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ABSTRACT: Carboxyls are inherent functional groups of
thin-film composite polyamide nanofiltration (NF) mem-
branes, which may play a role in membrane performance and
fouling. Their surface presence is attributed to incomplete
reaction of acyl chloride monomers during the membrane
active layer synthesis by interfacial polymerization. In order to
unravel the effect of carboxyl group density on organic fouling,
NF membranes were fabricated by reacting piperazine (PIP)
with either isophthaloyl chloride (IPC) or the more commonly
used trimesoyl chloride (TMC). Fouling experiments were
conducted with alginate as a model hydrophilic organic foulant
in a solution, simulating the composition of municipal secondary effluent. Improved antifouling properties were observed for the
IPC membrane, which exhibited lower flux decline (40%) and significantly greater fouling reversibility or cleaning efficiency
(74%) than the TMC membrane (51% flux decline and 40% cleaning efficiency). Surface characterization revealed that there was
a substantial difference in the density of surface carboxyl groups between the IPC and TMC membranes, while other surface
properties were comparable. The role of carboxyl groups was elucidated by measurements of foulant-surface intermolecular
forces by atomic force microscopy, which showed lower adhesion forces and rupture distances for the IPC membrane compared
to TMC membranes in the presence of calcium ions in solution. Our results demonstrated that a decrease in surface carboxyl
group density of polyamide membranes fabricated with IPC monomers can prevent calcium bridging with alginate and, thus,
improve membrane antifouling properties.

■ INTRODUCTION

Membrane fouling by effluent organic matter (EfOM) is a
major hindrance to the effective application of nanofiltration
(NF) technology to the reclamation of municipal secondary
effluent.1,2 Fouling decreases water productivity, deteriorates
permeate quality, and shortens membrane lifespan.3 Current
operational approaches to cope with membrane fouling include
pretreatment of feed solution and/or cleaning of the fouled
membranes.3 However, these approaches have a significant
impact on the cost and operation of the membrane process.4

Therefore, it is essential to design membranes that possess
optimized surface properties and are less prone to fouling.
Fouling is strongly influenced by the properties of the

membrane surface. These characteristics include surface charge,
surface roughness, wettability, and surface functional groups
specifically interacting with foulants.5 In particular, carboxyl
groups commonly exist on the surface of thin-film composite
(TFC) polyamide NF membranes.5 The occurrence of carboxyl
groups at the membrane surface is attributed to the membrane
fabrication technique. TFC membranes comprise an ultrathin
active layer cast on microporous substrate.6,7 The ultrathin
active layer, which determines the permeability and selectivity
of the NF membrane, is fabricated by interfacial polymerization

(IP) of polyamide with amine and acyl chloride monomers as
reactants.8,9 The unreacted acyl chlorides remaining in the
polyamide matrix rapidly hydrolyze into carboxyl groups after
the TFC membrane is immersed in water during the fabrication
process.10

The role that the carboxyl groups play in fouling is
conflicting and not well understood. Carboxyl groups
contribute to surface negative charge and surface hydrophilicity.
It has been reported that negative surface charge and
hydrophilicity are desirable membrane properties to reduce
fouling.3,11−16 On the other hand, in the presence of calcium
ions, which are ubiquitous in natural waters and secondary
effluents, carboxyl groups can enable the formation of calcium
bridges between the membrane surface and organic foulants
and, consequently, increase organic fouling.12,17−19 Calcium
bridging has been demonstrated in numerous studies with a
broad range of model organic foulants, such as alginate,20

bovine serum albumin (BSA),11 humic acid,16 and extracellular
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polymeric substances (EPS).21 Hence, the impact of membrane
surface carboxyl groups on organic fouling is not straightfor-
ward and necessitates systematic investigation.
Kasher et al.5 have investigated the adsorption of organic

foulants on carboxyl groups as well as other common
membrane surface functionalities using self-assembled mono-
layers as model surfaces. The use of self-assembled monolayers
provided well-defined and uniform surface chemistry, thereby
avoiding physical and chemical surface heterogeneities that are
inherent to the interfacial polymerization process. To date,
however, there are no published studies on the effect of surface
carboxyl groups of TFC membranes on organic fouling.
In order to investigate the influence of membrane surface

carboxyl groups on fouling, other surface properties that may
contribute to fouling need to be held constant. Therefore, two
acyl chloride monomers, trimesoyl chloride (TMC) and
isophthaloyl chloride (IPC), were purposely selected for our
study. These two monomers have very similar chemical
composition and structure, with the only difference being the
number of acyl chlorides in each molecule. Thus, we surmise
that the density of surface carboxyl groups will be the only
property that varies, while other properties remain unchanged.
TMC is the most prevalent monomer employed for

interfacial polymerization of polyamide TFC mem-
branes.10,22−26 Although less popular, the application of IPC
to fabricate TFC membranes can trace its history to the patents
published by Cadotte27,28 and Sundet29 three decades ago.
Studies on IPC membranes mainly focused on the membrane
separation properties (water permeability and salt rejec-
tion),7,30−34 surface composition and morphology,30−32 or the
resistance of the membrane to chlorine attack.35,36 The impact
of IPC on the density of carboxyl groups on the membrane
surface as well as fouling has not yet been explored.
In this study we investigate the potential of using IPC in

place of TMC during interfacial polymerization to improve
membrane antifouling properties by reducing the carboxyl
group density of NF membrane surfaces. NF membranes were
fabricated on a commercial ultrafiltration (UF) membrane
support with IPC and TMC monomers. Antifouling properties,

described by water flux decline and fouling reversibility
(indicated by physical cleaning efficiency), of the two
membrane types were compared. The membrane surfaces
were characterized and the intermolecular forces between the
membrane surface and foulants were analyzed to elucidate the
role of carboxyl groups in the organic fouling behavior of TFC
polyamide NF membranes.

■ MATERIALS AND METHODS

Materials and Chemicals. For thin-film composite (TFC)
NF membrane fabrication, poly(ether sulfone) (PES) ultra-
filtration (UF) membranes (PES20, Sepro Membranes Inc.,
Oceanside, CA) were used as support layers. The UF
membranes were prewet by immersing in deionized (DI)
water for approximately 3 h prior to polyamide fabrication.
Piperazine (PIP) and isophthaloyl chloride (IPC) or trimesoyl
chloride (TMC) were used as monomers for interfacial
polymerization of polyamide (Sigma−Aldrich, St. Louis,
MO). Hexane was used as solvent to dissolve IPC or TMC
(Sigma−Aldrich). For membrane testing, sodium chloride
(NaCl), calcium chloride (CaCl2), and sodium bicarbonate
(NaHCO3) were purchased from J.T. Baker (Phillipsburg, NJ).
Magnesium sulfate (MgSO4), sodium alginate, and toluidine
blue O (TBO) were purchased from Sigma−Aldrich. The
inorganic salts were of reagent grade and, when not stated
otherwise, all solutions were prepared by dissolution in DI
water from a Milli-Q ultrapure water purification system
(Millipore, Billerica, MA).

Thin-Film Composite Nanofiltration Membrane Fab-
rication. TFC NF membranes were fabricated by forming a
polyamide active layer on top of the commercial PES support
membrane via interfacial polymerization. The chemical
structures of the monomers used during interfacial polymer-
ization (PIP, IPC, and TMC) are presented in Figure 1. The
reaction between amine functional groups in PIP and acyl
chloride moieties in IPC or TMC produces amide linkages,
thus forming polyamide.37 The unreacted acyl chloride groups
are hydrolyzed into carboxyl groups after contact with
water.10,37,38

Figure 1. Reaction of trimesoyl chloride (TMC) or isophthaloyl chloride (IPC) with piperazine (PIP) during interfacial polymerization. Acyl
chloride moieties react with the amine groups of PIP to form amide linkages. The unreacted acyl chloride moieties are subsequently hydrolyzed into
carboxyl groups.
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To fabricate the active layers, the PES support membrane
was tightly taped onto a clean glass plate with laboratory tape,
with the skin layer facing upward. Approximately 10 mL of 1 wt
% PIP solution was dispensed onto the surface of the support
layer and was allowed to contact for 90 s. Then the PIP
solution was drained off by positioning the glass plate vertically.
An air knife was used to remove the excess PIP solution from
the surface of the support layer. Next, the PIP-saturated support
layer was immersed in 0.1 wt % IPC or 0.13 wt % TMC for 30
s. Finally, the newly formed membranes were air-dried for 120
s. The same molar concentrations (3.2 mM) were used for both
TMC and IPC. The resultant TFC NF membranes were rinsed
thoroughly with DI water to remove chemical residues and then
stored in DI water at 4 °C for at least 24 h prior to use. The
interfacial polymerization conditions are tabulated in Support-
ing Information. Similar protocols for TFC membrane
fabrication were described in our previous publications.39,40

Membrane Characterization. Recently, we have demon-
strated the use of TBO, a cationic dye (C15H16N3S

+, molecular
mass 270 g/mol), to determine the concentration of negatively
charged functional groups on membrane surfaces.41 The surface
carboxyl group density of the fabricated membranes was
measured via the TBO technique. TFC NF membranes were
taped onto a clean glass plate with the active layer facing
upward. A TBO solution (2 mM) was freshly prepared by
dissolving TBO in aqueous sodium hydroxide (NaOH) at pH
11. The TFC NF membranes were contacted with the TBO
solution (approximately 1 mL of TBO solution for 1 cm2 of
membrane area) for 3 min at room temperature (23 °C). Then,
the membranes were detached from the glass plate, rinsed, and
immersed in a dye-free pH 11 (NaOH) solution (>4 h) to wash
off the unbound TBO molecules. Next, two 1-in. diameter
samples were punched for each surface and placed into 10 mL
of 0.2 M NaCl solutions at pH 2 (adjusted with hydrochloric
acid) for 30 min while stirring. This step releases the TBO
bound to the carboxyl groups into the solution. The resultant
solutions were analyzed by optical density at a 630 nm
wavelength. Light absorption was converted to TBO
concentration by use of a calibration curve, and the membrane
surface carboxyl group density was calculated by dividing the
number of TBO molecules by the membrane planar area.41

Zeta potential of membrane surfaces was determined on a
streaming potential analyzer (BI-EKA, Brookhaven Instruments
Co., Holtsville, NY).42,43 The membrane surface was
equilibrated with the testing solution for at least 45 min before
measurements. Two solutions were tested: (i) a calcium-free
solution containing 9 mM NaCl and 1 mM NaHCO3 and (ii) a
solution comprising 6 mM NaCl, 1 mM NaHCO3, and 1 mM
CaCl2. Measurements were conducted for three separately cast
membranes.
A goniometer (VCA video contact angle system, Billerica,

MA) was used to measure the contact angle between the
fabricated TFC NF membrane surface and a droplet of DI
water. Membranes were air-dried overnight at 45 °C before
measurement. Measurements were conducted at seven different
spots of the membrane surface and the results were averaged.
A multimode atomic force microscope (AFM, Veeco

Metrology Group, Santa Barbara, CA) was used to determine
the surface roughness of the fabricated TFC NF membranes in
tapping mode. The silicon probe (Tap300AI-G, Budget
Sensors, Sofia, Bulgaria) had a spring constant of 40 N/m,
resonance frequency of 300 Hz, and cantilever length of 125
μm. Membranes were air-dried overnight before scanning.

Imaging was performed on a scan area of 5 μm × 5 μm with a
tip velocity of 5.82 μm/s and scan rate of 0.5 Hz. Membrane
roughness was averaged from five randomly selected spots and
is expressed as the root-mean-square roughness (Rrms), average
roughness (Ra), maximum roughness (Rmax), and surface area
difference (SAD, the calculated difference between actual
surface area and projected area).
The water permeability and salt rejection of the TFC NF

membranes were measured on a bench-scale cross-flow system
described in our previous studies.11 The membrane coupons
were loaded into a rectangular plate-and-frame cell with an
active area of 20.02 cm2. The temperature of the feed solution
was maintained at 25 ± 0.5 °C by a recirculating chiller. Before
measurement, the membranes were compacted with DI water
for at least 14 h until the flux was stable. The applied hydraulic
pressure was 20.7 bar (300 psi) for the IPC membranes and 6.9
bar (100 psi) for the TMC membranes, due to the different
intrinsic water permeabilities of the two membrane types. The
water permeability was calculated by dividing the measured
water flux after compaction by the applied hydraulic pressure.
Solutions of 25 mM NaCl or 25 mM MgSO4 were used to
determine the selectivity of membranes at a cross-flow velocity
of 21.4 cm/s. Salt rejection was calculated from the measured
conductivities of the feed and permeate solutions. The
measured conductivities were converted to salt concentrations
by use of a calibration curve.

Membrane Fouling Protocol. Fouling experiments were
performed in the same cross-flow system described above.
Before fouling, membranes were equilibrated with a back-
ground electrolyte solution, which contained 1 mM CaCl2, 16
mM NaCl, and 1 mM NaHCO3 (total ionic strength 20 mM,
pH 8.0 ± 1). During this process, the cross-flow velocity was
maintained at 12.8 cm/s while the water flux was adjusted to 45
L·m−2·h−1 by varying the applied hydraulic pressure. To reach
the target water flux, the IPC membranes were operated at
approximately 15.2−17.3 bar (220−250 psi), while the TMC
membranes were operated in the range of 6.9−9.0 bar (100−
130 psi). After a 4-h equilibration, 100 mL of alginate stock
solution (1 g/L) was added into the background electrolyte
solution to achieve an alginate concentration of 20 mg/L and to
initiate fouling. The fouling stage was continued for 18 h,
during which the flux was recorded at fixed intervals.

Evaluation of Fouling Reversibility. Fouling reversibility
was evaluated through physical cleaning experiments. At the
end of the fouling run, the feed solution was replaced by a
cleaning solution with the same ionic compositions as the
background electrolyte solution used in the equilibration step
(i.e., no alginate). Physical cleaning was performed without
applied hydraulic pressure and at an increased cross-flow
velocity of 51.2 cm/s for 30 min. Subsequently, the cleaning
solution was drained, and fresh background electrolyte solution
was filtered through the membrane to determine the permeate
flux of the cleaned membrane. Cleaning efficiency, η, was
calculated from

η =
−
−

×
J J

J J
(%) 100c a

b a (1)

where Jb is the water flux with background electrolyte solution
before fouling, Ja is the water flux with background electrolyte
solution after fouling, and Jc is the water flux after cleaning.
Cleaning efficiency was used as an indicator for fouling
reversibility.44
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Interaction Force Measurement by Atomic Force
Microscope. The interaction forces between the organic
foulant and membrane surface were determined by a
Nanoscope III multimode atomic force microscope (AFM,
Digital Instruments, Santa Barbara, CA). A carboxylate-
modified latex (CML) particle (Interfacial Dynamics Corp.,
Portland, OR), rich in surface carboxyl groups, was used as a
surrogate of alginate.45 The AFM probe was prepared by gluing
the CML particle (radius of 2 μm) to the end of a commercial
SiN tipless cantilever with a spring constant of 0.06 N/m
(Veeco Metrology Group, Santa Barbara, CA). A fluid cell was
used to allow force measurements in liquid at the desired
solution chemistry. The two solutions consisted of 19 mM
NaCl and 1 mM NaHCO3 or of 16 mM NaCl, 1 mM
NaHCO3, and 1 mM CaCl2 (i.e., same ionic strength but
without and with calcium ions, respectively). Force measure-
ments were performed at five randomly selected spots on each
membrane surface, with 25 measurements for each spot. Details
about interaction force measurements by AFM can be found in
our previous studies.45−47

■ RESULTS AND DISCUSSION

Permeability and Selectivity of Fabricated Mem-
branes. The average water permeability of the TMC
membranes was 6.2 L·m−2·h−1·bar−1, comparable to reported
values of TFC NF membranes fabricated from the same
monomers (PIP and TMC).8,16,22−26,38 Compared to the TMC
membrane, the IPC membrane had a lower average water
permeability of 2.9 L·m−2·h−1·bar−1. Lower permeability of IPC
membranes has also been reported by Cadotte28 and Saha and
Joshi,8 where it was suggested that a mixture of IPC and TMC
for TFC membrane fabrication can improve water permeability.
Table 1 presents the complete data for water permeability and
solute rejection of the fabricated TFC NF membranes.
The average NaCl rejection, with a 25 mM NaCl feed

solution, was 30.2% at 6.9 bar (100 psi) for TMC membranes
and 51.8% at 20.7 bar (300 psi) for IPC membranes. However,
the rejection trend was reversed for MgSO4 salt, with the TMC
and IPC membranes exhibiting average rejections of 94.5% and
77.7%, respectively, under the same applied hydraulic pressures
as the NaCl rejection tests. The salt separation mechanisms of
NF membranes include steric (size) exclusion and electrostatic
partitioning effects (Donnan equilibrium and dielectric
exclusion).48−51 For our negatively charged NF membranes,
electrostatic repulsion plays a more important role in the
rejection of salts containing multivalent anions than salts with
monovalent anions.52 The higher rejection of NaCl by the IPC
membrane is attributed to its denser active layer structure,
resulting in enhanced size exclusion. However, as discussed
later, the TMC membrane is more negatively charged than the
IPC membrane, giving rise to stronger electrostatic repulsion of
the sulfate anions, which results in a higher rejection of
MgSO4.

48

Fouling Behavior and Reversibility. Fouling behavior of
the TMC and IPC membranes with alginate as a model organic
foulant is described in Figure 2. An initial flux of 45 L·m−2·h−1

was used for the fouling experiments with both membranes by
adjusting the applied hydraulic pressure. The IPC membranes
exhibited a slower flux decline than the TMC membranes, and
the water flux at the end of the fouling step (after 18 h) was
also higher for the IPC membranes (25−30 L·m−2·h−1 for IPC
compared to 20 L·m−2·h−1 for TMC). The flux decline data

suggest that the IPC membranes may be more resistant to
fouling than the TMC membranes.
The accelerated fouling experiments were performed at high

initial permeate flux, resulting in severe fouling of both of the
IPC and TMC membranes. Under these conditions, with a
significant permeation drag imposed on the foulants,
accumulation of foulants at the membrane surface and
subsequent flux decline are inevitable. However, flux decline
behavior is not the appropriate measure for assessing the
antifouling property of membranes, but rather flux recovery
behavior, which is indicative of fouling reversibility.53 We
evaluated the reversibility of fouling by carrying out physical
cleaning experiments of the fouled membranes without water

Table 1. Water Permeability, Salt Rejection, and Surface
Characteristics of Fabricated TMC and IPC Nanofiltration
Membranes

TMCa IPCb

water permeabilityc (L·m−2·h−1·bar−1) 6.2 ± 0.8 2.9 ± 0.4
R (NaCl)d (%) 30.2 ± 2.8 51.8 ± 4.3
R (MgSO4)

d (%) 94.5 ± 1.4 77.7 ± 3.4
contact anglee (deg) 66.0 ± 10.8 66.2 ± 3.7
ζ potentialf (mV) −0.4 ± 1.8 −1.0 ± 1.9

Surface Roughness
Rrms (nm) 48.6 ± 11.2 59.4 ± 12.8
Ra (nm) 37.4 ± 8.2 45.2 ± 10.4
Rmax (nm) 349.7 ± 65.7 394.3 ± 84.7
SADg (%) 22.8 ± 2.6 14.8 ± 5.3

aAverage ± standard deviation of up to 10 membrane samples.
bAverage ± standard deviation of up to six membrane samples. cWater
permeabilities were determined with DI water at 25 °C. Applied
pressures during measurements of water permeabilities were 6.9 bar
(100 psi) for TMC membrane and 20.7 bar (300 psi) for IPC
membrane. dDetermined by conductivity measurements in cross-flow
filtration with 25 mM NaCl or MgSO4 feed solution at 25 °C. Applied
pressure during measurements of salt rejection was the same as that
used for determining the water permeabilities. eContact angle was
measured with deionized water. fSolution chemistry for the ζ potential
measurements: 1 mM CaCl2, 6 mM NaCl, 1 mM NaHCO3 (i.e., total
ionic strength of 10 mM); pH 8.0 ± 0.1. Due to instrument limitation,
an ionic strength of 10 mM is the maximum value that can be
employed. gSurface area difference, the calculated difference between
actual surface area and projected area

Figure 2. Flux decline behavior of TMC and IPC membranes during
fouling tests. The following feed solution was used for fouling runs:
alginate, 20 mg/L; CaCl2, 1 mM; NaCl, 16 mM; NaHCO3, 1 mM; pH,
8.0 ± 0.1. Hydraulic pressure was adjusted to achieve an initial
permeate flux of 45 L·m−2·h−1. Other experimental conditions: cross-
flow velocity, 12.8 ± 0.5 cm/s; temperature, 25 ± 0.5 °C. Each fouling
run was carried out for 18 h.
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permeation (i.e., with no hydraulic pressure). Physical cleaning
of the membranes was accomplished by increasing the cross-
flow velocity of the same feed solution but without alginate,
thereby enhancing hydrodynamic shear at the feed−membrane
interface to remove foulants. The reversibility of fouling was
evaluated by determining the flux recovery after cleaning (eq
1).
The average cleaning efficiency of the IPC membranes was

around 74%, much higher than that of the TMC membranes
(40%) (Figure 3). Note that cleaning experiments were

repeated three times for the IPC membranes and five times
for the TMC membranes. Two additional runs were conducted
for the TMC membranes because these membranes exhibited
greater variability in cleaning. The cleaning efficiencies for the
five runs were 76%, 23%, 16%, 49% and 37%, yielding a wide
distribution (larger error bar in Figure 3). Statistical analysis (t
test) has indicated that the cleaning efficiency for the IPC
membrane was significantly higher than that for the TMC
membrane (P-value of 0.035). Therefore, despite the variability
in cleaning efficiency of the TMC membrane, we conclude that
the IPC membrane exhibited greater fouling reversibility and
hence more antifouling properties.
What Causes the Difference in Antifouling Proper-

ties? Fouling and cleaning are governed by the physical and
chemical interaction forces that foulants experience. Since
alginate macromolecules are relatively large (molecular mass of
12−80 kDa),54 they will be completely rejected by the
fabricated NF membranes. Consequently, membrane fouling
will take place only at the membrane surface. The observed
difference in antifouling properties of the IPC and TMC
membranes is directly related to the membrane surface−foulant
interactions. In general, membrane surface−foulant interactions
may include electrostatic and van der Waals forces, hydro-
phobic interaction, and bridging between carboxyl groups via
calcium ions.55 The extent and importance of the various types
of interaction forces that a given foulant experiences (alginate
in this study) are greatly affected by the membrane surface
properties. We characterized the membrane ζ potential,
wettability, carboxyl group density, and surface roughness to
better understand the difference in fouling behavior of our IPC
and TMC NF membranes.

a. Contact Angle, ζ Potential, and Surface Roughness Do
Not Explain Antifouling Properties. The contact angles of
deionized water on the surfaces of IPC and TMC membranes
were almost identical (66°, Table 1) and comparable to values
reported in literature.8 Both IPC and TMC molecules comprise
benzene rings with acyl chloride groups, and the only difference
between the two molecules is the number of acyl chloride
groups (Figure 1). Therefore, the polyamide layers of TMC
and IPC membranes have similar chemical composition and
wettability. As fouling and cleaning experiments were
performed with a feed solution containing calcium ions, ζ
potentials were also determined in the presence of calcium (6
mM NaCl, 1 mM CaCl2, and 1 mM NaHCO3, pH 8.0 ± 0.1).
Both IPC and TMC membrane surfaces had nearly neutral
charge due to the adsorption of calcium ions, suggesting that
electrostatic interactions of the membrane with foulants were
negligible during fouling. The surface roughness of the IPC
membrane, indicated by the values of Rrms, Ra, and Rmax, was
slightly higher than that of the TMC membrane (Table 1). A
larger value of surface roughness is often correlated with more
fouling;56 however, an opposite trend was observed in this
study. On the basis of the above observations, we conclude that
contact angle, ζ potential, and surface roughness cannot explain
the difference in fouling behavior between IPC and TMC
membranes.

b. Lower Membrane Surface Carboxyl Group Density
Increases Antifouling Properties. The density of carboxyl
groups at the membrane surface was analyzed by two different
techniques. In the first method, we quantified the carboxyl
group density by measuring the number of bound cationic
TBO molecules with carboxyl groups, with the assumption that
the ratio of bound TBO molecules to carboxyl groups was
1:1.41 The bulky size of TBO and the shorter contact time
hindered the diffusion of TBO into the polyamide active layer,
such that TBO solely interacted with the surface carboxyl
groups that were available for interaction with the foulants.41 In
the second method, we determined the ζ potential of the
membrane surface, which allows qualitative comparison of the
negatively charged groups on the IPC and TMC membranes.
Two solutions having a total ionic strength of 10 mM but
different ionic compositions were employed for the ζ potential
evaluation: (i) 9 mM NaCl and 1 mM NaHCO3 and (ii) 6 mM
NaCl, 1 mM NaHCO3, and 1 CaCl2.
The TBO method results show that the carboxyl group

density of the IPC membrane (5.7 ± 2.4 nm−2) was
approximately half that of the TMC membrane (11.2 ± 1
nm−2) (Figure 4A). Furthermore, the presence of calcium ions
caused a decrease in the absolute value of ζ potential of the IPC
membrane by 1.7 ± 0.93 mV, much smaller than the decrease
observed for the TMC membrane (by 6.8 ± 2.0 mV) (Figure
4B). Calcium ions reduced the ζ potential by specific
adsorption to the membrane carboxyl groups. Therefore, the
pronounced reduction in ζ potential by calcium ions for the
TMC membranes implies higher membrane carboxyl group
density, which is in agreement with the direct charge
quantification by the TBO method (Figure 4A).
Carboxyl groups in the polyamide active layer originate from

the unreacted acyl chloride groups during membrane
fabrication as shown in Figure 1. Once the polyamide layer is
brought into contact with water, the unreacted acyl chloride
groups remaining in the polyamide structure hydrolyze to form
carboxyl groups. For the IPC membranes, carboxyl groups are
mostly present at the end point of the polyamide chain. Due to

Figure 3. Comparison of cleaning efficiency (calculated from eq 1) of
fouled TMC and IPC membranes. The feed solution used for physical
(hydraulic) cleaning has identical ionic composition as the fouling
solution described in Figure 2 but without the alginate foulant. Other
experimental conditions: hydraulic pressure, ≈0 bar (<0.7 bar); cross-
flow velocity, 51.2 ± 6.4 cm/s; temperature, 20 ± 1 °C; cleaning time,
30 min. The cleaning efficiency of TMC and IPC membranes was
averaged from five and three samples, respectively.
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the presence of a third acyl chloride in TMC, carboxyl groups
in the TMC membranes can also be found in the middle
section of a polyamide chain when cross-linking of the
polyamide is incomplete. Hence, the TMC membranes have

a greater surface density of carboxyl groups than the IPC
membranes, in agreement with the observations in Figure 4.
Our fouling experiments were performed with feed solutions

containing calcium ions to simulate the ionic composition of
municipal secondary effluent. Calcium ions bind effectively with
carboxyl groups through complex formation.12 Specifically,
calcium ions form bridges between carboxyl groups of alginate
molecules and those of the polyamide surface, as well as among
alginate molecules, thus resulting in formation of a compact
alginate fouling layer on the membrane surface and hence
significant fouling.20,45 Due to its lower surface carboxyl group
density, less calcium bridges form between alginate and the IPC
membrane surface, resulting in a more reversible fouling layer
that can be easily detached by simple hydraulic cleaning.
To summarize, because fouling of the NF membranes

originates from the accumulation of alginate on the membrane,
the antifouling properties of the IPC and TMC membranes are
dominated by their surface characteristics. The IPC and TMC
membranes exhibited no differences in their contact angle, ζ
potential, and surface roughness, indicating that the better
antifouling resistance of the IPC membrane is attributed to the
lower surface carboxyl group density.

Direct Force Measurements Confirm the Role of
Membrane Carboxyl Group Density. Adhesion force
measurements by AFM are presented to support our proposed
antifouling mechanism of the IPC membrane. A carboxylate-

Figure 4. (A) Carboxyl group density and (B) effect of Ca2+ on ζ
potential of TMC and IPC membranes. (A) For carboxyl group
density measurements by the TBO method, the solution for the
binding step had 2 mM TBO and pH 11 (adjusted by NaOH).
Membranes were allowed to contact the TBO solution for 3 min and
then exposed to 0.2 M NaCl concentration at pH 2 (adjusted by HCl)
foe the release step. (B) For ζ potential measurements, the solution
chemistries used were kept at a total ionic strength of 10 mM and pH
8.0 ± 0.1 as follows: in the absence of calcium ions, 9 mM NaCl and 1
mM NaHCO3; in the presence of calcium ions, 1 mM CaCl2, 6 mM
NaCl, and 1 mM NaHCO3.

Figure 5. Distributions of adhesion forces and rupture distance in solutions in the (A) presence and (B) absence of calcium ions. The solution
chemistries used for the AFM measurements were kept at a total ionic strength of 20 mM and pH 8.0 ± 0.1 as follows: in the presence of calcium
ions, 1 mM CaCl2, 16 mM NaCl, and 1 mM NaHCO3; in the absence of calcium ions, 19 mM NaCl and 1 mM NaHCO3.
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modified latex (CML) AFM particle probe was used as a
surrogate for the alginate foulant as described in our previous
publication.45 From analysis of the force versus distance curve
during retraction of the particle probe, we present two
important parameters (Figure 5): (i) the adhesion force,
which represents the maximum attractive force between the
probe and the membrane surface, and (ii) the rupture distance,
which represents the maximum extension distance where the
probe−surface interaction becomes zero.
In the presence of calcium ions, the adhesion forces between

the AFM foulant probe and the TMC membrane surface had a
significantly wider distribution than those for the IPC
membrane (Figure 5A). Specifically, adhesive forces as high
as 2.9 mN/m were measured for the TMC membrane, whereas
the most adhesive force for the IPC membrane was 0.86 mN/
m. Also, the average adhesion force for the IPC membrane was
0.32 mN/m, significantly lower than that for the TMC
membrane (0.79 mN/m). A similar trend was observed for
the rupture distance, with the TMC membrane exhibiting a
much wider distribution of rupture distances and a much higher
average rupture distance (192 nm) than the IPC membrane (69
nm).
In the absence of calcium ions but at the same total ionic

strength, the adhesion force and rupture distance for the TMC
membrane decreased remarkably from 0.79 to 0.15 mN/m and
from 192 to 43 nm, respectively (Figure 5B). This observation
confirms the dominant role of calcium ions in fouling of the
TMC membranes. On the contrary, the distribution of forces
and rupture distances hardly changed for the IPC membrane in
the absence of calcium ions. Moreover, the average adhesion
force and rupture distance for the IPC membrane were not
statistically different with and without calcium: 0.32 versus 0.27
mN/m for the average adhesion force and 69 versus 75 nm for
the rupture distance.
Our previous studies demonstrated the paramount role of

calcium bridges, with measurement of strong adhesion forces
and long rupture distances for membranes exposed to solutions
with alginate or humic acid and calcium ions.45,47 Calcium
bridges can form only when the distance between the AFM
probe and the membrane surface is sufficiently small. However,
once formed, adhesion forces can be observed over a long
distance when the AFM probe is retracted from the membrane
surface (i.e., long rupture distances in Figure 5A). The results
presented in Figure 5 provide compelling evidence for the
formation of calcium bridges with the TMC membranes but
not with the IPC membrane. The AFM results are in striking
agreement with both the antifouling properties and the surface
carboxyl group densities of the two TFC membranes.
Implications. Due to superior performance compared to

integrally skinned asymmetric membranes, polyamide TFC NF
membranes have captured the majority of the market share. For
wastewater reclamation application, the overarching objective is
to design membranes with robust antifouling properties as well
as high water permeability and selectivity. The enhanced
antifouling of the IPC membranes was achieved at a cost of
reduced water permeability. Therefore, the interfacial polymer-
ization protocol needs to be purposefully adjusted to optimize
the water permeability. This can be achieved by using a
combination of TMC, IPC, and/or other monomers. In
addition to utilizing a monomer that has less acyl chloride
groups during membrane fabrication, reduced surface carboxyl
group density of polyamide TFC NF membranes can also be

reached by innovative modifications to the polyamide selective
layer that convert the carboxyl groups into other moieties.
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