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Abstract

Lasers are used to modify the surface morphology, crystallinity, chemical composition, reactivity
and resistivity of polymer surfaces. In this work, several cellulose acetate membranes were ex-
posed by ArF excimer laser, 193 nm, at 2 - 20 UV pulses, with 100 - 350 mJ/pulse energy, at 1 Hz
pulse repetition rate. Characterization techniques viz. Fourier transform infra-red spectroscopy
(FTIR), Contact angle measurement, Scanning electron microscopy (SEM), Atomic force microsco-
py (AFM) with roughness analysis, Water Flux measurement was exploited to understand the in-
duced changes in the surface properties of the polymer. The contact angle measurement was done
here, to determine hydrophilicity of the irradiated polymer at various doses. The frequency de-
pendent dielectric behavior was studied both in reference and irradiated samples in the frequen-
cy range from 75 KHz - 30 MHz. Results showed that the morphological surface changes with laser
irradiation, and the water contact angle alters as the surface of the membrane is modified.
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1. Introduction

Polymeric materials for microfiltration membranes cover a wide range, from relatively hydrophilic to very hy-
drophobic material. Typical hydrophilic materials are polysulfone (PS), poly(ether sulfone) (PES), cellulose (CE)
and cellulose acetate (CA), polyamide (PAm), polyimide (PI), and polycarbonate (PC). Typical hydrophobic
materials are polyethylene (PE), polypropylene (PP), Teflon (PTFE) and polyvinylidene fluride (PVDF). Hy-
drophobic membranes do not allow penetration of water into the pore, unless the transmembrane pressure drops,
reaching a threshold called the liquid entry pressure of water. The performance of membranes depends on their
properties that may be quantified by membrane characterization. The characterization normally concerns with,
for example, bulk membrane polymer, membrane surface, pore size and pore distribution. It should be empha-
sized that the properties of the membrane surface strongly affect membrane performance. Contact angle is often
used as a measure of surface hydrophilicity or hydrophobicity. Moreover, X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared spectroscopy (FTIR) provides the data on compositions at the membrane
surface. Recently, attentions have been focused on the nodular structure as well as the roughness of the mem-
brane surface that can be measured by atomic force microscopy (AFM) [1]. Development of laser-assisted mod-
ification of polymer surfaces is rapidly growing and the method has gained considerable interest among scien-
tists in the past decade. A substantial several experiments and studies have been carried out by using a laser to
alter the surface property of materials. Interaction of UV laser pulses with polymers and biological tissues led to
a discovery in 1982 of ablative photo decomposition that resulted in the break-up of the structure of organic sol-
id by the photons and the expulsion of the fragments at supersonic velocities [2]. UV laser ablation of polymers
can be efficiently done by various excimer lasers such as XeF (350 nm), XeCl (308 nm), KrF (248 nm) and ArF
(193 nm) as well as laser with shortest UV wavelength i.e. molecular fluorine laser (157 nm) [3] [4]. Many stu-
dies have also examined the stability of different polymers under UV and IR light, for example [5]-[11]. The
polymers investigated included polymethylmethacrylate (PMMA), PVC, polypropylene (PP) and polycarbonate
(PC). Interestingly, the UV ablation of polymers by excimer lasers created a difference in stable microstructure
on polymer surfaces. The characteristic scale sizes and morphology of the formed structure are dependent on la-
ser wavelength as well as the ablation threshold, the numbers of pulses and kind of polymer [2]. The submicron
structure is initiated due to particulate intrinsic impurities in the polymer, which act as masks that shadow the
etching process for material underneath [4]. Materials that are irradiated with short high-intensity laser pulses
show a number of common features: Significant surface ablation is observed only if the laser fluence F, exceeds
a certain threshold fluence Fy,. Correspondingly, the experimental observations made with quite different mate-
rials can be classified into regimes F < Fy,, F > Fy, and F >> Fy,. Pre-ablation (F < Fy,), which does not measura-
bly etch the material surface but substantial modification can be permanently induced. Slow ablation (F > Fy)
and etching starts. Fast ablation (F >> Fy,) leading to a constant ablation rate with less surface modification. Etch
rates start to increase at fluencies greater than Fy,, UV radiation, like most optical radiations, is absorbed very
superficially and the penetration depth in polymer becomes generally fewer than 1 mm. For UVC, it is limited to
a few layers of polymeric chains where the spectral region is 100 - 280 nm including ArF and KrF laser lines as
well [12].

Laser treatment of materials offers advantages over both chemical and other physical methods. They enable
precise modification of certain surfaces that are difficult to treat with conventional chemical methods. The re-
sulting modified surfaces are free from contamination often and, most importantly, the bulk properties of the
material remain intact. The UV laser photoablation methods used for the production of miniaturized liquid han-
dling systems on polymer substrate chips. The fabrication of fluid channel and reservoir networks is accom-
plished by firing 200 mJ/pulses from a UV excimer laser at substrates moving in predefined computer controlled
patterns. This method was used for producing channels in Polystyrene, PC and CA. Relative to original polymer
samples, photoablated polymer surfaces showed an increase in their hydrophilcity [13]. In polymers, pulsed CO,
laser inducing surface modification of polyethylene terephthalate (PET) membrane has been investigated and it
was found that the morphology and contact angle changed with laser irradiation at various wavelengths and laser
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pulses [14]. The surface of poly (e-caprolactone) (PLC) membrane have been modified using excimer laser and
Ti:Sapphire femtosecond laser, decreasing the water contact angle of the membrane [15]. The surface properties
of collagen and collagen/poly(vinyl pyrrolidone) (PVP) films after KrF excimer laser irradiation (1 = 248 nm)
were investigated [16]. The method using ArF excimer laser was also successful even in polycarbonate film of
250 pm thicknesses, which its morphological changes with the enhanced wetting [17].

In this work, ablation experiments using ArF excimer laser (193 nm) were carried out to modify the CA
membrane surface. Variations of laser parameters such as pulse energy and laser dose were investigated. Cha-
racterization techniques using atomic force microscopy, scanning electron microscopy and water contact angle
measurements were studied.

2. Experimental
2.1. Materials and Methods

We have utilized Cellulose Acetate membranes of 47 mm diameter, 128 pum thick and 200 nm mean pore size,
manufactured by (Sartorius) as a target. The excimer laser (Lambda Physik™, LPX 210) of 193 nm, 350
mJ/pulse, and 15 ns pulse duration was used at 1 - 10 Hz pulse repetition rate, as the coherent UV source.

2.2. Membrane Characterization

The membrane morphology has been studied using an Atomic force microscope (Nanowizard, JPK, Germany)
and a scanning electron microscope (Philips SEM model XL30). Scanning electron microscope with secondary
electron detector (SE) is used to observe the surface of detector precisely. The polymeric surface usually has no
electrical conductance; hence a 10 - 15 nm gold layer must be provided by sputter coating, to remove electros-
tatic charge from the surface due to electron beam radiation. In Atomic Force Microscopy (AFM) the topogra-
phy is mapped out by measuring the mechanical force exerted on the tip due to the tip—surface interaction.
AFM has the capability to determine the surface structure of conducting and insulating materials. Both tech-
niques can be used in a vacuum, in air and in liquids. Digital monitoring of surface topography makes it possible
to estimate the surface roughness by means of the two parameters: R, (denoted also as RMS) and R, (mean
roughness) [18].

Surface hydrophobicity and wettability of membranes were evaluated from contact angle measurements by
(Kruss G10) goniometer equipped with image analysis software. The sessile drop method is basically and opti-
cal contact angle method, which is the most frequented, used method to estimate wetting properties of a solid
surface a droplet of distilled water was deposited on the membrane surface with a precision syringe. The method
is based on image processing and curve fitting to contact angle measurement from theoretical meridian drop
profile, measuring contact angle between the baseline of drop and the tangent at drop boundary. Video acquisi-
tion of a magnified image of drop profiles is conveyed to a computer via a CCD camera, which enables to quan-
tify changes in droplet shape recorded as digital images over time. The contact angles were measured on both
sides of the drop and averaged. The FTIR spectra of all samples were recorded in the wave number range of 400 -
4000 cm* using a Shimadzu FTIR spectrophotometer 8300.

Precision LCR meter Agilent 4258A with Agilent 16451b Dielectric Test Fixture at various frequencies from
75 kHz - 30 MHz with 1 MHz steps is used to determine the dielectric constant for reference membrane and la-
ser treated ones. The resistivity of the material was calculated using equation p = A/(2afC,D;) (Qm) and dielec-
tric permittivity ¢ = C,/Co, where C, is the capacitance measured using an LCR meter, f the frequency, D dielec-
tric loss and the C, the vacuum capacitance = g, A/t, A and t are the cross-sectional area of the electrode and
thickness of the sample, respectively. ¢, is the permittivity of vacuum to be equivalent to 8.85 x 10 ** (F/m)
[19].

Experiments were carried out using distilled water as a feed and permeate volume was collected under various
applied pressures. The untreated and treated membranes were placed on a support using a dead-end filtering se-
tup. In a preliminary study, water absorption of the membrane was measured. It was found to last ~20 min be-
fore the water content in the membrane reaches to maximal levels. Each one was immersed in distilled water for
at least one hour to assure us that any change in flux measurement was quite independent of this water swelling
property. According to the Hagenpoissuille equation, the hydraulic permeability coefficient (L) can be obtained
from the slope of the graph between the flux (J) and the applied pressure (AP) according to J = L AP [20] [21].
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3. Results and Discussion

Cellulose acetate membranes were chosen for the laser treatment. They were exposed to ArF excimer laser at
various UV doses or pulses with the pulse energy of 350 mJ/pulse, at 1 Hz pulse repetition rate (Figure 1).

3.1. SEM and AFM

Figure 2 and Figure 3 illustrate SEM and AFM micrographs of the untreated CA membranes and laser treated
ones at various laser pulses. The UV laser induced effects on the CA surface in terms of laser exposure condi-
tion. Untreated membrane (Figure 2(a)) and treated (Figures 2(b)-(e)) show results from the same energy per
pulse (same fluence) but differences in pulse numbers. It is obviously seen that the polymer surface undergoes
the formation of the microstructure at higher UV doses. Untreated membrane in Figure 3(a) shows similar
morphology due to low dose (laser fluence smaller than threshold fluence). Figures 3(b)-(e) show the treated
membranes. At high fluences in Figure 3(e), significant changes in surface morphology are observed.

In order to study membrane pore size, scanning electron microscopy was used and SEM micrographs are
compared as shown in Figure 2. As is seen, laser pulses ~ 4 (0.56 J/cm? laser dose) above threshold fluence
causes the pores to shrink.

When the pulse numbers increased to 12 (1.68 J/cm? laser dose) and 20 (2.8 J/cm? laser dose), most pores are
gradually covered by the melt CA. Table 1 lists roughness analysis (R, = RMS roughness, R, = Average rough-
ness, R, = Peak-to-valley roughness) in 10 x 10 um? physical size of reference and treated membranes from
AFM images.

3.2. Contact Angle Measurement

Contact angle was measured as a function of UV laser pulses at 350 mJ/pulse and it is plotted, as shown in

Figure 4.
Membrane \
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Figure 1. Schematic set up for irradiation on cellulose acetate membrane.
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Figure 2. SEM micrographs of membranes (a) the untreated sample, (b) 2 pulses, 0.28 J/cm?, (c) 4 pulses, 0.56 J/cm?,
(d) 8 Pulses, 1.12 J/cm?, (e) 20 Pulses, 2.8 J/cm?.
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Figure 3. AFM micrographs of membranes (a) the untreated sample, (b) 4 pulses, 0.56 J/lcm?, (c) 8 pulses, 1.12 J/cm?, (d) 12
pulses, 1.68 J/cm?, (e) 20 pulses, 2.8 J/cm?.
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Figure 4. Contact angle measurement as a function of laser pulses.

Table 1. Roughness analysis of cellulose acetate membrane from

AFM images.
N ee o Rem) ReGm) Reum)
0 (Reference) 866.1 1.078 4.530
4 859.3 1.064 4.391
8 743.8 0.935 4.848
12 981.2 1.2 5.170
20 848.7 1.021 5.210

The smaller contact angle is corresponding to the greater UV doses. At higher doses, probably changes in
surface morphology led to higher hydrophilicity of the membrane. Contact angle for untreated membrane is in
agreement with the results reported by (Murtinho et al.) [22].
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3.3. FTIR Spectroscopy

FTIR has often been used as a useful tool in determining specific functional groups or chemical bonds that exist
in a material. The presence of a peak at a specific wave number would indicate the presence of a specific chem-
ical bond. In Figure 5, no significant alteration was observed comparing to the untreated membrane and laser
treated ones. The vibration of the carbonyl group at 1720 cm * is very intense as well as the bands associated
with the C-O vibration of the acetyl group (1240 cm™). Additional vibrations can be assigned to the -CH; moie-
ty of the acetyl group and two other aliphatic (CH and CH,) groups included in the chain. Most important for us
are the decrease of the relative intensity of the -OH (3470 cm ™) and the increase in the absorbance of the -CH,-
group (2944 and 2885 cm ). The Typical effects of degradation processes, such as chain scission and cross-
linking, explain the physical properties of irradiated polymer.

In general, an increase in tensile strength, modulus, hardness and density is interpreted as indicating a predo-
minance of the cross-linking associated with chain scission processes [3]. By increasing laser pulses probably
CA membrane surface can be reinforced by cross-linking.

3.4. Dielectric Response

Figure 6 shows dielectric constant versus frequency for reference membrane sample and laser treated mem-
branes. After laser treatment CA membrane dielectric constant reduces, it means the pore diameter of membrane
increases. AC electrical resistivity versus frequency for untreated Cellulose Acetate and laser treated membrane
is shown in Figure 7. It was observed that resistivity decreases with increasing frequency.

The dielectric loss is the power dissipated in a dielectric as heat when the dielectric is exposed to an electric
field. Dielectric loss tangent (tand) is defined as a ratio of energy lost or dissipated per cycle to the energy stored.
It was measured directly using an LRC meter/impedance gain phase analyzer. Figure 8 represents the dielectric
loss versus frequency for the reference and irradiated samples. It is observed that the dielectric loss increases
exponentially with the increasing the frequency.

3.5. Water Flux Measurement

In a preliminary study, the membrane could stand a compressive pressure in dead end testing up to 250 kPa
without breaking. This is equivalent to a compressive force nearly 380 N. On a permeated volume of distilled
water, Figure 9 shows a tendency of relations between the flux and the applied pressure for all membranes. For
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Figure 5. FTIR spectrum of untreated (Reference) and laser treated CA membranes.
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Figure 6. Dielectric constant versus frequency for untreated and
treated CA membranes.
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Figure 7. AC electrical resistivity versus frequency for untreated
and treated CA membranes.
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Figure 8. Plot of dielectric loss versus frequency for untreated and
treated CA membranes.
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Figure 9. Effect of ArF laser treatment of Cellulose acetate mem-
branes on water fluxes.

high laser doses or pulses, the water flux decreases too. The high value of the water flux and decreases it in ref-
erence membrane due to compression of pores under pressure. Polymer cross-linking occurs after laser treatment
of membranes, and most pores are gradually covered with the melted cellulose acetate. Hence, water flux of ir-
radiated membranes was decreased compared to the reference one. For treating membranes at higher laser pulses,
the water flux decreases too, but no significant changes in water flux were observed with pressure rise. It means
no change in compression of the pores has occurred; hence there is a mechanical stability for treating mem-
branes.

4. Conclusions

AFM micrographs reveal the formation of the microstructure after UV laser irradiation. On the other hand, re-
sults obtained from SEM micrographs show fluence above the threshold value causes shrinkage of membrane
pore size and the pores were covered up due to CA melting if the fluence was further increased.

Contact angle measurements have been done to investigate the wettebility changes on CA membrane based on
excimer laser treatment. It indicates a hydrophilicity improvement at higher UV doses. Results showed that the
morphological surface changes with laser exposure, and the water contact angle decreases as the surface of the
membrane is modified. The decrease suggests that hydrophilicity of modified membrane surface by laser irradi-
ation increases in untreated membrane. It indicates that probably skin cross-linking occurs to harden the surface.
The growth in tand and thus decrease in resistivity is brought about by an increase in the conduction of resi-
dual current and absorption current.
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