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ABSTRACT: We present a nonconventional membrane surface modification
approach that utilizes surface topography to manipulate the tribology of foulant
accumulation on water desalination membranes via imprinting of submicron titanium
dioxide (TiO2) pillar patterns onto the molecularly structured, flat membrane surface.
This versatile approach overcomes the constraint of the conventional approach relying
on interfacial polymerization that inevitably leads to the formation of ill-defined
surface topography. Compared to the nonpatterned membranes, the patterned
membranes showed significantly improved fouling resistance for both organic protein
and bacterial foulants. The use of hydrophilic TiO2 as a pattern material increases the
membrane hydrophilicity, imparting improved chemical antifouling resistance to the
membrane. Fouling behavior was also interpreted in terms of the topographical effect
depending on the relative size of foulants to the pattern dimension. In addition,
computational fluid dynamics simulation suggests that the enhanced antifouling of the
patterned membrane is attributed to the enhancement in overall and local shear stress
at the fluid−TiO2 pattern interface.

KEYWORDS: nanoscale patterns, layer-by-layer assembly, antifouling, membranes, thin film composites, water desalination,
reverse osmosis

■ INTRODUCTION

A myriad of strategies have been explored to reduce or control
the fouling of membranes used in desalination and water
treatment applications. Although alteration of membrane
materials and incorporation of additives or functional nanoma-
terials have been attempted to mitigate the membrane
fouling,1−4 surface modification methods have been predom-
inantly developed.5 Generally speaking, these surface mod-
ifications can be categorized into two primary strategies. The
first approach involves chemically modifying the membrane
surface via grafting, adsorption, or coating of functional
moieties to reduce the interactions between the foulant and
the membrane surface by increasing membrane hydrophilicity
and/or controlling its surface charge.5−7 The second one draws

inspiration from organisms found in nature, which is via the
advantageous utilization of surface topography to prevent
fouling.8 Recent results have demonstrated that controlled
surface topography can indeed reduce foulant−surface
interactions and thus mitigate fouling.9,10 For example, the
shark-skin-inspired Sharklet AF patterns have effectively
delayed the cell attachment and subsequent biofilm formation
compared to a flat surface.11 Patterned surfaces with micron
and submicron topographical features including pillars, lines,
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and lamella showed similar promise for preventing organic
fouling and biofouling.9−12

Inspired by these topographic patterns, membrane scientists
have applied a similar concept to the design of antifouling
membranes. Innovative methods such as soft-lithographic phase
inversion and nanoimprint lithography have been shown to be
viable means to construct microscale and nanoscale patterned
surfaces on porous microfiltration (MF) and ultrafiltration
(UF) membranes.13−16 For examples, Won et al. created
microscale prisms16−19 and pyramid16 patterns on porous MF
membranes, which led to the reduction of microbial and
colloidal fouling. Maruf and co-workers also prepared
submicron line-patterned UF membranes to significantly
reduce deposition of colloidal particles and protein.14,20,21

However, the previous membrane patterning technologies have
several issues that remain to be addressed. From a practical
aspect, most previous works on patterned membranes have
been limited to porous MF and UF membranes used for large
solute filtration and not molecular filtration such as dense
reverse osmosis (RO). Furthermore, relatively simple and
anisotropic patterns like lines and prisms have been
predominantly explored for developing fouling-resistant
patterned membranes and elucidating their antifouling
mechanisms, limiting the versatile application of the topo-
graphical modification. Importantly, from the fundamental
aspect, internal fouling coupled with external fouling for the
porous membranes hampered our clear understanding of the
true topographical effect on the fouling. These considerations
fuel the demand for the study of surface patterning for dense
RO desalination membranes whose surfaces were topo-
graphically modified with advanced pattern features. Unfortu-
nately, a very limited attempt to control the topography of RO
membranes, which typically consist of an ultrathin polyamide
(PA) selective layer on a porous UF support, has been made
due to the technical challenges arising from the high fragility
and intrinsically rough and nonconformal growth mechanism of
their PA selective layers prepared via conventional interfacial
polymerization (IP). A pioneering work has been done by
Maruf et al., who demonstrated the surface patterning of RO
membranes with submicron line patterns by forming the PA
layer via IP on top of the previously line-patterned UF support

membranes.22,23 However, nonconformal growth and local
roughness (like nodular or ridge and valley) of the IP-
assembled PA layer on the patterned support remain the critical
technical issue to be resolved for creating well-defined and
precisely controlled pattern features.22 In general, there lacks a
pragmatic approach for precise controlled patterning that are
amenable to the synthesis and fabrication of RO mem-
branes.22,23

Here, we report on a new method to fabricate the patterned
RO membranes that can overcome the aforementioned
constraints imposed on the previous approach. Our strategy
relies on the fabrication of a smooth and dense RO membrane
via a recently developed molecular layer-by-layer (mLbL)
technique,24,25 followed by the construction of an overlayer
consisting of submicron pillar patterns via a sol−gel based
nanoimprinting method,26 which has not been explored yet.
The mLbL assembly enables the formation of the flat and
uniform PA layer, which is not achievable by conventional IP,
and thus subsequent creation of well-defined patterns on top of
the PA layer. The hydrophilic titanium dioxide (TiO2) pillars
were uniformly patterned on the RO membrane surface in an
attempt not only to investigate the antifouling effect of the
unexplored complex and isotropic pattern but also to induce
the synergetic antifouling effect of chemical and topographical
modifications.
Water permeation measurements of the patterned RO

membrane with periodic TiO2 pillars showed significantly
improved fouling resistance for both organic (Bovine Serum
Albumin, BSA) and bacterial (Pseudomonas aeruginosa, P.
aeruginosa) foulants compared to its nonpatterned counter-
parts. Physicochemical and structural characterization of the
patterned membranes suggests that reduced contact area
coupled with increased hydrophilicity by the presence of
submicron hydrophilic pillars is likely to enhance fouling
resistance for the large bacterial foulant. In addition, we
performed computational fluid dynamics (CFD) simulation to
investigate flow characteristics such as the flow profile and
stress distribution near the patterned membrane surface, which
is recognized as an important factor governing the fouling
phenomena.17,19 CFD results suggest that the enhanced
antifouling of the patterned RO membrane for the small

Figure 1. (a) Schematic illustration of the fabrication of the submicron TiO2-patterned membrane. (b) AFM image of the molecular layer-by-layer
(mLbL)-assembled membrane. (c, d) Top-down and cross-sectional SEM images of the mLbL-assembled membrane. (e) AFM image of the TiO2-
patterned membrane. (f, g) Top-down and cross-sectional SEM images of the TiO2-patterned membrane. Scale bar = 500 nm for all SEM images.
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organic foulant is attributed to the enhancement in overall and
local shear stress at the fluid−TiO2 pattern interface,17 as well
as increased surface hydrophilicity.

■ EXPERIMENTAL SECTION
Materials. Branched polyethyleneimine (PEI, Mw = 750 000 g

mol−1), poly(acrylic acid) (PAA, Mw = 100,000 g mol−1), m-
phenylenediamine (MPD), trimesoyl chloride (TMC), titanium(IV)
butoxide, acetylacetone, acetic acid, and phosphate buffered saline
(PBS) were obtained from Sigma-Aldrich (St. Louis, MO). Sodium
hydroxide (NaOH) and sodium chloride (NaCl) were purchased from
Samchun Chemical (Seoul, Korea) and Junsei Chemical (Tokyo,
Japan), respectively. Toluene, acetone, n-hexane, and 2-propanol were
obtained from J.T. Baker (Avantor, Center Valley, PA). Bovine serum
albumin (BSA) was purchased from Merck Millipore (Darmstadt,
Germany). Difco lysogeny broth (LB) was obtained from Becton
Dickinson (Franklin Lakes, NJ). Deionized (DI) water (18.2 Ω) was
prepared in a Millipore Milli-Q purification system. Polyacrylonitrile
(PAN) ultrafiltration membrane (PAN50, ∼180 μm in thickness) with
a polyester nonwoven as a support was purchased from Nanostone
Water (Eden Prairie, MN). Pseudomonas aeruginosa (P. aeruginosa,
KCTC 2004) was obtained from Korean Collection for Type Cultures
(Daejeon, Korea).
Membrane Preparation. A flat polyamide reverse osmosis (PA

RO) membrane was prepared via the mLbL approach by following the
protocol reported in our previous paper.24,25 Briefly, first, a
polyelectrolyte bilayer was coated on the hydrolyzed PAN support
(HPAN, hydrolysis in 1.5 M NaOH aqueous solution at 45 °C for 2 h)
via alternative electrostatic deposition of oppositely charged
polyelectrolytes. The HPAN support was soaked into the cationic
PEI (0.1 wt %) aqueous solution (0.5 M NaCl, pH = 10.6) for 15 min,
and washed twice with DI water. Then, the membrane was dipped into
the anionic PAA (0.1 wt %) aqueous solution (0.5 M NaCl, pH = 3.5)
for 10 min, followed by rinsing with DI water. The thickness of this
PEI/PAA bilayer was estimated to be ∼10 nm in our previous report.25

Next, the PA selective layer was prepared by the sequential depositions
of MPD and TMC monomers. The PEI/PAA-coated membrane was
first dipped into MPD (1.0 wt %) solution in toluene for 30 s and
rinsed with acetone. Then, the membrane was immersed into TMC
(1.0 wt %) solution in toluene for 30 s and rinsed with toluene. These
steps were repeated 10 times, and then the prepared membrane was
dried at 70 °C for 2 min. The thickness of the PA layer prepared with
10 mLbL deposition cycles was estimated to be ∼10 nm in our
previous work.25

Pattern Formation. The submicron TiO2 pillar patterns were
created on the flat mLbL-assembled PA membrane via a sol−gel based
nanoimprinting technique (Figure 1a).26 A 10 g portion of titanium
butoxide was mixed with 6.8 g of acetylacetone, and stirred for 15 min
to prepare TiO2 sol. Then, 8 mL of 2-propanol was added into the
mixture, followed by dropwise addition of 0.25 g of glacial acetic acid.
The solution mixture was stirred for 1 h, and subsequently filtered by a
0.45 μm Nylon syringe filter (Acrodisc, Pall Gelman Laboratory, MI).
To fabricate TiO2 nanopatterns, the synthesized TiO2 solution was
spread on the negatively patterned polyurethane (PU) mold with the
hexagonally arrayed holes. Then, the mLbL membrane was placed on
top of it with the PA selective layer contacting with TiO2 solution, and
a rubber roller was gently rubbed to remove the excess TiO2 solution
and ensure uniform contact. The imprinting process was performed by
annealing the sample at an optimum condition (pressure = 4 bar,
temperature = 60 °C, gelation time = 30 min; see the Supporting
Information S1). Then, the PU mold was carefully peeled off to obtain
the TiO2-patterned membrane. A flat TiO2 layer was also coated on
the mLbL membrane as a control for comparison with the TiO2-
patterned one. The aforementioned sol−gel imprinting protocol was
employed to fabricate the TiO2-flat membrane using an unpatterned,
flat PU mold.
Membrane Characterization. The membrane morphology was

characterized by atomic force microscopy (AFM, Veeco Nanoscope V)
and scanning electron microscopy (SEM, FEI Inspect F50). The

membrane surface AFM image of 2 μm × 2 μm was obtained in a
tapping mode. SEM micrographs of the membrane surfaces and cross
sections were obtained at an accelerating voltage of 10 kV. The
chemical properties of the prepared TiO2 patterns were characterized
by Fourier transform infrared spectroscopy (FT-IR) and X-ray
photoelectron spectroscopy (XPS). FT-IR data were collected on a
Nicolet IS10 spectrometer (ThermoFischer Scientific) equipped with
an attenuated total reflectance (ATR) unit. XPS spectra were recorded
on a PHI-5000 Versaprobe spectrometer (ULVAC-PHI) using
monochromatized Al−Kα radiation at 1.49 keV. X-ray diffraction
analysis (XRD) was performed on a D/MAX 2500 X-ray
diffractometer (Rigaku) with a Cu−Kα source (λ = 1.541 Å) to
characterize the structural properties of the TiO2 patterns. The
diffractograms were scanned in the 2θ range from 10° to 60° at a scan
rate of 2° min−1. Water contact angles of the membranes were
measured by the sessile drop method using a contact angle
measurement system (Pheonix-300, SEO Corporation) equipped
with a video capture apparatus. The surface zeta potentials of the
membranes were determined with an electrophoretic measurement
system (ELSZ-2000, Otsuka Electronics) using a plate sample cell.
The measurement was performed using a background NaCl (10 mM)
aqueous solution containing mobility-monitoring particles at pH 5.8.
At least six measurements were executed to obtain the averaged values
of water contact angle and surface zeta potential. Membrane
performance was evaluated by filtrating NaCl (2000 mg L−1) aqueous
solution at pH 5.8 through the membrane having an effective area (A)
of 0.79 cm2 in a cross-flow filtration system. Details about the filtration
equipment and membrane cell module are described in the Supporting
Information S2. Filtration test was conducted at an operating pressure
of 15.5 bar and temperature of 25 °C with a flow rate of 1 L min−1.
Before data collection, membranes were precompacted for 24 h until
their water flux reached a steady-state value. The water flux (Jw, L m2

h−1) was determined from the amount of the collected permeate (V)
for a fixed time (t, typically ∼ 1 h) as given by Jw = V/At. Salt rejection
(R, %) was calculated from the salt concentrations of the feed (Cf) and
permeate (Cp) measured with an Ultrameter II conductivity meter
(Myron L. Company) by using the equation, R = 100 × (1 − Cp/Cf).
Performance values were obtained by averaging at least three
measurements.

Membrane Fouling. Membrane fouling was assessed by
monitoring the change in permeate flux after the addition of model
foulants (BSA and P. aeruginosa as model organic and bacteria foulants,
respectively) during cross-flow filtration. For the organic fouling test,
membranes were stabilized with DI water at an operating pressure of
15.5 bar with a flow rate of 1 L min−1 to reach the steady-state
condition. Then, BSA was added to the feed reservoir to make the feed
BSA concentration of 100 mg L−1 and the permeate flux was collected
at certain time intervals. For the bacteria fouling test, a bacteria stock
solution was prepared prior to the experiment. The P. aeruginosa was
grown overnight at 37 °C in LB media with shaking. The prepared
bacteria solution was diluted in fresh LB broth, followed by incubation
for 3 h. The bacteria culture was centrifuged at 13 500 rpm for 1 min,
and the separated bacteria were redispersed in a PBS (10 mM)
solution at pH 7.4 to prepare a bacteria stock solution. The stock
solution was diluted to the 106 colony forming units (CFU) mL−1.
Membranes were stabilized by filtrating the broth with LB (100 mg
L−1) and PBS (2 mM) at 15.5 bar. After the flux reached a steady state,
the bacteria suspension was added to the broth at a ratio of 1:1000 to
adjust the bacteria concentration of the feed solution to 103 CFU
mL−1. Then, the permeate flux was monitored and the extent of the
membrane fouling was evaluated by the relative flux, which is the
measured flux normalized by the initial value. Three measurements
were conducted to obtain the averaged relative flux values.

CFD Simulation. Three-dimensional numerical simulation for
steady Navier−Stokes flows in the vicinity of the membrane surface
was carried out using the COMSOL solver to theoretically interpret
fouling behavior for the TiO2-flat and TiO2-patterned membranes.17

On the basis of the finite element method, governing equations of an
incompressible Newtonian fluid were solved with the combination of
proper boundary conditions in the computational domains. Shear
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stress distribution on the membrane surface was evaluated from the
velocity profiles. Detailed computation procedure can be found in the
Supporting Information S3.

■ RESULTS AND DISCUSSION

Membrane Fabrication. TiO2 was selected as a pattern
material as it has been shown to be hydrophilic and favorable
for retarding foulant attachment, which we envision to provide
a synergistic combination of surface chemistry and topography
for antifouling function. As illustrated in Figure 1a, our
approach involves patterning a TiO2 nanopillar pattern
overlayer onto the surface of the molecular layer-by-layer
(mLbL) assembled, flat PA RO membrane via a sol−gel
nanoimprinting technique. Unlike other possible strategies that
directly modify the structure of the selective layer or the
support, our approach was selected to ensure robust pattern
formation without affecting the RO selective layer and the
underlying porous support, thus minimizing the degradation of
the water desalinating performance.
AFM and SEM confirm that the neat mLbL PA membrane

(Figure 1b−d), which was originally smooth, was decorated
with a hexagonal array of cylindrical TiO2 pillars with diameter,
height, and spacing of 140, 160, and 400 nm, respectively
(Figure 1e−g). The arithmetic average (Ra) and root-mean-
square (rms) roughness values estimated from AFM were 5.0 ±
0.3 nm and 7.1 ± 0.5 nm, respectively, for the neat mLbL PA
membrane and 56.8 ± 3.6 nm and 61.7 ± 4.1 nm, respectively,
for the TiO2-patterned membrane. FT-IR spectra of the neat
mLbL membrane confirm the fully aromatic PA chemistry
prepared with MPD and TMC (see the Supporting
Information S4).25 XRD results showed that the characteristic
2θ peaks of TiO2 appeared at 24° and 37°, corresponding to
[101] and [004] planes, respectively (see the Supporting
Information S5).27 The weak and broad XRD diffraction
pattern indicates relatively low crystallinity of the TiO2,
presumably due to the high amount of the precursor residue,
titanium butoxide. The low crystallinity of TiO2 would enable
permeation of water molecules through the amorphous regions
of the TiO2 layer. This residual precursor is known to undergo
hydrolysis upon exposure to water,28 thus possibly altering the
physicochemical properties of the TiO2-patterned membranes
in an aqueous media.
To confirm this, we studied the chemical properties of TiO2-

patterned membranes before and after water permeation tests
using FT-IR and XPS. FT-IR spectra of the TiO2-patterned
membrane show that two characteristic peaks of Ti−O−Ti
bonds (900−400 cm−1)29,30 become pronounced after the
water permeation test (Figure 2a), although adsorbed water
could result in the variation in the background spectra to some
extent.31 More detailed discussion on the analysis of FT-IR
spectra is provided in the Supporting Information S6. In order
to further confirm the possible TiO2 hydrolysis, we performed
XPS analysis. Consistently, high-resolution O 1s XPS spectra
(Figure 2b) reveal that the peak at 530.1 eV (Ti−O−Ti)
becomes more pronounced and a new peak develops at 531.7
eV (Ti−O−H) while the peak at 532.4 eV (C−O of
unhydrolyzed precursor) becomes suppressed after the water
permeation test (see the Supporting Information S7).32,33

These results suggest the formation of Ti−OH and Ti−O−Ti
bonds by hydrolysis and subsequent condensation reaction,
respectively, of the remaining precursors within the TiO2 layer
during the water permeation test. Hydrolysis of the incipient
TiO2 layer also leads to a change in its affinity with water, which

was demonstrated via water contact angle measurements
(Figure 2c). Both the TiO2-coated membranes showed
remarkable reduction in water contact angle (from 68.9 ±
6.4° to 38.5 ± 1.9° for flat and from 67.7 ± 5.0° to 16.2 ± 2.0°
for the patterned one) following the water permeation test.
This is in stark contrast with the neat mLbL PA membrane,
which showed no noticeable change in the water contact angle
(65.1 ± 4.7° vs 67.1 ± 5.6°). This increased wettability of the
TiO2-coated membranes after water exposure is attributed to
the increased number of surface −OH groups by hydrolysis, as
evidenced by the above XPS result. Both the TiO2-flat and the
TiO2-patterned membranes show the greater water wettability
than the mLbL PA membrane due to the intrinsic hydro-
philicity of TiO2. This result is in good qualitative agreement
with the reports by other researchers, who observed the
decreased water contact angle of PA membranes after surface
deposition with TiO2 nanoparticles, which was also attributed
to the great hydrophilicity of TiO2.

34,35 To understand the
effect of surface topography on the membrane wettability, we
compared contact angle results between the TiO2-flat
membrane and the TiO2-patterned membrane. The TiO2-
patterned membrane has a lower water contact angle than the
TiO2-flat membrane (16.2 ± 2.0° vs 38.5 ± 1.9°). This result
can be explained by the Wenzel model that predicts the
enhanced wettability by increasing roughness for hydrophilic
materials including TiO2.

36 The TiO2 layer coating on the
mLbL membrane also significantly alters the surface charge
properties. The neat mLbL PA membrane surface exhibited the
negative surface zeta potential value of −27.6 ± 1.9 mV under
the operating pH of 5.8. TiO2 coating leads to an increase in

Figure 2. (a) FT-IR spectra of the TiO2-patterned membrane before
and after water permeation test. (b) High-resolution O 1s XPS spectra
of the TiO2-patterned membrane before and after water permeation
test. (c) Water contact angles of the neat mLbL, TiO2-flat, and TiO2-
patterned membranes before and after water permeation test.
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the surface zeta potential value, suggesting that the density of
negatively charged groups on the membrane surface is reduced
by the TiO2 coating: The surface zeta potential is estimated to
be 4.8 ± 0.4 mV and −3.2 ± 0.4 mV for the TiO2-flat and
TiO2-patterned membranes, respectively.37 This result is also
qualitatively supported by Lee et al’s work where TiO2
nanoparticles were used as positively charged building blocks
to compensate the negative charge of the counterpart building
blocks for the electrostatic interaction-induced layer-by-layer
assembly.38

Membrane Performance and Stability. Figure 3a shows
the water flux and NaCl rejection of the neat mLbL and TiO2-

patterned membranes. Both membranes exhibited NaCl
rejection required for RO applications. Specifically, the neat
mLbL membrane has a water flux of 29.5 ± 3.1 L m−2 h−1 and
NaCl rejection of 97.7 ± 1.3%. Compared to the neat mLbL
membrane, the TiO2-patterned membrane exhibited a lower
water flux, 10.8 ± 1.9 L m−2 h−1, but higher NaCl rejection,
98.3 ± 0.8%. This reduction in water flux is attributed to the
increased hydrodynamic resistance by the patterned TiO2 layer.
In fact, membrane surface coating strategies to enhance
antifouling often led to an inevitable reduction in water
permeability. For example, Louie et al. reported the maximum
∼75% water flux decline of the RO membrane after surface
coating with the polyether−polyamide block copolymer as a
antifouling material.39 It should be noted that the flux decline
rate of our patterned membrane could be controlled by
rationally designing pattern geometry such as basal layer
thickness. The increase in NaCl rejection is likely due to the
reduction of local defects on the mLbL surface by the TiO2
layer, which is consistent with the report that the membrane
salt rejection can be enhanced by plugging the local defects

with a coating.40 This rejection enhancement could somewhat
compensate the disadvantageous flux loss by TiO2 patterning.
Besides short-term membrane performance, pattern stability

is critical to maintaining the antifouling properties over the
course of the membrane lifetime. We evaluated the TiO2

pattern stability by comparing the change in the TiO2 pillar
morphology using SEM and AFM before and after a 24 h water
permeation test (Figure 3b−g). Neither breakage nor
delamination of the pillars was visible, demonstrating the
robustness of the patterns. However, AFM results revealed a
height reduction of the pillars from ∼160 to ∼120 nm as well as
a volume reduction (Figure 3c,d and f,g). It was also found
from AFM results that Ra and rms roughness values were
reduced to 41.4 ± 2.9 nm and 48.8 ± 3.4 nm, respectively, from
56.8 ± 3.6 nm and 61.7 ± 4.1 nm, respectively. We speculate
that this shrinkage is attributed partially to metal oxide
formation via hydrolytic condensation reaction of the residual
alkoxide precursors that remained in the TiO2 upon water
exposure, as evidenced by the chemical analysis results.41 Since
the bottom side of the patterns is constrained on the surface,
the pattern shrinkage is more pronounced for the height
direction rather than the lateral direction.42

Membrane Fouling. Figure 4 shows the change in the
water flux as a function of filtration time of the three membrane
systems upon the addition of model organic (BSA, Figure 4a)

Figure 3. (a) Water flux and NaCl rejection of the neat mLbL and
TiO2-patterned membranes. (b−d) Top-down SEM, AFM, and AFM
height profiles of the TiO2-patterned membrane before permeation
test. (e−g) Top-down SEM, AFM, and AFM height profiles of the
TiO2-patterned membrane after permeation test. Scale bar = 500 nm
for SEM images.

Figure 4. Fouling test of the three membrane materials. (a)
Normalized water flux of the neat mLbL, TiO2-flat, and TiO2-
patterned membranes as a function of filtration time with the addition
of BSA. The SEM images show cross sections of three membranes
after the fouling test. Scale bar = 500 nm. (b) Normalized water flux of
the neat mLbL, TiO2-flat, and TiO2-patterned membranes as a
function of filtration time with the addition of P. aeruginosa. The SEM
images show cross sections of three membranes after the fouling test.
(c) Schematic representation of the accumulation of the foulant layer
for the three membrane surfaces with filtration time.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b10875
ACS Appl. Mater. Interfaces 2016, 8, 31433−31441

31437

http://dx.doi.org/10.1021/acsami.6b10875


and bacterial (P. aeruginosa, Figure 4b) foulants. In general, the
TiO2-coated membranes have significantly better antifouling
resistance compared to the neat mLbL membrane regardless of
the type of foulant. In the case of the BSA study, the decline of
the water flux for the mLbL membrane was quite drastic and
led to a water flux reduction of ∼30% (Figure 4a). On the other
hand, the extent of water flux reduction for both the TiO2-flat
membrane (∼20%) and TiO2-patterned membrane (∼8%) was
significantly lower than that of the mLbL membrane. It is
important to note that the TiO2-patterned membrane
demonstrated a lower water flux decline compared with the
TiO2-flat membrane, which suggests that surface chemistry and
topography synergistically yields significantly enhanced anti-
fouling properties. Weinman et al. also observed that the
combination of physical patterning and hydrophilic chemical
coating on the membrane resulted in the better organic
antifouling than either method alone.43 Fouling tendency was
confirmed by the cross-sectional SEM images of the fouled
membranes showing that the neat mLbL membrane has the
thickest organic foulant layer (∼250 nm), followed by the
TiO2-flat (∼100 nm) and TiO2-patterned membranes (inset of
Figure 4a). It should be noted that the pattern shape of the
TiO2-patterned membrane is nearly preserved, suggesting that
the fouling is likely to occur predominantly on the bottom side
between the pillar patterns. Considering the original pattern
height (∼120 nm), the organic foulant layer thickness is
estimated to be no more than 50 nm.
Biofouling by P. aeruginosa showed similar trends with the

BSA fouling results. The neat mLbL membrane showed the
largest flux decline (∼90%), followed by the TiO2-flat
membrane (∼40%), and the TiO2-patterned membrane
exhibited the lowest flux decline (∼15%) (Figure 4b). The
significant flux decline for the mLbL membrane was confirmed
by the SEM cross section of the fouled membrane showing the
formation of a thick (∼360 nm) biofilm layer (inset of Figure
4b). Similarly, the SEM cross section of the TiO2-flat
membrane also showed the formation of a biofilm layer
(∼200 nm). Importantly, we observed no apparent biofilm
formation for the TiO2-patterned membrane (inset of Figure
4b), with the exception of sparsely distributed bacteria being
adhered on the patterned surface (see the Supporting
Information S8), demonstrating the superior biofouling
resistance of the TiO2-patterned membrane.
Regardless of the specific foulant, the water flux decline can

be described as the formation and growth of a foulant layer (h3)
that increases the hydraulic resistance of the membrane (Figure
4c). As a first order approximation, we assume that the foulant
grows with time with a constant growth rate (r)44 and this layer
eventually reaches a long-time limit (h3(∞))
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at t = 0. For the membranes illustrated in Figure 4c, this
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−1 correspond to the hydraulic
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where the constants a1, a2, a3 are the water permeability
coefficients of the membrane layers. Since the thickness of the
mLbL and TiO2 layers remains constant with filtration time, eq
3 can be simplified to Am(t)

−1 = A1(t)
−1 + A2(t)

−1. Substituting
eqs 1 and 3 into eq 2
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where the coefficients, m1, m2, m3 are constants that reflect the
transport properties of the membrane of interest. We apply eq
4 to describe the fouling results in Figure 4 to provide a
semiquantitative assessment of the growth rate of the foulant
layer for three membrane systems. Table 1, which summarizes

the growth rates of the foulant layers for all three membrane
systems, shows that the TiO2-patterned membrane significantly
inhibited the rate of growth of the foulant layer (∼0.175 h−1)
when compared with the neat mLbL membrane (∼0.3 h−1) and
this behavior is nearly independent of the foulant type.
We attribute the enhanced fouling resistance of the TiO2-flat

membrane compared with the neat mLbL membrane for both
BSA and bacteria foulants, characterized as hydrophobic and
negatively charged matters, to the increased hydrophilicity by
the TiO2 layer. This reduces the hydrophobic attraction
between the foulant and the TiO2-flat membrane surface,
thus mitigating foulant attachment.25 Kim et al. also claimed
that the reduced organic fouling on the PA membrane coated
with TiO2 nanoparticles is attributed to the improved surface
hydrophilicity imparted by the presence of TiO2.

34 Importantly,
our observation that the TiO2-patterned membrane has better
antifouling property compared to the TiO2-flat membrane in
spite of identical surface chemistry strongly suggests that
topography plays a significant role in preventing foulant
accumulation. It is generally accepted that the extent of fouling
depends on the relative scale of the topographical feature to the
dimensions of the foulant.10 For example, topographical
features whose scale is larger than the foulant can actually
exacerbate fouling by providing more surface area available for
foulant attachment.10,45

Interestingly, fouling by BSA whose dimensions are much
smaller than that of the TiO2 pattern was largely suppressed

Table 1. Growth Rate of BSA and P. aeruginosa Foulant
Layers for the Three Membrane Systems Based on Fitting eq
4 to the Results in Figure 4

foulant type mLbL [h−1] TiO2-flat [h
−1] TiO2-patterned [h−1]

BSA 0.28 0.20 0.17
P. aeruginosa 0.30 0.19 0.16
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compared to the TiO2-flat membrane, as we expected the
rougher surface to have the opposite effect.45 Recent studies
have claimed that surface patterns can alter the local
hydrodynamics in the vicinity of the pattern feature, thus
inducing local turbulence and higher shear stress, ultimately
leading to the suppression in foulant attachment.16,17,21,46 It has
also been experimentally demonstrated that submicron patterns
on ultrafiltration membranes effectively mitigate BSA fouling,
presumably due to this enhanced turbulence near the
topographical features.21

Despite such experimental observations, theoretical evidence
for the antifouling mechanism of the submicron topographic
features whose dimensions are larger than those of the foulant
has yet to be reported. To elucidate the effect of submicron
roughness on BSA fouling, we performed three-dimensional
CFD simulations17 in order to depict the local hydrodynamic
flow and shear stress distribution in the vicinity of the surface
for the TiO2-patterned and TiO2-flat membranes. CFD analysis
revealed that the wall shear stress is heterogeneously distributed
around the pillars of the TiO2-patterned membrane surface
(Figure 5a,d) while the stress profile is uniform over the TiO2-

flat membrane surface (Figure 5b). To determine the average
local wall shear stress (Figure 5c), we stratified the pillar into
five (I−V) separate sections (Figure 5d), which show that local
wall shear stress of the lower region (I−II) of the pillar is
slightly lower than that of the flat membrane, thus leading to
favorable BSA deposition near the bottom of the pillars
(Figures 4a and 5d, inset). However, the upper region (III−V)
of the pillar exhibited greater wall shear stress than that of the
TiO2-flat membrane. The top surface of the pillar drastically
increases the hydrodynamic flow strength and induces
approximately 5 times higher wall shear stress compared to
the flat counterpart. This effect can significantly facilitate
detachment and inhibit attachment of BSA near the top surface
of the pattern.16,17 This local stress distribution near the pillar is
qualitatively confirmed by the cross-sectional image of the
fouled TiO2-patterned membrane where BSA is accumulated
preferentially in the lower regions of the pattern, whereas the

upper regions of the pillar remain nearly uncoated by the BSA
(Figures 4a and 5d, inset). This result is qualitatively similar to
the report by Lee et al., who observed that microbial foulants
were accumulated mainly in the lower region of the microscale
prism pattern on the MF membrane surface and explained this
phenomenon by large suppression of local wall shear stress in
this region with an aid of CFD simulation.17 Unlike Lee et al’s
work where the overall wall shear stress averaged over the
entire surface of the patterned membrane was smaller than that
of the flat membrane, we observed that the overall wall shear
stress was higher for the TiO2-patterned membrane than the
TiO2-flat membrane (141.2 Pa vs 116.0 Pa). This indicates that
our patterned membrane would more effectively mitigate
fouling compared to that fabricated by Lee and co-workers.
Together with increased overall wall shear stress, the local
enhancement in wall shear stress is expected to improve the
fouling resistance for the submicron TiO2-patterned membrane
compared to the TiO2-flat membrane.

16,17,21

In addition to higher overall and/or local wall shear stress,
the pillar pattern can suppress fouling by minimizing the
number of contact points and contact area of the foulant on the
surface when its feature size is smaller than the foulant size.10,12

Since the dimensions of P. aeruginosa (∼1 μm in width and ∼2
μm in length)47 are significantly larger than those of the
nanoscale TiO2 pillar, the TiO2-patterned membrane is
believed to have better biofouling resistance than its flat
counterpart by reducing the contact area for bacteria attach-
ment. This concept is supported by Xu et al., who reported that
the submicron pillar patterns on polyurethane urea films greatly
limited bacterial adhesion and biofilm formation compared to
the smooth controls, which was attributed to the reduction in
area available for bacterial contact.12 Furthermore, Kwak et al.
reported that the TiO2 nanoparticle-coated PA membrane had
a slight, but distinct, photocatalysis effect on bacteria even in a
dark environment. Hence, the potential photocatalytic
bactericidal capability of TiO2 could possibly contribute to
biofouling reduction, although further systematic study is
needed to verify this effect.48

■ CONCLUSIONS
We have successfully fabricated an RO membrane patterned
with periodic, submicron TiO2 pillars using a combination of
the sol−gel nanoimpriting and the mLbL assembly methods.
The TiO2-patterned membrane shows improved antifouling
resistance to both organic (BSA) and bacterial (P. aeruginosa)
foulants due to the synergetic effect of surface chemistry and
topography. The presence of a hydrophilic TiO2 layer generally
suppresses attachment of the hydrophobic foulants on the
membrane surface by reducing hydrophobic attraction. The
nanoscale TiO2 pillar pattern further enhances antifouling
performance, depending on the relative foulant size, by
reducing the contact area for microscale bacteria attachment
or by enhancing local shear stress for molecular-scale BSA
adhesion. Our proposed fabrication strategy presents new
opportunities for designing functional membranes and surfaces
having antifouling, anti-adhesion, and self-cleaning abilities
while also providing a model platform for elucidating the
antifouling mechanism.
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Figure 5. (a, b) Contour of the shear stress in the vicinity of the TiO2-
patterned and TiO2-flat membrane surfaces. (c) Local wall shear stress
values as a function of (d) the vertical position of the pillar pattern.
The inset SEM micrograph shows the cross section of the pillar after
fouling test (Scale bar = 100 nm). The dashed line denotes the value
of averaged overall wall shear stress of the TiO2-flat membrane.
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