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a b s t r a c t

Imparting water treatment membrane with surface pattern by nanoimprint offered a novel approach to
fouling resistance. We employed nanoimprint to fabricate line-shape nanostructure on membrane
distillation (MD) membrane surface. Patterned MD membrane exhibited strong antifouling property to
Bovine Serum Albumin (BSA) protein during MD separation. Water flux decline and protein deposition
were substantially minimized on the patterned MD membrane in comparison with the pristine one. Such
lower fouling propensity on the patterned MD membrane was mainly driven by the weak hydrophobic
interaction between BSA protein and patterned MD membrane surface. Weaker adhesion force mapping
of the patterned MD membrane was quantified. Representative force-distance curve of pristine MD
membrane showed a strong attractive depletion force comparing with that of patterned one. The simple,
chemical-free, and scalable nanofabrication approach enables varying designs on membrane surface for
special membrane properties.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Membrane-based treatment technologies play a key role in
water purification and desalination by producing high quality
permeate in a small footprint in an energy-efficient manner
(Werber et al., 2016; Xie et al., 2016). However, the sustainability
and performance of membrane filtration was hindered by mem-
brane fouling, an accumulation of foulants on the membrane sur-
face or within membrane pores (Guo et al., 2012). Severe fouling
substantially deteriorates membrane performance in water pro-
duction, which has been recognised as the Achilles’ heel for water
treatment membranes. As a result, the success and sustainability of
membrane operation depends on careful management and effec-
tive mitigation of membrane fouling.

Nanoimprint, a simple and versatile nanofabrication technique,
is able to manufacture structures from micro-to nano-scale on
material surface, with a wide range of applications from photonics
(Li et al., 2000), micro- and nano-fluidics (Lee et al., 2011), to chip-
based sensors (Guo, 2007; Zankovych et al., 2001). Over the last
decade, nanoimprint fabrication allow production of structured

surfaces with greater geometrical complexity (del Campo and Arzt,
2008), for example, patterned polymer with elongated features in
the vertical dimension, exhibiting several hierarchy levels, or in
intricate tilted, suspended, or curved three-dimensional arrange-
ments. These patterned features allow for biosensors with
increased sensitivity, or surfaces with controlled adhesion, non-
biofouling coatings for undersea pipelines.

Such nanofabrication technique can be innovatively applied to
water treatment membrane surface. Imparting membrane surface
with highly ordered features can potentially advance membrane
fouling mitigation (Ding et al., 2017). For instance, Maruf et al.,
(2013) patterned an ultrafiltration membrane and reported a
higher critical flux for colloidal particle fouling. Rickman and co-
authors also used nanoimprint on nanofiltration membrane for
bovine serum albumin (BSA) fouling mitigation (Rickman et al.,
2017).

Prior studies showed that patterned membranes demonstrated
strong fouling resistance to various colloidal fouling. However, the
underlying mechanisms for this superior performance remained
unclear. It was suggested that presence of surface patterns can alter
the flow profile and local streamlines in the vicinity of the patterns,
exhibiting an oriented fouling region as a function of the pattern
feature. Brownian dynamics simulation showed a reduced particle* Corresponding author.
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deposition on the apex of the surface pattern (Jung et al., 2015).
However, additional factors that contributing to the mitigation of
foulant deposition should be considered, particularly the surface
force interactions between macromolecular compound with
membrane surface.

In this paper, we examined BSA protein fouling of patterned
membranes in membrane distillation (MD). Nanoimprint was
adopted to fabricate MD membrane with line pattern on the
membrane surface. Both patterned and pristine membranes were
subjected to BSA protein fouling by quantifying water flux decline
and the amount of protein deposited onto the membrane. The
protein-fouled MD membrane was imaged by confocal microscope
to visualize the spatial distribution of BSA protein on themembrane
surface. We also used atomic force microscopy to map the adhesion
force between BSA protein and the membrane surface. Micro-scale
adhesion force maps were compared between the pristine and
patterned MD membranes in order to elucidate the role of surface
pattern on the foulant-membrane interaction.

2. Materials and methods

2.1. Fabrication and characterisations of patterned membrane

A flat-sheet, commercial polytetrafluoroethylene (PTFE) mem-
brane (Durapore, Millipore) with a nominal pore size of 0.45 mm
was used for the experiments. Membrane surface pattern was
achieved with an EVG 510 nanoimprinter (E. Thallner GmbH, Ger-
many). For nanoimprint, the PTFE membrane was placed on nickel
substrate to ensure an even temperature. The silicon mask used for
the patterning was obtained from LightSmyth Technologies (SNC-
C16.5-2924-100S, Eugene, OR, USA), with parallel line grating
feature, with a nominal periodicity of 606 nm, groove depth of
100 nm, and a line-to-space ratio of 1:1 (Fig. S1, Supplementary
Data). The silicon mask was cleaned with acetone prior to the
fabrication to clean off any debris fromprevious use. Patterningwas
carried out at 90 �C with a pressure of 1 MPa for 120 s, and the
silicon mask was separated from the membrane samples at 35 �C.
The pressure (i.e., piston force) and temperature were closely
monitored during the nanoimprint to ensure sufficient surface
patterns. Both surface-patterned and pristine membranes were
used in the membrane distillation process.

The patterned membrane morphology was examined by scan-
ning electron microscopy (SEM) (JEOL JCM-6000, Tokyo, Japan).
Prior to the SEM measurement, air-dried membrane samples were
coated with an ultra-thin layer of gold using a sputter coater. The
membrane surface pattern was also resolved by atomic force mi-
croscopy (AFM) (Asylum MFP-3D, Asylum Research, Santa Barbara,
CA). AFM imaging was performed using tapping mode under
ambient conditions with silicon cantilever probe tips.

2.2. Filtration apparatus and membrane fouling protocol

Direct contact MD (DCMD) experiments were conducted using a
closed-loop, bench-scalemembrane test apparatus (Qin et al., 2017;
Xie et al., 2017). The membrane cell was made of acrylic plastic to
minimize heat loss to the surroundings. The flow channels were
engraved in each of two acrylic blocks that made up the feed and
permeate semi-cells. Each channel was 0.3 cm deep, 1.5 cm wide,
and 1.5 cm long; and the total active membrane area was 2.25 cm2.

Temperatures of feed and distillate solutions were controlled by
two heater/chillers (Polyscience, IL, USA), and were continuously
recorded by temperature sensors that were inserted at the inlet and
outlet of the membrane cell. Both feed and distillate streams were
co-currently circulated by two gear pumps at the same crossflow
rate of 400 mL min�1 in order to minimize the pressure difference

across the MD membrane. Weight change of the distillate tank was
recorded by an electronic balance (Mettler Toledo, OH, USA) with a
data logger. All piping used in the DCMD test unit was covered with
insulation foam to minimize heat loss.

MD fouling experiments were conducted using 50 mg/L BSA in
0.5 M NaCl feed. Feed and distillate volumes of four and 1 L were
used, respectively. Temperate of inlet feed solutionwas 50 �C; while
that of the distillate inlet streamwas 20 �C in all experiments. Both
surface-patterned and pristine membranes were used for fouling
tests. Conductivity of the distillate was measured by a conductivity
meter (HQ14d, Hach, CO) every 30 min. The MD filtration experi-
ment was terminated when water flux decline was beyond 50% of
the initial water flux, corresponding to attainment of approxi-
mately 1200 mL permeate. At the conclusion of each experiment,
the membrane was removed from the membrane cell and was kept
in a desiccator for subsequent characterisation.

2.3. Fouling layer imaging and quantification

Membrane subsections were cut (0.5 cm � 0.5 cm) from the
centre of the BSA-fouled MD membrane and suspended in 5 mL
Phosphate-buffered saline solution. Vigorous probe sonication was
used to fully extract the BSA protein from the membrane surface.
Themembranewas subjected to probe sonication on ice (three 30-s
cycles) using an ultra-cell disruptor. An aliquot of the solution was
then collected for protein quantification using BCA protein assay kit
(Thermo Scientific, IL).

The BSA-fouled MD membrane was also stained with fluores-
cent dye Nile Red (Sigma Aldrich, Castle Hill) to label the non-polar
chain of BSA protein (Hawe et al., 2008). The staining was con-
ducted for 30 min in dark. The staining with Nile Red could
potentially reduce the non-specific staining, thereby enhancing the
sensitivity of the confocal analysis. The BSA-fouled samples were
rinsed three times with PBS solution to remove any unbound stains,
and was fixed onto a microscopic side with a cover slip being
applied rapidly without excessive pressure.

Confocal images were captured using a confocal laser scanning
microscope (Zeiss LSM 510, Carl Zeiss, Inc.) equipped with a
20 � numerical aperture objective. Nile Red was excited with the
488 nm argon laser and the filter set to collect the emitted light at
509 nm. A minimum of three Z stack random fields
(600 mm � 600 mm) were collected for each sample, with a slice
thickness of 3 mm, using ZEN (Carl Zeiss, Inc.) to obtain represen-
tative ortho-images of BSA-fouled MD membrane.

2.4. Adhesion force measurement

To compare the adhesion force between BSA protein with
surface-patterned membrane and pristine membrane, direct force
measurements were conducted using an Asylum MFP-3D atomic
force microscope mounted on an inverted microscope (Nikon Ti-
2000). The AFM was insulated into vibration-free, temperature-
constant chamber to minimize thermal drift of the cantilever dur-
ing the force measurements. Contact mode cantilevers with
spherical silicon colloidal tip (Veeco, Santa Barbara, CA) were used.
The colloidal probe was immersed into BSA solution (1 g L�1)
overnight and then dried in the gel box. The spring constant of the
cantilever was measured via the Hutter and Bechhoefer method. To
confirm the success of probemodification by BSA, we compared the
resonant frequency and spring constant of the probe cantilever,
respectively. Indeed, we observed a shift in resonant frequency of
the colloidal probe cantilever after the BSA protein modification
from 12.2 to 16.9 kHz (Fig. S2, Supplementary Data), and the spring
constant changed from 204.73 to 244.61 pN/nm.

The measurements were conducted within a fluidic cell (MFP-
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