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’ INTRODUCTION

Thin-film composite (TFC) membranes are widely used in
reverse osmosis (RO) and nanofiltration (NF) systems for
desalination, ultrapure water production, drinking water purifica-
tion, and wastewater reuse.1 A major hindrance to wider applica-
tion of NF and RO for water treatment is fouling of the mem-
brane by mineral precipitation (scaling), colloidal or dissolved
organic matter,2�4 and biofilm formation (biofouling).5,6 Fine
colloidal and dissolved organic compounds, including proteins,
polysaccharides, and natural organic matter (NOM), are the
most common foulants found in natural and wastewaters.7�11

They can escape pretreatment and cannot be controlled by anti-
scalants. In addition to increasing hydraulic resistance, ad-
sorption of dissolved organic compounds forms the condi-
tioning layer for bacterial adhesion and subsequent biofilm
development.6,10,12 The distribution and relative abundance
of the adsorbed proteins and polysaccharides has been shown
to influence the biofilm structure.13 Design of membrane
materials resistant to organic fouling is a formidable challenge
because our understanding of the main interactions control-
ling organic foulant accumulation on RO and NF membranes
is limited.

The influence of membrane properties such as hydrophobi-
city, charge, surface roughness, and porosity on fouling has been

investigated in many previous studies.14,15 In particular, mem-
brane surface hydrophobicity, usually determined by water
contact angle measurement, was commonly related to organic
fouling propensity,4,16 although some recent studies showed that
this was not always the case.14,16 Membrane surface properties
such as hydrophobicity and charge are directly determined by
membrane surface chemistry.17 Unfortunately the roles of spe-
cific chemical functionalities on membrane surfaces are largely
unknown because of the physical and chemical heterogeneity
resulting from the interfacial polymerization that forms the thin
active barrier in RO and NF membranes.

One possible route for simplifying the problem is to study the
contribution of individual chemical functionalities using well-
defined and homogeneous surface chemistry. Whitesides and
co-workers formed self-assembled monolayers (SAMs) of alka-
nethiolates with different ending chemical groups on gold
surfaces to study the effect of surface wettability on nonspecific
adsorption of proteins and detergents.18 Surface wettability of
eachmonolayer, measured by water contact angle in cyclooctane,
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ABSTRACT: Adsorption of organic foulants on nanofiltration (NF) and
reverse osmosis (RO)membrane surfaces strongly affects subsequent fouling
behavior by modifying the membrane surface. In this study, impact on
organic foulant adsorption of specific chemistries including those in com-
mercial thin-film composite membranes was investigated using self-
assembled monolayers with seven different ending chemical functionalities
(�CH3, �O�phenyl, �NH2, ethylene-glycol, �COOH, �CONH2, and
�OH). Adsorption and cleaning of protein (bovine serum albumin) and
polysaccharide (sodium alginate) model foulants in two solution conditions
were measured using quartz crystal microbalance with dissipation monitor-
ing, and were found to strongly depend on surface functionality. Alginate
adsorption correlated with surface hydrophobicity as measured by water
contact angle in air; however, adsorption of BSA on hydrophilic �COOH,
�NH2, and �CONH2 surfaces was high and dominated by hydrogen bond formation and electrostatic attraction. Adsorption of
both BSA and alginate was the fastest on�COOH, and adsorption on�NH2 and�CONH2 was difficult to remove by surfactant
cleaning. BSA adsorption kinetics was shown to be markedly faster than that of alginate, suggesting its importance in the formation
of the conditioning layer. Surface modification to render�OH or ethylene-glycol functionalities are expected to reduce membrane
fouling.
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was correlated to adsorption of proteins and detergents mea-
sured by surface plasmon resonance (SPR); in general, adsorp-
tion was found to be higher on low-wettability surfaces with
the polyethylene glycol monolayer being an exception, to which
adsorption was lower than expected. Belfort and co-workers
used atomic force microscopy (AFM) to evaluate the adhesion
between several proteins, including bovine serum albumin
(BSA), immobilized on gold surfaces and a series of SAMs with
uncharged ending functionalities formed on AFM cantilevers.19

They found a “step-like” dependence of protein adsorption on
surface wettability: surfaces with high wettability, that is, those
terminated with hydroxyl, amide, and ethylene-glycol showed
weak adhesion, while methyl, phenoxy, methoxy, trifluoromethyl,
and nitrile (low wettability) showed high protein adhesion.

Quartz-crystal microbalance with dissipation monitoring
(QCM-D) is capable of measuring minute changes in mass
adsorbed on a surface.20,21 The additional energy dissipation
monitoring feature provides information on structure of the
adsorbed layer. Quartz crystal sensors can be easily modified to
yield a wide variety of surface chemistries. For example, gold-
coated surfaces were modified by aromatic polyamide mimetic
of ROmembranes in our recent study.22 In one study, adsorption
of BSA on a hydrophilic (�OH) and a hydrophobic (�CH3)
surface was studied using a combination of quartz crystal
microbalance (QCM) and grazing angle Fourier transform
infrared spectroscopy.23 It was found that BSA adsorption was
accompanied by protein conformational changes and was higher
on hydrophobic surfaces.23 Other studies using similar ap-
proaches identified a number of chemical functionalities that
resist protein adhesion.24,25 In general, chemical moieties that
are hydrophilic, include H-bond acceptors but do not include
H-bond donors, and are electrically neutral were resistant to
protein adherence.23,25,26

In this study we aim to elucidate the role of membrane surface
chemical functionality in adsorptive fouling by common organic
foulants. QCM-D was used to investigate the organic foulant
adsorption equilibrium and kinetics on a variety of SAMs repre-
senting membrane surface functionalities. The effectiveness of
different cleaning solutions in removing the adsorbed foulants
was also evaluated. Our results suggest that membrane surface
bulk properties such as hydrophobicity and charge are not reason-
able predictors of organic foulant adsorption, especially for proteins.
In many cases, specific interactions with individual chemical func-
tional groups in many cases control adsorption equilibrium and
kinetics as well as the removal of organic foulants by chemical
cleaning. Surfacemodification ofNF andROmembranes, therefore,
should aim to minimize such specific interactions.

’EXPERIMENTAL SECTION

Materials. Alkanethiols (Table 1) used to create the SAMs
were purchased in either neat form or premade solutions at
1 mM in 200 proof ethanol (Asemblon, Inc., Remond, WA).
Sodium alginate (10�60 kDa) derived from brown algae and
BSA (∼ 66 kDa) were purchased from Sigma-Aldrich (St. Louis,
MO). Surface zeta potential and hydrodynamic diameter of BSA
and sodium alginate (Supporting Information (SI) Table S1)
were characterized by electrophoretic mobility and dynamic light
scattering (DLS) measurements using a Zetasizer Nano ZS
(Malvern Instruments,Westborough,MA). Reagent gradeNaCl,
CaCl2, NaOH, HCl and sodium-dodecyl-sulfate (SDS) were
purchased from Sigma Aldrich (St. Louis, MO). All solutions
were prepared using ultrapure water (g18.1 megaΩ-cm) pro-
duced by an E-Pure system (Barnstead, Batavia, IL).
Methods. SAM Preparation and Characterization. Seven

SAMs each with a different ending functional group (Table 1)
were prepared on both gold-coated QCM-D crystals (used for
adsorption experiments) and gold-coated silicon wafers (for
characterization) according to our previous publication27 with
slight modifications. Silicon wafers were cleaned sequentially
in acetone, methanol, and isopropanol in an ultrasonic bath
(Bendeline Sonorex, London, England) followed by oxygen
plasma cleaning for 5 min. They were then coated (one side
polished, 330-μm thick) with a 10 nm titanium layer followed by
a 30 nm gold layer at a pressure of 2 � 10�6 bar using a thermal
evaporator (Odem Ltd., Rehovot, Israel).
Prior to self-assembly, gold-coated QCM-D crystals and

silicon wafers were cleaned sequentially in toluene, acetone
and ethanol twice in each solvent for 10 min each time in an
ultrasonic bath. The substrates were then dried with ultrapure N2

and exposed to UV/ozone in a ProCleaner chamber (Bioforce
Nanosciences, Ames, IA) for 30 min. Clean substrates were first
immersed in 1 mM alkanethiol solutions in ethanol for 24 h at
room temperature. Prior to immersion, the pH of 11-Mercap-
toundecanoic acid and 11-amino-1-undecanethiol hydrochloride
solutions was adjusted to 2 and 11, respectively, using 0.2 M
HCl and NH4OH to reduce electrostatic repulsion between thiol
chains and create a more ordered, homogeneous surface. After
self-assembly, the substrates were transferred to 1 mM dodeca-
nethiol solutions in ethanol for an additional 24 h, dried in
ultrapure N2 and stored under vacuum.
The chemical composition of each SAMwas analyzed by X-ray

photoelectron spectroscopy (XPS) using ESCALAB 250 (Thermo
Fisher Scientific Inc., Waltham, UK) with an Al X-ray source and a
monochromator. Since XPS analysis is destructive, measurements

Table 1. Characteristics of SAMs on Gold Prepared in This Study

XPS elemental composition (10�2)b

terminal group alkanethiol compound contact anglea (deg) thickness (nm) O/C N/C

�CH3 1-dodecanethiol 102.6( 3.7 0.91 0.99

�OPh 11-phenoxy undecanethiol 91.2( 3.5 0.97 8.95

�NH2 11-amino-1-undecanethiol, hydrochloride 63.3( 3.2 1.43 0.16 15.2

�EG6OH (1-mercapto-11-undecyl)hexa(ethylene glycol) 43.2( 4.3 1.62 21.4

�COOH 11-mercaptoundecanoic acid 42.1( 6.7 1.25 24.6

�CONH2 11-mercaptoundecaneamide 35.7( 4.0 1.25 16.9 9.45

�OH 11-hydroxy-1-undecanethiol 34.2( 2.5 2.41 19.1
aAverage of 10 surfaces tested. bBy Peak Area analysis.
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were performed on SAMs formed on gold coated silicon wafers in
parallel with SAMs on QCM-D crystals.
Thickness of the SAMs was estimated by Cauchy’s equation28

using an SE800 ellipsometer (Sentech Instruments GmbH,
Berlin, Germany) with a light spot size of 0.5 cm2. The phase
difference between the s and p polarized waves and the amplitude
attenuation were measured as a function of the wavelength
from 380 to 820 nm at incidence angles of 60, 65 and 70 degrees.
The optical constants of the underlying layers were determined
based on measurements on a clean Au coated silicon wafer, and the
refraction index of the organic layer was assumed to be 1.5,29 which
may introduce slight error in the calculated SAM thickness.
Static contact angle of water in air for the SAMs was measured

using the sessile drop method with a CAM 200 contact angle
analyzer (KSV Instruments LTD, Helsinki, Finland).Water drop
size was approximately 2.0 μL. At least four measurements were
taken per sample. Measurements were conducted immediately
after preparation of the SAMs and after QCM-D adsorption and
cleaning experiments. Contact angle measurements were per-
formed using both ultrapure water and the background solutions.
The results were not significantly different and only data
obtained with ultrapure water are reported.
Adsorption Experiments. Adsorption of the model organic

foulants was investigated using QCM-D (Q-Sense E4, Q-Sense,
Glen Burnie, MD) on freshly prepared SAM coated quartz
crystals. For a rigid adsorbed layer (i.e., negligible energy dissi-
pation, ΔD), the adsorbed mass is proportional to the change in
frequency as described by the Sauerbrey equation (eq 1):30

Δf ¼ � 2f 20
A ffiffiffiffiffiffiffiFqμ
p

q

Δm ð1Þ

where Δf is the change in frequency (Hz), Δm is the change in
mass adsorbed (kg), f0 is the resonant frequency (Hz) of the
crystal sensor, A is the piezoelectrically active crystal area (m2),
and Fq and μq are the density (kg/m3) and shear modulus (Pa) of
quartz. For viscoelastic layers that exhibit high energy dissipa-
tions (ΔD), the vibrations amplify the shear acoustic wave such
that Δf is not directly proportional to Δm. A viscoelastic model
was used to fit the Δf and ΔD data simultaneously to determine
the density (Fl), thickness (dl), shear elastic modulus (μl), and
viscosity (ηl) of the adsorbed layer.31�33 All experiments were
performed at 25 �C and repeated two to five times. Details of the
experimental protocol are described in SI Figure S1.

’RESULTS AND DISCUSSION

SAM Characterization. SAMs were characterized by XPS,
ellipsometry and water drop contact angle measurements. The
results are summarized in Table 1. Water contact angles mea-
sured in air were similar to data previously reported for similar
SAMs34 and the standard deviation for each sample was less than
2.0. Ellipsometry measurements showed SAMs with thickness of
0.9�2.4 nm. XPS elemental analyses support the presence of the
desired functional groups. A second immersion step in dodeca-
nethiol solution was found to improve the homogeneity of the SAM
surfaces, as evident by the small standard deviation of the water
contact angles. XPS and contact anglemeasurementsmadewith and
without the second immersion step suggest that the amount of
dodecanethiol adsorbed in other SAMs was very small.
BSA and Alginate Adsorption Equilibrium on SAM Sur-

faces. Adsorption Equilibrium Data Analysis. BSA and alginate

(at a concentration of 100 mg/L) were chosen as a model pro-
tein and polysaccharide, respectively, the predominant organic
foulant types in wastewater.7,10 Because Ca2þ has been shown
to play a key role in organic fouling of NF and RO mem-
branes,14,35�38 adsorption experiments were performed in two
electrolyte solutions: 10 mM NaCl or 7 mM NaCl and 1 mM
CaCl2 at an unadjusted pH of 6.0 ( 0.2.
Adsorption equilibrium occurred in all solution conditions in

less than 2 h, usually within an average of 1 h. BSA adsorption in
all experiments exhibited significant shift in frequency (Δf) but
negligible change in dissipation (ΔD) (i.e., less than 121,39),
suggesting the formation of a rigid BSA layer on the SAM surface.
Therefore, the Sauerbrey equation (eq 1) was applied. The
calculated adsorbed mass of BSA and alginate is presented in
Figure 1 as a function of water contact angle on the sensor.
Notable ΔD (greater than 1) was observed in most experi-

ments with alginate. In a few cases when ΔD was smaller than 1
and Δf was extremely low the normalized dissipation (ΔD/Δf)
was used to determine the applicability of the Sauerbrey equa-
tion. All adsorbed alginate layers either had ΔD values greater
than 1 or ΔD/Δf values greater than 0.1 (SI Table S2). There-
fore, the visco-elastic model (Q-Tools 3.0) was used for all
alginate adsorption data. Density of the alginate layer determined
by fitting the raw data using the viscoelastic model ranged
from 1075 to 1100 kg/m3, consistent with previously reported
values.40 Bulk fluid density was calculated to be 997 kg/m3, and
fluid viscosity was estimated at 0.001 kg/m 3 s. All experiments
were evaluated for the third (n = 3) and fifth (n = 5) harmonics,
but only data from the third harmonic is presented.
Relationship between Organic Adsorption and Surface

Wettability. Equilibrium adsorption of BSA and alginate was
related to the hydrophobicity of the SAMs as measured by the
cosine of water contact angle, θ (Figure 1). A correlation analysis

Figure 1. Calculated adsorbed mass of (a) BSA, and (b) sodium
alginate on different SAMs at adsorption equilibrium. Adsorption
occurred in 10 mM NaCl (solid symbols) and 7 mM NaCl/1 mM
CaCl2 (open symbols).

http://pubs.acs.org/action/showImage?doi=10.1021/es200570t&iName=master.img-001.jpg&w=210&h=253
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between cos(θ) and adsorbed mass was performed using the
Pearson product-moment coefficient (PPMC) to evaluate linear
correlation and with the Spearman’s rank correlation to deter-
mine monotonic dependence.41,42 BSA adsorption in the pre-
sence and absence of calcium did not correlate with water contact
angle by either analysis (Figure 1a), indicating that hydrophobi-
city alone is not a strong predictor of BSA adsorption.
Among the uncharged surfaces, the highly hydrophobic sur-

faces (�CH3 and �OPh) adsorbed significant amounts of BSA
(approximately a monolayer according to the calculated thick-
ness), while the hydrophilic �EG6OH and �OH surfaces
showed low adsorption, consistent with previous studies.19,23

The�EG6OH surface, in particular, was resistant to BSA adsorp-
tion due to its hydrophilicity and electrosteric effect.18,26,43 Inter-
estingly, the�CONH2 surface, with a water contact angle similar
to that of the �OH surface, adsorbed notably higher amounts of
BSA (600 ng/cm2) in the absence of Ca2þ. This can be attributed
to hydrogen bonding between the �CONH2 surface and multi-
ple �NH2 and �COOH groups on BSA. This observation is
different from that by Sethuraman et al.,19 who measured
adhesion forces between four immobilized proteins and a series
of chemical groups, and found similar values for �CONH2,
�OH, and �EG6OH surfaces. In their study, potential changes
in molecular structure/orientation and the use of �NH2 groups
in immobilization of the proteins may have limited specific
interactions including hydrogen bonding with the SAMs. In
our study hydrogen bonding may also have contributed to BSA
adsorption on the �OH surface, which was higher than on
�EG6OH despite a similar contact angle (Figure 1a).
The positively charged �NH2 and negatively charged

�COOH surfaces adsorbed significantly more BSA than the
�EG6OH and �OH surfaces, which had similar contact angles.
This is consistent with a previous study on BSA adsorption on
SAMs using SPR.44 BSA adsorption on the�NH2 and�COOH
surfaces were similar to that on the highly hydrophobic �CH3

and �OPh surfaces even though the surfaces were much more
hydrophilic. Adsorption on the �NH2 surface was the highest
likely due to the strong electrostatic attraction and acid�base
interaction between the �COO� on BSA (SI Table S1, iso-
electric point of BSA is 4.7�4.945) and the�NH3

þ on the SAM
(pKa∼ 7.5).46 The high BSA adsorption on the�COOH surface
despite its hydrophilicity and negative charge is attributed to the
charge heterogeneity of BSA: positively charged amine groups
were present even though the net charge was negative. Silin
et al.44 also suggested that the presence of positively charged sites
on the overall negatively charged BSA led to electrostatic
interactions with the negatively charged �COOH SAM.
In summary, BSA adsorption equilibrium data suggest that

specific interactions, for example, between �CONH2 or �OH
and BSA, play an important role in BSA adsorption in addition
to the nonspecific electrostatic and hydrophobic interactions;
charge heterogeneity can lead to significant adsorption when the
overall electrostatic interaction is repulsive. Therefore, water
contact angle measured in air and surface zeta potential are not
good indicators for protein adsorption; membranes with higher
negative zeta potential due to the presence of �COOH groups
may be more prone to protein fouling.
In contrast to BSA, alginate adsorption on all SAMs correlated

well with water contact angle, where �CH3 and �OPh showed
the highest adsorption (Figure 1b). Although �EG6OH sur-
faces have been shown to be the most resistant to protein
adsorption,18,24 alginate (polysaccharide) adsorption shows a

different pattern, where the most hydrophilic surfaces (�OH
and �CONH2) had the lowest adsorption (Figure 1b). The
mass of alginate adsorbed on the hydrophilic surfaces was
less than that of a monolayer, indicating patched adsorption
(Figure S2). Although alginate has been reported to foul NF and
RO membranes more severely than BSA,47,48 our measurements
show similar adsorption of both onto clean surfaces, indicating
the greater fouling rate of alginate is likely due to faster gel layer
formation due to increased foulant�foulant interactions.
Effect of Calcium on Adsorption. Calcium showed an intense

effect on alginate adsorption and moderate effect on BSA
adsorption. The effect of Ca2þ on BSA adsorption depended
on the particular surface functionality. In the presence of
Ca2þ, BSA adsorption on the �CONH2 and �COOH surfaces
decreased (Figure 1a). This is attributed to complexation of Ca2þ

with �COO� on both BSA and the SAM, reducing the number
of �COO� sites available for adsorption. BSA adsorption
increased on the �OH surface and decreased on �CH3. This
could be explained by changes in surface interaction energy of
BSA and the SAMs, as has been shown for alginate and RO
membranes.49

Addition of Ca2þ increased alginate adsorption intensely on all
SAMs tested (Figure 1b). Alginate has the propensity to aggre-
gate and form cation-stabilized gels due to a high carboxyl
content (approximately 61% mannuronic acid and 39% guluro-
nic acid).49,50 Ca2þ has also been reported to decrease the
cohesive free energy of alginate and the free energy of adhesion
between alginate and RO membranes.49 As a result, both the
adsorbed mass (Figure 1b) and adsorbed layer thickness
(Figure S2) of alginate increased in the presence of Ca2þ. The
gel formation was also evident in the increased viscosity of all
adsorbed alginate layers (Figure S2).
Surface Chemistry Effect on Adsorption Kinetics. Adsorp-

tion kinetics of organic foulants is important as it is related to the
initial fouling rate on a clean membrane as well as changes in
membrane surface properties. Mass adsorption kinetics curves of
BSA and alginate were obtained from time-resolved Δf and ΔD
data, and the initial adsorption rate determined from the linear
section of the kinetics curve was shown in Figure 2.
Despite comparable adsorbed mass at equilibrium (Figure 1),

initial fouling rates on all SAMs were markedly higher for BSA
than alginate (Figure 2). This result suggests that proteins could
be a dominant component in the initial conditioning layer and

Figure 2. Initial adsorption rate of BSA and alginate.
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consequently play a critical role in membrane biofouling even
though its quantity in the fouling layer may be low. Adsorption
kinetics of both BSA and alginate strongly depended on the type
of SAM. In NaCl, BSA initial adsorption rate followed the order
of�COOH >�CH3 >�OPh >�NH2 >�OH >�CONH2 >
�EG6OH, showing no correlation to water contact angle. The
presence of Ca2þ increased BSA adsorption rate on most SAMs
except for the two most hydrophobic surfaces, �CH3 and
�OPh, on which BSA adsorption decreased compared to that
in NaCl.
Initial alginate adsorption rates were much lower than those of

BSA (Figure 2) and were consistently higher in the presence of
Ca2þ on all SAMs, even though alginate formed large aggregates
in solution (SI Table S1), which reduces the diffusive mass
transfer rate. This increase in adsorption rate is attributed to
enhanced alginate-alginate attraction and is consistent with
increased membrane fouling rates observed with alginate in the
presence of Ca2þ.51

The �COOH surface showed the greatest initial adsorption
rate for both BSA and alginate. These results suggest higher initial
protein and polysaccharide fouling rates on membranes that
expose �COOH groups and further support that specific inter-
actions may delineate fouling properties more accurately than
nonspecific hydrophobic interactions.
Adsorbed Layer Structure. In addition to the total mass and

thickness, the structure of the organic gel layer plays a critical role
in determining the hydraulic resistance of the gel layer. The
normalized dissipation, ΔD/Δf, provides structural information
of the adsorbed layer. Figure 3 presentsΔD as a function ofΔf at
adsorption equilibrium for both BSA and alginate. The BSA or
alginate layers formed on different SAMs showed similar normal-
ized dissipation, indicating that surface chemistry did not affect
the structure of the adsorbed layer at equilibrium. All alginate
layers exhibited much higher ΔD/Δf than the BSA layers,
showing that alginate layers are looser and more elastic than
the BSA layers. The rigid structure of the BSA layer was not
affected by Ca2þ, while the alginate layer in the presence of Ca2þ

is denser and probably more cross-linked. However, this effect
cannot be observed in Figure 3 because the increase in ΔD/Δf
due to higher viscosity counter balances the effect of higher
density. A similar plot ofΔD vsΔf during the adsorption process

illustrates the dynamic change of the adsorbed layer structure (SI
Figure S3). BSA adsorption exhibited a two�phase growth with
notable faster increase inΔD in the secondphase, suggesting changes
in BSA molecular conformation or orientation.23,44,52 Such
change in structure strongly depended on the SAM ending
functionality.
These results suggest that membrane surface chemistry may

not affect the specific resistance of BSA or alginate fouling layer
at adsorption equilibrium. However, when other foulants are
also present, which is the case for any natural water or waste-
water, the impact of surface chemistry on the initial structure
of the adsorbed protein layer may play a role in the subse-
quent attachment of other foulants (e.g., mineral precipitates
and bacterial cells) and consequently the structure of the
fouling layer.
Cleaning of Adsorbed Organic Foulants on SAMs. The

responses of the adsorbed foulants to pure water and surfactant
cleaning with 2% SDS were evaluated sequentially based on the
fraction of mass removed (Figure 4). DI water rinsing was not
very effective, with�14 to 52% removal (negative values resulted
from adsorbed layer swelling). SDS cleaning was more effective,
removing 21�100% of the adsorbed mass. In general, cleaning
efficiency for alginate was much greater than for BSA, indicating
that proteins may contribute to irreversible fouling more than
polysaccharides. Although the two most hydrophobic SAMs
(�CH3 and �OPh) adsorbed a large amount of BSA and
alginate, the adsorbed foulants can be removed relatively effec-
tively by SDS cleaning. SAMs of �NH2, �COOH, and
�CONH2, however, consistently showed significant residual
BSA and/or alginate. Despite the importance of Ca2þ in
adsorption equilibrium and kinetics, Ca2þ did not significantly
affect BSA irreversible fouling of any SAMs except the �NH2

and �CONH2 surface, for which irreversible fouling increased
greatly in the presence of Ca2þ. This phenomena was extended
to�NH2 for alginate. These results indicate that�CONH2 and
especially�NH2 on membrane surfaces may contribute more to
irreversible fouling of NF and RO membranes than other
functional groups under typical wastewater solution conditions
due to increased hydrogen bonding.
Implications for Membrane Fouling.Understanding factors

controlling organic foulant adsorption on NF and RO mem-
branes is important for developing fouling resistant membranes
and other fouling control strategies such as pretreatment and
chemical cleaning. Our study shows evidence for the first time

Figure 3. Measured dissipation change (ΔD) and frequency change
(Δf) at adsorption equilibrium.

Figure 4. Stacked bar graph indicating % mass of adsorbed layer
removed by DI (solid) and 2% SDS cleaning (pattern).
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that specific interactions, such as hydrogen bonding and electro-
static interactions between specific functionalities, play a more
important role than nonspecific electrostatic and hydrophobic
interactions in adsorption of and irreversible fouling by proteins
and polysaccharides. Because the initial adsorption of proteins
and polysaccharides (i.e., surface conditioning) has important
impacts on the subsequent formation of scales and biofilms, these
results suggest that specific surface functionality may be more
important than bulk surface properties, such as zeta potential and
hydrophobicity, in long-term fouling and cleaning of NF and
ROmembranes. Therefore, surface modifications of NF and RO
membranes that minimize functionalities causing hydrogen
bonding as well as charged sites (e.g., �COOH, �NH2) may
be an effective approach to develop fouling resistant membranes.
We also show for the first time that proteins, although usually
found in smaller quantity on fouled membranes,53,54 adsorb
much faster to functional groups typically found on NF and RO
membrane surfaces and are more difficult to remove by chemical
cleaning than polysaccharides. These results suggest that pro-
teins play an important role in initiating biofouling despite their
smaller quantity. Therefore, pretreatment and chemical cleaning
methods should also target protein removal.
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