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Abstract: Polymeric micro-fabricated filters have excellent sieving properties. Their identical
properties such as high surface porosity and perfectly patterned pore structure, which is combined
with mechanical strength make them ideal for many applications such as microorganism removal,
blood filtration and protein purification. To improve the performance of the micro-fabricated filters,
we employed oxygen plasma treatment to increase the surface hydrophilicity and reduce the
membrane fouling during microfiltration. Hydrophilization and integrity of the surfaces were
analyzed by contact angle measurements and topographic imaging with an atomic force microscope
(AFM). Treatment of polymeric membranes with oxygen plasma led to a stable hydrophilization and
an increased surface roughness. The filtration properties of the modified and unmodified membranes
were examined using clay particles. A significant increase in total collected volume of filtrate was
observed for the treated membranes during filtration of simulated drinking water samples using clay
suspension.

1. Introduction

Membranes are receiving increased attention for water treatment and other applications. However, a
major barrier to further incorporation of membrane systems in industrial operations is flux decline
resulting from fouling [1,2]. Membrane fouling refers to deposition of retained particles, colloids,
etc., at the membrane surface or within the membrane pore wall which normally degrades the
membrane's performance [3]. The fouling generally happens by the interaction between the
membrane surface and the foulants, which include inorganic, organic, and biological substances in
many different forms [3,4]. The separation process by membrane is essentially a surface
phenomenon. In particular, the sieving layer plays the vital role. Therefore, it is a natural consequence
to modify membrane surface for reducing the fouling [4].

It is generally accepted that an increase in hydrophilicity offers better fouling resistance because
particles that foul in aqueous media tend to be hydrophobic like: metal colloids, proteins, clays (e.g.,
silicates and alumina) and oily particles (e.g., paraffin, oils and surfactants) [1,4]. Hydrophobic
particles tend to cluster or group together to form colloidal particles because this lowers the interfacial
free energy due to surface area exposure. In addition, hydrophobic particles have a tendency to attach
to any material less hydrophilic than water because less exposure of particles to water can be
achieved; therefore, by increasing the hydrophilicity of the membrane, foulants prefers binding to
water over other materials and less fouling will occur [3,5].
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Plasma treatment is widely used to tune the surface properties of many polymers (e.g. SU-8,
Polyimide and PDMS) to promote adhesion or to enhance wetting properties [6,7]. The stability of
the hydrophilization depends on the intensity of the plasma treatment. Wet chemical processing can
be also employed for surface hydrophilization like etching the polymer surface with ceric ammonium
nitrate (CAN) followed by coating with ethanolamine [7,8].

In this study, we employed oxygen plasma treatment to change the surface properties of our
micro-fabricated membranes (i.e. made form SU-8) in order to increase the surface hydrophilicity and
reduce the fouling during micro-filtration. The measurement details of contact angle, surface
roughness (AFM analysis) and chemical composition of the surface (XPS analysis), both prior and
after the surface modifications, are highlighted. Microfiltration using clay particles confirmed a
significant increase in total collected volume of filtrate for the surface-treated membranes.

2. Material and Methods
2.1 Fabrication of Polymeric Micro/nanofilters

For fabrication of polymeric microfilters, we employed SU-8 (MicroChem corp., Newton, MA)
which is a high contrast, epoxy-based photo-resist with suitable chemical and mechanical properties,
capable of developing thick and multi-level micro-structures in multiple photo-lithographic steps
[9-13].

The schematic representation of the entire fabrication process is illustrated in Figure 1. First, a
standard 4 inch diameter silicon wafer was cleaned carefully in piranha solution for 30 min at 120 °C
to remove any organic contaminations on the wafer surface. After rinsing with DI water and drying
with N, gas, the substrate was dehydrated under vacuum in Suss machine (Delta 150 VPO) for 2
minutes. Then, a thin layer of AZ 7220 (Microchemicals GmbH) photo-resist (i.e. as a sacrificial
layer) was spin-coated on the silicon wafer and cured on a hot plate at 110 °C for 10 minutes (Fig. 1a).
After cooling down the wafer to the room temperature, a 10 um thin layer of SU-8 2010 was
spin-coated on the top of sacrificial layer, followed by soft baking (at 65°C for 1 min, and 95 °C for 5
min) on the hotplate (Fig. 1b). Subsequently, UV-Lithography was processed by Karl Suss MA6
mask aligner (Karl Suss Inc.) in the vacuum contact mode between the silicon wafer and the first
quartz/chrome mask (Fig. 1¢). In order to reduce the pore size, a second layer of SU-8 2010 with 10
um thickness was spin-coated on top of the first layer (Fig. 1d) [10]. After soft baking the second
layer on the hot plate, another quartz/chrome mask with array of strips features was used to transfer
the pattern precisely in the middle of previous features. Accurate and precise alignment was carried
out using microscopes of Karl Suss MA6 mask aligner (Fig. 1e). After exposing the second layer with
the optimum dose, wafer was kept again on the hotplate at 95°C for the post exposure and cooled
down to the room temperature for 10 minutes. After cooling down to the room temperature with slow
ramping, all the SU-8 levels were developed at room temperature in SU-8 developer (MicroChem
corp., Newton, MA) simultaneously (Fig. 1f). The membrane was released from the susbtrate by
dissolving the sacrificial layer inside an aceton bath (Fig. 1g). To support the membrane during
microfiltration and handling, a PMMA support-sheet with 1mm openigns (i.e. made by laser cutting)
was attached to the polymeric membrane with adehsive bonding (Fig. 1h).
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Figure 2(a) shows an optical image of a polymeric membrane (100 mm diameter) fabricated with this
technique. Optical image of a 47mm filter attached to a PMMA support with its housing is also
depicted in figure 2(b). SEM image of the membrane's structure is shown in figure 2(c). With this
technique, we could successfully make polymeric membranes with pore size down to hundreds of
nanometers.
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Figure 1: Fabrication process of polymeric micro-filter, (a) spin coating of sacrificial layer on the Si substrate,
(b) spin coating of the first layer of SU-8, (c) exposure through the first quartz mask (i.e. dark brown areas are
exposed area), (d) spin coating of the second layer of SU-8, (e) exposure through the second quartz mask (i.e.
dark brown areas are exposed area), (f) simultaneous development of both layers, (g) release of membrane
from the Si substrate by dissolving the sacrificial layer, and (h) bonding bond a support layer to the microfilter.
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Figure 2: (a) Optical image of a polymeric membrane after release from the substrate. (b) Optical image of
a 47mm membrane bonded to a PMMA support grid with its housing. (c) SEM images of a multilayer
micro-filter made with multilevel lithography technique [10].

2.2 Oxygen Plasma Tretment

Plasma treatment is widely used to tune the surface properties of many polymers (e.g. PDMS,
PMMA, PC, SU-8 and, etc.) to promote adhesion or to enhance wetting properties [14]. Plasma
treatment involves using plasma in the presence of oxygen to form peroxides on the surface of the
polymer. The peroxides then decompose to form oxygen-containing radical groups such as
hydroxyls, carbonyls, or carboxyls [7,14,15,16].

For oxygen plasma treatment of our samples, we used Harrick plasma cleaner (model: PDC-002) with
an oxygen pressure of 0.4 mbar at power of 30 W. The treatment was carried out for different time
(from 1 to 8min) in order to investigate the effect of plasma intensity on the membrane’s
hydrophilicity. Figure 3 displays the static contact angle (Ultrapure water, 18.2 MQcm) directly after
surface treatment of SU-8 samples which was measured using a goniometer (Kriiss GmbH,
Germany). The sessile drop method was used to determine the static contact angle and the results are
averages over three measurements on each sample. We found that the plasma treatment can
significantly enhance the wettability of micro-fabricated filters.

Surface roughness of modified and unmodified samples was measured by atomic force microscopy
(AFM) in a tapping mode (Dimension 3000 SPM, Veeco, Santa Barbara, CA). Silicon cantilevers
with a nominal resonance frequency of 300 kHz were used in all the measurements. Images were
processed using SPIP 4.5 (Image Metrology A/S, Lyngby, Denmark). It should be noted that
roughness measurements by AFM can be affected by the choice of scan range and tip geometry
[8,17]. To eliminate effects due to varying scan size, all images were taken at a scan size of 0.5um x
0.5 pm with 512 x 512 pixel’.
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Figure 4 shows the surface topography of a modified and unmodified sample with their
corresponding contact angles. Untreated SU-8 sample exhibits a very smooth surface with a rms
roughness of 0.3 + 0.02 nm and a total height variation of only 4 nm while treated sample (8 min O,
plasma) shows rms roughness of around 4.5 + 0.7 nm and total height variation of around 27 nm,
which confirm that rms roughness was increased with plasma treatment [8,15].

X-ray photoelectron spectroscopy (XPS) measurements were also performed to study the chemical
composition of the modified and unmodified samples. Analysis have been done by a PHI 5000 Versa
Probe spectrometer (ULVAC-PHI, INC., US) equipped with a 180° spherical capacitor energy
analyzer and a multichannel detection system with 16 channels. The atomic elemental composition is
summarized in Table 1.

For an untreated SU-8 sample, the main two elements found to be oxygen and carbon which can be
expected from an aromatic polyether material such as SU-8 [8,14,16]. Presence of small percentages
of antimony near the detection limit of XPS was also observed, which normally occurred after plasma
treatment .
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Figure 3: Contact angles of samples directly after treatment with O, plasma.
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Figure 4: Contact angle and topographic AFM images of SU-8 (0.5umx0.5um), (a) untreated surface, (b)
treated surface with O, plasma for 8 min. The scale was set to the maximum peak to valley distance in each
image as shown.

Table 1: XPS chemical analysis of the modified and unmodified samples. Concentrations are given in relative
atomic percent (rel. at.%).

Carbon (at%) Oxygen (at%) Nitrogen (at%) Antimony (at%)
Untreated 84.0 16.0 0.0 0.0
Treated 67.0 30.0 1.0 2.0
(8 min)

Survey spectra for untreated and treated SU-8 samples are displayed in figure 5. The high-resolution
spectrum of the C 1Is region in figure 5 (i.e. close-up) displays the changes in the surface chemistry
after plasma O, treatment. Two main components, aromatic carbon (C-C) at 284.8 eV, ether carbon
(C-0) at 286.5 eV can be seen clearly in the figure 5. Presence of additional components at 289 eV is
due to formation of carboxylic acids and aldehyde groups which generated after plasma treatment [§].
It is also evidence that the amount of aromatic C-C groups is reduced in the detailed spectrum.
Antimony which was observed in the chemical analysis is most probably in the form of Sb,Os which
normally generated by etching of carbonaceous species during the plasma process [15]. The survey
spectrum also shows that the peak related to the oxygen is also increased after plasma treatment.
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Figure 5: XPS survey and detail spectra of an untreated and treated SU-8 sample with O, plasma. The close-up
view shows the C 1s high resolution detail spectra.

3. Results and Discussion

3.1 Stability of Modification

In the previous sections, a method for fabrication of polymeric micro/nano-filters has been explained.
Surface modification of the micro-fabricated filters was also carried out using oxygen plasma
treatment. Hydrophilization of membrane’s surface can be one of the requirements for the desired
application; however, stability is also a very important parameter that must be taken into account
[7,18]. Therefore, we measured the contact angles of the modified membranes as a function of storage
time. The samples were stored in the air environment inside petri dishes, without further treatment.
After analysis of different samples and measuring the related contact angles, it was realized that
polymeric samples treated with plasma have a good stabilities where samples showed a moderate
recovery to hydrophobic state (0 changed from 9°4+3° to 29°+4°) [8]. Figure 6 shows the summary of
the measurements.
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Figure 6: Contact angles as a function of storage time for treated samples stored in air for a period of
one month.

3.2 Microfiltration Using Modified Microfilters

Microfiltration (MF) has been used widely as a pretreatment step prior to UF/NF or RO process in
industry for removal of large particles in the range of 0.1 to 10 um [1,3]. The most important
constituents of natural waters are clays such as kaolin (aluminum silicate) and other inorganic and
particulate materials with size in the range of 0.1 to 5 um, which must be removed by microfilters
before further purification with RO/NF process. For this purpose, the clay suspension was prepared
by adding approximately 1.0 g of kaolin particles (0.1-5.0 pum, Sigma Aldrich) to 2 L of ultrapure
water (18.2 MQcm) containing 0.2 Mm NaHCO; and 0.3 mM CaCl (i.e. pH = 7.5). Then, solution
was filtered through the micro-fabricated filters (i.e. both modified and unmodified, 2 pm pore size)
with a cross-flow filtration test rig. The clean water flux of both unmodified modified filters was
measured in the pressure range of 20-30 kPa at 20 + 2°C before any clay filtration. It should be noted
that fouling without any backflushing or air sparging is independent of the membrane surface
properties because it normally caused by particle aggregate deposition [18,19]. This phenomenon has
been already observed with many authors for filtration of clay or protein via membranes with
different properties [1,3,19]. To solve this problem, we applied periodic back-washing using a
peristaltic pump at 20 kPa pressure during filtration process.

Figure 7 shows the results of microfiltration with clay feed solution for two different membranes
without using intermediate backflushing. As shown in figure 7, the flux decreased quickly for both
membranes due to fouling. For both membranes, the flux decline rate is almost the same after around
60 min filtration without back-washing. It is expected that the fouling is primarily due to physical
deposition of the clay particles on the membrane surfaces, which is not strongly dependent on the
membrane surface chemistry [19].
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To determine the effectiveness of surface modification in membrane fouling reduction, the
combination of surface modification and back-washing was employed. Figure 8 shows the permeate
volume versus time for both membranes using intermediate back-washing during the filtration
process. It can be seen that a great improvement in collected volume of modified membrane was
obtained with back-washing.

These results suggest that the adhesive hydrophobic interactions are stronger than the hydrophilic
ones [20] between the clay particles and the membrane surfaces. Therefore, the clay particles are
more easily lifted off the modified membrane during each back-washing. It should be noted that
membrane fouling related to many factors such as membrane properties (i.e. pore size, material,
hydrophilicity/hydrophobicity and, etc.), solution properties (i.e. concentration, particle size, and,
etc.) as well as operation conditions (i.e. pH, temperature, flow rate and, etc.) which all need to be
take into account during a filtration process [1-3]. Figure 9 shows optical images of a membrane
before and after filtration of clay particles. After careful inspection of the membrane surface, it was
realized that some deposits were present in different zones. However, the deposition was not
extensive and most of the holes remained open for water penetration.

—&—— unmodified membrane
—i—— modified membrane
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Figure 7: Normalized flux vs. time for filtration of clay solution under 30 kPa pressure without any
back-washing.
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Figure 8: Permeate volume vs. time for filtration of clay solution under 30 kPa pressure with
back-washing of both modified and unmodified membranes.
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Figure 9: Optical images of a membrane (a) before and (b) after filtration of clay particles.

4. Conclusion

If the colloids and the membrane surface have opposite hydrophobicity, the colloids may be repelled
by the membrane. Therefore, many membranes for drinking water treatment are made hydrophilic,
which has the advantage of high membrane permeability and low affinity with the aromatic foulants.
In this study, we have employed oxygen plasma treatment strategy to change the surface properties
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of the micro-fabricated filters and render them hydrophilic. The measurement details of contact angle,
surface roughness (AFM analysis) and chemical composition of the surface (XPS analysis), both
prior and after the surface modifications are highlighted. It was found that polymeric samples treated
with oxygen plasma have a good stabilities where samples showed a moderate recovery to
hydrophobic state. In addition, microfiltration using clay particles confirmed a significant increase in
the total collected volume of filtrate for the surface-treated membranes.
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