density (carboxylic and/or phenolic acidity) of
the model organic foulants was determined by potentiometric
titration. The sample solution for titration contained 100 mg/L
organic foulant and 10 mM NaCl as a background electrolyte.
The solution was first acidified with 1.0 M HCI to pH 2.9 so
that all of the carboxylic groups would become protonated.
The pK, values of the carboxylic acid of alginate (15) and
humic acid (16) have been reported to be about 3.0 and 3.4,
respectively, and are not significantly affected by the ionic
strength. Following the pH adjustment, the sample solution
was titrated to pH 10.0 with 0.1 M NaOH using an automatic
titrator (794 Basic Titrino, Metrohm, Switzerland). During
the titration, N, gas was introduced continuously into the
titration vessel to maintain a carbonate-free atmosphere.
The titration vessel was located on a magnetic stirrer to
provide complete mixing of the sample solution upon
addition of the NaOH during the titration. Blank titration
was performed with a foulant-free 10 mM NacCl solution at
the same conditions as those employed during the sample
titration. The amount of NaOH added during the blank
titration served to determine the net amount of NaOH
consumed to deprotonate the carboxylic and/or phenolic
functional groups of the organic foulants.

RO Membrane. The aromatic polyamide thin-film com-
posite LFC-1 (Hydranautics, Oceanside, CA) was selected as
amodel RO membrane for the fouling experiments and AFM
force measurements. This relatively well-characterized mem-
brane has been widely used for brackish water desalination,
wastewater reclamation, and drinking water treatment (17).
The membrane has been reported to be negatively charged
at solution chemistries typical of natural and waste waters,
with an isoelectric point at about pH 4 (17). The hydraulic
resistance was determined to be 9.16 (£0.11) x 10¥*m™*. The
salt rejection was 98.7—99.3%, determined with a 10 mM
NaCl solution, an applied pressure of 2.07 MPa (300 psi), and
a cross-flow velocity of 8.56 cm/s.

Solution Chemistry. All chemicals were reagent grade
and were used without further purification. ACS grade NaCl,
MgCl,+6H,0, and CaCl,*2H,O salts, as well as trace metal
HCl and NaOH, were obtained from Fisher (Pittsburgh, PA).
Stock solutions were prepared fresh using DI water.

Solution chemistries investigated for both AFM force
measurements and fouling experiments included variations
in pH, indifferent electrolyte concentration (NaCl), divalent
cations (Mg?* and Ca?"), and dissolved organic foulant
composition. In all cases, identical solution chemistries were
employed in both fouling experiments and AFM force
measurements to allow direct comparison. The pH of the
solution was adjusted to the desired value by adding 0.1 M
HCI or NaOH stock solutions. When investigating the effect
of divalent cation (Mg?* or Ca®") concentration, the solution
was amended to the desired value by adding 0.1 M MgCl,-
6H,0 or CaClz-2H,0 stock solutions, while the total ionic
strength was maintained constant by adjusting NaCl con-
centration. The organic foulant composition was varied as
needed by adjusting the ratio of the alginate to SRNOM
concentration, while the total organic foulant concentration
was kept constant.

Fouling Experiments. A laboratory-scale cross-flow mem-
brane test unit, similar to that employed by Ang et al. (18),
was used for the fouling experiments. The rectangular plate-
and-frame cell has dimensions of 7.7-cm length, 2.6-cm

width, and 0.3-cm height. The system was operated in a
closed-loop mode with both permeate and retentate being
recirculated into the feedwater reservoir. Temperature was
maintained constant during the fouling runs by a temperature
controller with a stainless steel coil submerged in the
feedwater reservoir. Permeate flux was recorded continuously
by a digital flow meter interfaced with a PC.

Fouling experiments were performed at fixed hydrody-
namic operating conditions, namely initial flux and cross-
flow velocity. The protocol for all fouling experiments
comprised these sequential steps. The membrane was first
compacted with DI water in the membrane test cell for 12
h. Then, the membrane was stabilized and equilibrated for
an additional 6 h with foulant-free electrolyte solution having
solution chemistry identical to that used for the subsequent
fouling run. After attaining a stable permeate flux, the initial
flux and the cross-flow velocity were adjusted to 20 um/s
and 8.56 cm/s, respectively, and the run continued for 2
more hours. Organic fouling was then initiated by adding an
organic foulant stock solution to the feedwater to achieve a
20 mg/L concentration of organic foulant.

Intermolecular Adhesion Force Measurements and
Analysis. Intermolecular adhesion force was measured using
aNanoscope Il multimode AFM (Digital Instruments, Santa
Barbara, CA). A carboxylate modified latex (CML) particle
(Interfacial Dynamics Corp., Portland, OR) was used for
making the AFM colloid probe because the model organic
foulants used in this study (alginate and SRNOM) contain
predominantly carboxylic functional groups. A fluid cell was
used to allow force measurements at the desired solution
chemistries, with the membrane beinglocated on the bottom
of the fluid cell.

The experimental protocol for measuring the foulant—
foulant adhesion force was based on the method reported
by Li and Elimelech (3). Briefly, the procedure involved the
following steps: (i) making a colloid probe by gluing the
CML particle (4 um in diameter) to a commercial tipless SiN
cantilever (Veeco Metrology Group, Santa Barbara, CA) having
a spring constant of 0.06 N/m; (ii) locating the membrane
on the AFM dither piezo drive using a disk, with the
membrane surface being upward; (iii) installing the colloid
probe inside the fluid cell, followed by mounting the fluid
cell on the membrane with an O-ring placed between the
two to prevent leakage; (iv) rinsing the fluid cell with DI
water three times, followed by an additional three rinses
with the test solution; (v) filling the fluid cell with the test
solution containing organic foulants, followed by equilibrat-
ing the system for 60 min; and (vi) initiating the force
measurements, with the colloidal probe being engaged in
successive movements of approaching, and retracting from,
the membrane surface. Data obtained during the retraction
of the colloid probe from the membrane surface were used
to determine the adhesion forces.

Force measurements were performed at five different
locations on the membrane surface, with 10 measurements
at each location to minimize inherent variability in the force
data, which is also contributed to by local membrane sur-
face heterogeneity. Averaged AFM raw data (i.e., cantilever
deflection with respect to cantilever displacement) were used
to produce a force versus separation distance curve. By
inspecting the generated cantilever deflection versus dis-
placement curves for each chemical condition, substantially
different curves were excluded prior to the averaging. In the
absence of multiple jump-off events (19) during the adhesion
force measurements, all curves were quite similar and, hence,
most of the AFM data were included in the averaging.
However, when multiple jump-off events took place (notably
for runs with Ca?*), raw data obtained from the same location
on the membrane were somewhat varied. In this case, several
comparable data sets selected from different locations were
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FIGURE 1. Acidity of alginate and SRNOM as a function of pH.
Concentration of alginate and SRNOM is 0.1 g/L and test solution
contains 10 mM NaCl as a background electrolyte. Potentiometric
titration was performed from pH 3.0 to 10.0 with 0.10 M NaOH under
a carbonate-free N, atmosphere at 23.0 -+ 0.5 °C. Blank tests were
carried out with foulant-free electrolyte solution (i.e., 10 mM NaCl)
prior to each sample titration.

averaged. Finally, the averaged raw data of cantilever
deflection with respect to cantilever displacement were
converted to force—distance curves by the method reported
by Ducker et al. (5, 20).

Derjaguin’s approximation (21) states that the interaction
force between a spherical particle and a planar surface is
related to the interaction energy per unit area via

F(h) = 2aRW(h) (1)

where F(h) is the interaction force between the sphere and
the flat surface separated by a distance h, R is the radius of
the spherical particle, and W(h) is the interaction energy per
unit area between a sphere and a flat surface separated by
a distance of h. According to eq 1, the interaction energy W
is equal to F/R multiplied by a factor of 2x. Similarly, the
adhesion force normalized by the radius of the particle, Faq/
R, is proportional to the energy per unit area required to
separate the particle and the flat surface by an infinite
distance, W(®) (3):

Fad _
- 27 W(0) (2)

Faa/R can, therefore, be viewed as a measure of the energy
required to prevent a foulant from accumulating on the
membrane surface. For a given system, F.qa/R should be a
good indicator of the membrane fouling potential. Conse-
quently, all AFM force data in this study will be presented
as the measured force normalized by the CML particle radius
as a function of separation distance.

Results and Discussion

Charge Characteristics of Organic Foulants. Charge char-
acteristics of organic foulants play an important role in fouling
because electrostatic interactions between foulant molecules
directly influence intermolecular adhesion. The acidity of
alginate and SRNOM was determined by potentiometric
titration and shown as a function of pH in Figure 1. Carboxylic
and phenolic groups are the dominant functional groups of
organic macromolecules in natural and waste waters (I, 22,
23). In practice, acidity up to pH 8.0 is attributed to the
deprotonation of carboxylic groups, while above pH 8.0, it
is attributed to phenolic groups (23). Figure 1 indicates that
there was no further increase in the alginate acidity above
pH 8.0, implying that carboxylic groups are the predominant
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FIGURE 2. Effect of solution pH on (a) flux decline during fouling
and (b) intermolecular adhesion force. Both fouling runs and force
measurements were performed with identical solutions (i.e., alginate
= 20 mg/L and ionic strength = 10 mM NaCl). The pH of the test
solutions was adjusted by adding 0.1 M HCI or NaOH stock solutions.
Experimental conditions during the fouling runs: initial flux = 20
pm/s, cross-flow velocity = 8.56 cm/s, and temperature = 20.0 +
0.5 °C. Experimental conditions during the interfacial force

measurements: equilibration time = 60 min and temperature =
23.0 + 0.5 °C.

functional groups. In case of SRNOM, the increase in acidity
above pH 8.0 is presumably due to the deprotonation of
phenolic groups. The increase in the SRNOM acidity up to
pH 8.0, however, is much more prominent than above pH
8.0. Thus, for both alginate and SRNOM, carboxylic functional
groups are expected to control the electrostatic interactions
between foulant molecules.

Influence of Solution pH. To investigate the influence of
pH on alginate fouling, fouling experiments were performed
with feed solutions at pH 3.0, 6.0, and 9.0. The flux—decline
curves obtained during each fouling run are compared with
the adhesion force curves determined by AFM in Figure 2.
Test solutions containing 20 mg/L alginate and 10 mM NaCl
were used in both fouling experiments and force measure-
ments. A much lower flux decline was observed at pH 6.0
and 9.0 compared to pH 3.0. Similarly, substantial adhesion
force (negative value of F/R) was observed at pH 3.0, whereas
negligible adhesion force was detected at pH 6.0 and no
adhesion at pH 9.0.

At pH 6.0 and 9.0, the carboxylic groups of alginate
molecules in bulk solution and on the membrane surface
were almost completely deprotonated, as implied from Figure
1, where the maximum acidity was already attained at pH
5.0. This leads to an increase in the electrostatic repulsion
between alginate molecules, thus lessening intermolecular
adhesion among alginate molecules. On the other hand,
alginate molecules at pH 3.0 are uncharged, leading to an
increase in alginate—alginate adhesion. The increase in
intermolecular adhesion initiates the formation of an alginate
fouling layer on the membrane surface, leading to more flux
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FIGURE 3. Effect of ionic strength on (a) flux decline during fouling
and (b) intermolecular adhesion force. Both fouling runs and force
measurements were performed with identical solutions (i.e.,
alginate = 20 mg/L and pH = 6.0 & 0.1). The ionic strength of the
test solutions was adjusted by varying indifferent salt (i.e., NaCl)
concentration. Other experimental conditions during the fouling

runs and the force measurements were identical to those in Figure
2.

decline. Similar trends of a more substantial flux decline
with decreasing pH for charged organic macromolecules
(humic acid, NOM, and proteins) were observed in other
studies (4, 24, 25). The results shown here demonstrate
that reduction in electrostatic interactions at low pH en-
hances foulant—foulant adhesion, which results in increased
fouling.

Influence of Indifferent Electrolyte Concentration. The
influence of ionic strength on the flux—decline behavior
during alginate fouling and the corresponding intermolecular
adhesion is presented in Figure 3. Solution chemistries for
the force measurements were identical to the feed solution
chemistries employed during the fouling experiments. It is
clearly shown that flux decline as well as alginate adhesion
became more substantial with increasing ionic strength. At
higher ionic strengths, the electric double layer around
charged alginate molecules is compressed, which reduces
electrostatic repulsion between alginate molecules in bulk
solution and on the membrane surface. This leads to an
increase in the intermolecular adhesion between alginate
molecules and, consequently, to a thicker and more compact
fouling layer on the membrane surface. However, the
maximum adhesion force determined at the highest ionic
strength (i.e., 100 mM) is only —0.21 mN/m, less than half
of the adhesion force measured at pH 3.0 (Figure 2b).
Similarly, the flux decline at 100 mM ionic strength is less
substantial than the flux decline at pH 3.0 (Figure 2a). These
observations imply that charge neutralization has a more
significant effect on foulant—foulant adhesion compared to
charge screening and, hence, on the fouling behavior. Our
observation is in agreement with previous studies suggesting
that charge screening induced by increased indifferent salt
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FIGURE 4. Effect of divalent cations on (a) flux decline during
fouling and (b) intermolecular adhesion force. Both fouling runs
and force measurements were performed with identical solutions
(i.e., alginate = 20 mg/L, total ionic strength = 10 mM, and pH =
6.0 = 0.1). The total ionic strength of the test solution is fixed at
10 mM by varying NaCl concentration (i.e., test solution with no
divalent cations contains 10 mM NaCl and test solution with 0.5
mM Mg?" or Ca?" contains 8.5 mM NaCl). Other experimental
conditions during the fouling runs and the force measurements
were identical to those in Figure 2.

concentration does not significantly contribute to humic acid
fouling (3, 4).

Influence of Divalent Cations. To investigate the influence
of divalent calcium and magnesium ions on alginate fouling
and intermolecular adhesion, fouling experiments and AFM
measurements were performed in the presence of CaCl, and
MgCl,. In these experiments, the total ionic strength was
kept constant at 10 mM by adjusting the background NaCl
concentration. Mg?* and Ca?* were chosen as model divalent
cations because they are the major divalent cations in natural
and waste waters. The permeate flux behavior during fouling
and the corresponding measured adhesion force curves are
presented in Figure 4.

As shown in Figure 4, the permeate flux declined
precipitously during alginate fouling in the presence of Ca?,
but not in the presence of Mg?*. The flux decline in the
presence of Mg?*, however, was more substantial compared
to that in the absence of divalent cations. Similarly, the
adhesion force was quite significant (in magnitude and range)
in the presence of Ca?*, but much less in the presence of
Mg?*. No adhesion was observed in the absence of divalent
cations (10 mM NaCl).

The effect of charge screening (or double layer compres-
sion) on reducing electrostatic repulsion among alginate
molecules is expected to be similar in these cases because
the total ionic strength was kept constant (3, 4). Therefore,
the greater adhesion in the presence of divalent cations may
be attributed to charge neutralization due to complexation
of divalent cations to alginate carboxylic groups. Calcium
ions have been shown to enhance NOM fouling by forming

VOL. 40, NO. 3, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 983



2 ]
15 .
0
£ 10 ]
x
=)
L 5 O NoCa” v 03mM ]
0 005mM & 0.5mM
0 A 01mM < 1.0mM . (a)
0 5 10 15 20
Time (hr)
0. ' ' ]
0. IUINDSZ7 077 o A AN A3y L
/E\ w/////u///.;\‘,?}:««éfQ\ &
= -0. :
Z
E 1o ]
x
~
L -1.5f .
-2.0 (b)4
0 50 100 150

Distance (nm)

FIGURES. Effect of calcium concentration on (a) flux decline during
fouling and (b) intermolecular adhesion force. Both fouling runs
and force measurements were performed with identical solutions
(i.e., alginate = 20 mg/L, total ionic strength = 10 mM, pH = 6.0
+ 0.1). The total ionic strength of the test solution is fixed at 10 mM
by varying NaCl concentration (see caption of Figure 5). Other
experimental conditions during the fouling runs and the force
measurements were identical to those in Figure 2.

complexes with the carboxylic functional groups of NOM
and neutralizing the negative charge of NOM molecules,
leading to a thicker and more compact fouling layer (3, 4,
26).

There are several explanations for the vast difference in
the adhesion force and the flux decline behavior in the
presence of Ca?t compared to Mg?*. Calcium ions are known
to be more favorable divalent cations to form complexes
with alginate molecules and, thus, should be more effective
in charge neutralization (27, 28). However, the more effective
charge neutralization by Ca?* is not the major cause for the
observed difference. The maximum adhesion force at pH 3.0
(—0.48 mN/m, Figure 2) was much less than that determined
in the presence of Ca?* (—1.62 mN/m, Figure 4). Complete
charge neutralization takes place at pH 3.0 where the
carboxylic groups of alginate molecules are protonated, yet
the adhesion force is much lower than that with Ca?*. The
remarkable adhesion force in the presence of calcium is
attributed to intermolecular bridging between alginate
molecules. This intermolecular bridging by calcium ions
results in the formation of a cross-linked alginate gel layer
on the membrane surface, which produces significant
hydraulic resistance to permeate flow and, thus, a severe
flux decline.

Alginate gel formation in the presence of calcium ions
has been explained by the “egg-box” model (29). In this
model, calcium ions bind preferentially to the carboxylic
groups of alginate (and acidic polysaccharides) in a highly
cooperative manner and form bridges between neighboring
alginate molecules, leading to the egg-box-shaped gel
network. Preferential calcium—alginate complexation and
gel formation in the presence of Ca?* has been reported
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FIGURE 6. Effect of organic foulant composition of test solution on
(a) flux decline during fouling and (b) intermolecular adhesion force.
Both fouling runs and force measurements were performed with
identical solutions (i.e., total organic concentration = 20 mg/L,
calcium concentration = 0.5 mM, total ionic strength =10 mM, and
pH = 6.0 £ 0.1). The total organic foulant concentration of the test
solution is fixed at 20 mg/L by varying the ratio of alginate to SRNOM
concentration (i.e., testsolution indicated as “Alginate only” contains
20 mg/L of alginate, test solution indicated as “Alginate:SRNOM =
7:3" contains 14 mg/L of alginate plus 6 mg/L of SRNOM, test solution
indicated as “Alginate:SRNOM = 3:7” contains 6 mg/L of alginate
plus 14 mg/L of SRNOM, and test solution indicated as “SRNOM
only” contains 20 mg/L of SRNOM). Other experimental conditions
during the fouling runs and the force measurements were identical
to those in Figure 2.

elsewhere. Davis et al. (30) demonstrated enhanced selectivity
of alginate molecules for calcium and cadmium relative to
magnesium, leading to the formation of an alginate gel
network. Bruus et al. (31) reported that the stability of
biological flocs formed with alginate increased significantly
in the presence of calcium ions as compared to magnesium
ions, implying preferential alginate gel formation in the
presence of calcium ions.

The influence of calcium ion concentration on alginate
fouling and the corresponding intermolecular adhesion force
was further investigated. Calcium concentration varied from
0.05 to 1.0 mM, keeping the total ionic strength constant at
10 mM. The results in Figure 5 clearly show that inter-
molecular adhesion forces increase substantially with in-
creasing Ca?* concentration. The results are attributed to
enhanced intermolecular bridging between alginate mol-
ecules and accelerated gel formation. As gel formation
increased with increasing calcium ion concentration, fouling
became more severe as displayed by the permeate flux curves.
Itis interesting to note that the flux decline and the adhesion
force curves at pH 3.0 presented earlier (Figure 2) are quite
similar to those shown in Figure 5 for 0.05 mM Ca?*. This
implies that 0.05 mM calcium is not enough to form
intermolecular bridging between alginate molecules. Thus,
the stoichiometry between calcium and alginate concentra-
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tions is also expected to play an important role in the
formation of an alginate gel network.

A characteristic feature of the adhesion force curves in
the presence of Ca?" (Figures 4b and 5b) is the very long
range of adhesion compared to Mg?" (Figure 4b), Na* (Figure
3b), and pH variations (Figure 2b). For instance, at 1 mM
Ca?t (Figure 5b), the adhesion force reached up to a
separation distance of 150 nm. We propose that this long-
range adhesion confirms the intermolecular bridging be-
tween alginate macromolecules in the presence of Ca?*.
Intermolecular bridging allows the stretching of the alginate
macromolecules in the gel network upon retraction of the
AFM foulant probe from the membrane surface until a
complete detachment takes place. In addition, there exist
several plateaus in the adhesion force profiles at high calcium
concentrations. This implies that a complete detachment of
the AFM foulant probe from the membrane surface is
accomplished by the sequential detachment of all bridged
macromolecules between the probe and the fouled mem-
brane. These observations suggest that AFM force measure-
ments allow not only the quantitative measurement of the
adhesion force but also qualitative understanding of the
foulant—foulant interaction.

Influence of Organic Foulant Composition. Fouling
experiments and force measurements were performed with
test solutions containing different mass ratios of alginate to
SRNOM. Four foulant compositions were examined with the
total foulant concentration being maintained at 20 mg/L:
20 mg/L alginate and no SRNOM, 14 mg/L alginate plus 6
mg/L SRNOM (alginate to SRNOM mass ratio of 7:3), 6 mg/L
alginate plus 14 mg/L SRNOM (alginate to SRNOM mass
ratio of 3:7), and 20 mg/L SRNOM and no alginate. The
permeate flux decline during fouling and the corresponding

adhesion forces for these foulant combinations are presented
in Figure 6.

The intermolecular adhesion in the presence of Ca?* was
much greater for alginate (and no SRNOM) than for SRNOM
(and no alginate), with corresponding maximum adhesion
forces of —1.62 mN/m and —0.49 mN/m, respectively.
Accordingly, the permeate flux decline for alginate fouling
was more substantial compared to SRNOM fouling. When
the test solutions contained both alginate and SRNOM, the
adhesion force and flux decline were more substantial for
higher alginate concentrations. We propose this behavior is
attributed to structural differences between alginate and
SRNOM molecules along with the resulting fouling layer
structure.

The significant differences in the fouling and adhesion
force curves for alginate and SRNOM cannot be attributed
to lack of interaction between calcium ions and SRNOM.
Humic molecules can form a cross-linked fouling layer in
the presence of Ca?" via calcium binding with humic
carboxylic groups and bridging among adjacent humic
molecules (3). As shown earlier, the humic content of the
SRNOM was more than 70%, and carboxylic groups were the
predominant functional groups of SRNOM. We attribute the
much greater observed adhesion force with alginate than
SRNOM to the gel-forming nature of alginate, where inter-
molecular adhesion needs to be strong enough to sustain
the structural integrity of the gel network. It has been reported
that gelation of charged macromolecules by intermolecular
bridging is predominant for hydrophilic organic macro-
molecules (such as acidic polysaccharides) compared to
hydrophobic organic macromolecules (such as humic acids)
(29, 32, 33). In addition to the greater intermolecular adhesion
of the alginate gel network, the larger size of alginate

VOL. 40, NO. 3, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 985



s)

NN

o o
=

©
o

T 15} .
©

©

© 1.0r a:10mMNaCl |
= b: 30 mM NaCl

5 05 c:50 MM NaCl 1
2 d: 100 mM NaCl

Q - : :
00 01 02 03 04 05
F nN)

ad,max (

a:No Ca” b:0.05 mM
c:0.1mM d:0.3mM
e:05mM f1.0mM

R
o 1 2 3 4 5

(nN)
FIGURE 8. Correlation between the fouling rate and the maximum

adhesion force with respectto (a) NaCl concentration and (b) calcium
concentration.

Fouling Rate (10°s™)

ad,max

compared to SRNOM may also be responsible for the
formation of a thicker fouling layer on the membrane surface
and, thus, more severe flux decline during fouling.

Correlation between Fouling and Intermolecular Adhe-
sion Force. The results presented earlier in this paper suggest
that organic fouling behavior is related to the measured
intermolecular adhesion force. Here, we correlate the fouling
rate determined from the flux—decline curves to the cor-
responding maximum adhesion force. Fouling rate was
determined from the slope of the linear region of the flux—
decline curve with respect to the cumulative permeate volume
(Veum) per unit membrane surface area (An) (34). The linear
flux decline with respect to Veum/Am represents a constant
increase in the hydraulic resistance of the fouling layer due
to the steady evolution of the fouling layer, which is governed
by foulant—foulant interaction. Foulant adhesion, repre-
sented by the maximum adhesion force (Fagqmay), was directly
obtained from the force versus separation distance curves
shown previously. The initial fouling rate curves and the
maximum adhesion forces determined at different ionic
strengths and calcium concentrations are presented in Figure
7; the corresponding correlations between the fouling rate
and the adhesion force are shown in Figure 8.

A striking correlation between the fouling rate and the
maximum adhesion force is displayed for the runs with NaCl
and CaCl,. This direct relationship between organic fouling
and intermolecular adhesion confirms our previous finding
that foulant—foulant interaction plays a key role in deter-
mining the rate and extent of organic fouling (3). In our earlier
analysis, Faq/ R (eq 2) was defined as the measure of the energy
required to prevent a foulant from accumulating on the
membrane surface. The strong correlation between F,q and
fouling rate depicted in Figure 8 supports our suggestion
that the foulant adhesion force can serve as an indicator of
fouling potential.
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Intermolecular adhesion can also be quantified by
integrating the adhesion force as a function of distance for
each solution condition employed. The integrated area of
the adhesion curve is indicative of the total adhesion energy
between foulants. Carrying out such a procedure for the force
datadisplayed in Figures 3b and 5b (data not shown) revealed
a similarly remarkable correlation between the fouling rate
and the obtained interaction energies, with graphs quite
similar to those displayed in Figure 8. The R? values for the
runs with NaCl and CaCl, were 0.972 and 0.933, respec-
tively. These values are very close to those obtained in Figure
8.
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