Preparation of Polysulfone and Polyethylene Membrane and
Surface Modification by Plasma and UV Radiation for
Oxygen/Nitrogen and Carbon dioxide/Methane

Gas Separation.

Sutthisa Konruang

A Thesis Submitted in Fulfillment of the Requirements for the
Degree of Doctor of Philosophy in Physics
Prince of Songkla University
2014
Copyright of Prince of Songkla University



Thesis Title

Preparation of Polysulfone and Polyethylene Membrane and

Surface Modification by Plasma and UV Radiation for

Oxygen/Nitrogen and Carbon dioxide/Methane Gas Separation.

Author

Major Program Physics

Miss Sutthisa Konruang

Major Advisor :

(Assoc. Prof. Dr. Thawat Chittrakarn)

Co-advisor :

(Dr. Suksawat Sirijarukul)

Examining Committee :

................................. Chairperson
(Assoc. Prof. Dr. Poonpong Boonbrahm)

(Assoc. Prof. Dr. Wirote Youravong)

The Graduate School, Prince of Songkla University, has approved this

thesis as fulfillment of the requirements for the Phd of Science Degree in Physics

(Assoc. Prof. Dr. Teerapol Srichana)

Dean of Graduate School



This is to certify that work here submitted is the result of the candidate’s own

investigation. Due acknowledgement has been made of any assistance received.

reeeeenen.Slgnature
(Assoc. Prof. Dr. Thawat Chittrakarn)
Major Advisor

ceereeen.Slgnature

(Miss Sutthisa Konruang)
Candidate



| hereby certify that this work has not been accepted in substance for any degree, and

is not being currently submitted in candidature for any degree.

ceereeenSlignature
(Miss Sutthisa Konruang)
Candidate



[S))

4' a d =) A a 4 Aa o a Aan [

BOINSTUNWUD MseseNonealNesnoasa lluLaznoaeNau Lm%fﬂiﬂiﬁﬂjﬂ
a a o o ) @ 4
N’J@S]J’JEJLVIﬂuﬂ‘V]N‘WEHET?J1LLﬁ%i\i%@ﬂ@iTll]IﬂLaﬁﬁTViiﬂﬂTiLLﬂﬂLLﬂﬁ

Aa o J A
pondau/luTasau uay asuou lavon e/ Amu

Y A a 9 A
A1lerny UNANGNTY NOUF04
TN fand

Umsanm 2552

UNAALD

g Y A 1 A o a as 9 a
msmamu”lmmfmuwummmﬂwawaiﬂmmzTwm@maumﬂmﬂuﬂms
d‘ [ a a Jd o w g‘/ Y o [ a ]
Waswlea taznsnasesn 1N uUARes ANEIAL mﬂuu"lﬂmmsﬂmﬂgﬂmmamwuﬂsm
9 v a A (2 4 A = o A [ wAa =<
AIYIITYI UASNATTNIVDINTADITNDOU LW’f)ﬁﬂ“kl1Wa‘llENﬂ13ﬂ3ﬂﬂ§ﬂﬂ3ﬁﬂﬁhﬂﬁ1ﬂﬂ1i“ﬁh

] (94 9y & a 14 4
AIULazMsHEnunaveuNysu lag lsundeongiou "luimmu ﬂ'liﬂ@uulﬂf]f]ﬂ]l%'ﬂ uag

a A

=} =} 1 = 1 Y] a 1 9 Y]
WU nsflvesurunsoeInasa Iy W‘U’NﬂTS‘}JS‘UﬂEQW’J‘llﬂ\‘llmuﬂiﬂ\‘]ﬂ’wi\‘]ﬁﬂﬁ uag

U

)

2] @ J 1 a
WﬁTﬁMTﬂlﬂQLLﬂﬁﬂTgﬂﬂuiﬁ!Naﬂﬁﬂ’éﬁﬂﬂu ﬁﬁ]ﬂ?ﬂﬁéﬁuWWUﬂJ@Qﬂﬂﬂ“BLfﬂuﬁﬂaﬂ VYMSNAINIT

= ] J 4 = A ag 4' (% a o Y a
‘%’MWTHGIJ@QUIHT@ISL%H ﬂ”liﬂi’)u"lﬂ@@ﬂ”l%’ﬂ gy INuvu Lu@Q%Wﬂﬂ”liﬂi‘ﬂﬂ?ﬁﬂ’)“ﬂﬂﬁlﬂﬂ

Y v
1 % o/

{ ' 4 a a a 1 ] v AA Y 1 o ann
Wialjﬁ\? Uﬁﬁ I IBU ATUDUA uaﬂamaﬂ%auumuwuﬂim TTZJ”’NQGKHVISJ 'JLTT@TVHII;]ﬂiEJ'I

Y] ® As g’/ Y A a Aaan g’; ~ g’; 1 4 g’;
nuTuanavesunaniaa laaiiesnnnalfnse1dosta-a97 5zne Tuuad 09I uo Iy
o’d' é’, 9 [ g’/ =~ & = a 3‘.: 9
wsuag Tuudauvesund aauu lulasnuuazimu Fedimanmmanevaldge uaz
14 SR A g’; 1 a 3’; 9 1 P 3’1 =] ] 9 1 Y
asuou laeon ladaslinemanimnisinadd lduaza Tumudaiage veuldurunse]d

Y '
£% o

= J 4] a A a & 1 sl 1 v
AN l,l,ﬂfff’f]’E]ﬂ“]flfl]1!1/]llﬂ1ﬁﬂ1Wﬂ1§£ﬂﬂﬂl’)ll@sljlla$ﬂ113~lllluﬁ’ﬁell'f]@l ﬁ\iNﬁiﬁﬂ'lﬂTilaf]ﬂ"UfN

<) [

] Y
O,/N, @aaad uag CO,/CH, muau dmsuurunsod Indtensaunuinslsoilgeiiaie

a ' a A

4 4 = 1 wa A 1
NATFUIVDIUUNTDITNOUNNAAD TN UANNIVDILNUNTDININNITIFY i]'lﬂﬂ'l‘iﬁﬂ‘]eﬂwaellﬂﬁ

U

=2 1 1

y o 1 2] g‘/ { a A 4 LY
l?@uuleUﬁluﬂ1iﬂﬂGUEﬂflifJEJW1J’ﬂ mic]mwmmmLgﬂﬁm?{%u@u,wwﬁulﬁaﬂ’g1nm7wuumm
ad’ Y [ A da! 1 o a 9 =
q130Ta1Y, 1301 l,l,’d$Qﬂ!ﬂ@luﬂﬁlﬂiuﬂ1iﬂ@"llEﬂEJi’E]EJlW3J"llu LmﬂTi‘]Ji‘]Jﬂ‘iqi\iN'Jﬂ'JElWﬂWﬁiﬂlliJﬂJ

1 A v o W 1 = 1 (7] & 1 dgl.l [ [] d o d'déy.;
HaRYWNUITIAYADNITHUNIUUDILNEG %QLLﬁﬂQ?Tﬂ?TﬂJNﬂJ’JﬂI@QLLﬂﬁLLﬁ%ﬁHﬂ\iﬂ%uﬂNﬂnﬂlﬂﬁ

[ 1 = ] 24 1 =< 1 [J g}/ I o
mmmu”lumwammwumummu,ﬂa UAMSTURIUVDILN AU UNaINAINA LAY

24 1 a yw T

ﬁuumimaf]aﬁuamﬂmmawu@ Ll’t’)ﬂﬁnﬂﬁﬂﬁW‘U’ﬂﬂTﬂTﬁLﬁ@ﬂﬂlﬂﬁ O,/N, ttag CO,/CH, anag

A 9 gy Hq v Y 4 X A adq Y
HOANUTNTUVOIAITIZA LAZIA N 1F IUNITAAVIIETOUNNUY mmzwqmwawiﬂums

U

v = 1 1 = (2
ﬂWUEJ”IEJi@EJ"hJZJNﬁ@@ﬂ”Iﬂ"IiLa@ﬂqJ@QLLﬂﬁ



Vi

Thesis Title Preparation of Polysulfone and Polyethylene Membrane and
Surface Modification by Plasma and UV Radiation for
Oxygen/Nitrogen and Carbon dioxide/Methane Gas Separation.

Author Miss Sutthisa Konruang

Major Program Physics

Academic Year 2009

Abstract

Polysulfone and polyethylene membranes were prepared by phase
inversion and nuclear track etching method, respectively. The effect of surface
modification by UV irradiation and Ar plama treatment on gas separation property
of membrane was studied. Permeability and selectivity of gases including Oz, N,
CO; and CH,4 were examined. For polysulfone membranes, the similar results were
obtained by UV irradiation and Ar plama treatment. Compared with untreated
membranes, O, permeation decreased while permeation of N,, CH,; and CO, was
increased. Polar functional groups such as carbonyl and hydroxyl were introduced on
the surface of hydrophobic PSF membrane by UV irradiation. These polar functional
groups have an affinity for polar gas due to dipole—quadrupole interactions.
Therefore, N, and CH,4 which high polarizability and CO, which high polarizability
and high quadrupole moment leads to more permeation. The smaller permeation of O,
which low polarizability and low quadrupole moment was obtained. This lead to
O,/N, selectivity decreases while the CO,/CH, selectivity increases after UV
irradiation and Ar plama treatment. For polyethylene membranes, Ar plama treatment
more affected surface property of PE while UV irradiation lightly affects. The effect
of conditions for chemical processes was also studied. The results shown that the
gases permeance of O,, N, CO, and CHy increased with increasing concentration of
etchant, etching time and etching temperature. However, Ar plama treatment did not
have any effect on the gases permeance. This indicated an affinity of polar gas and
polar functional groups of membranes were not present. Therefore, the gas
permeation caused by the different of molecular sizes of gases and pressure.
Moreover, the O,/N, and CO,/CH, selectivity decreased when concentration of
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etchant and etching time increased. For etching temperature, membranes cannot

separate these gases.
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Chapter 1

Introduction

1.1 Background

Currently, membrane technology have been used in various
applications, including metal industries for metal recovery and pollution control, food
and biotechnology industries for separation and purification, chemical process
industries for organic material separation, gas separation and recycle chemicals, and
medical industries such as artificial organs and blood fractionation [1, 2]. Six major
membrane processes used in these application are microfiltration, ultrafiltration,
nanofiltration and reverse osmosis, electro dialysis, gas separation and pervaporation
[3]. Membranes gas separation is a relatively new technology and has many
advantages, including low capital investment, ease of operation, installation and
scaling, good weight and space efficiency, minimal associated hardware and utility
requirements, no moving parts, flexibility, low environmental impact and reliability
[4]. Generally, the processes can be operated under normal conditions without the
phase change, which requires a lot of energy. Therefore, membrane technology can
reduce energy consumption and costs of separation processes [1, 5].

Nowadays, gas separation membranes are widely used for O,/N, and
CO,/CH, separation [3, 5]. Oxygen and nitrogen are the primary components of the
air - 21% oxygen and 78% nitrogen, having abundant supply in the atmosphere. The
nitrogen applications for production the blankets for safety use and controlled
atmosphere and transportation for the preservation of perishable foods. The majorities
of membrane applications for oxygen enrichment are for medical oxygen productions
and the improvement of industrial combustion efficiency [6]. Generally, increasing
concentration of carbon dioxide (CO,) in the atmosphere is a major contributor to the
global warming. Not only being released from vehicles, CO; is also commonly found
in natural gas streams, biogas, flue gas from fossil fuel combustion, and product of
coal gasification [7]. CO; is classified as an acid gas, similar to H,S and SO,. Pipeline

specifications for natural gas usually require CO, concentrations below 2%. The



separation of CO, from CHjy is important in many industrial processes such as natural
gas processing, biogas upgrading, oil recovery enhancement and landfill gas
purification [7-9]. CO, is removed from the gas streams before compressing and
delivering. Since CO; reduces the calorific value and makes the gas stream to become
acidic and corrosive, this then reduces gas compression [1, 7, 9]. Gas separation
processes by membranes show more advantage in capital cost and power consumption
in comparison with traditional processes such as adsorption or cryogenics [2].
Therefore, gas separation membranes are considered for CO,/CH; and Oi/N;
separations.

There have been several studies conducted due to the lack of
membranes with high permeability and high selectivity in membrane-based gas
separation processes [3]. However, despite a lot of new polymers developed, only a
few polymeric membranes are commercially available [10]. Thus, the surface
modification of available membranes has gained much attention, and various
modification methods have been reported, including plasma treatment [11, 12], UV-
ray irradiation [13, 14], ozone treatment [15] and gamma-ray irradiation [16, 17],
Among these, plasma treatment and UV-ray irradiations have been widely studied as
a simple, versatile, and relatively cheap means for modifying the surface properties of
polymer membranes [10, 18]. The plasma processes can alter the physico-chemical
properties of the polymer surface. It improves polymer wettability, permeability,
conductivity, adhesion or biocompatibility [19]. UV irradiation causes crosslinking
and chain scission of polymeric membrane. These processes lead to shaping the
transport properties of the modified membrane. In addition, UV irradiation of the
membrane is usually conducted in the presence of hydrophilic monomers [20].

In this study, polysulfone and polyethylene membrane are prepared
with phase inversion and nuclear-tracked etching technique, respectively. Membrane
surface are modified by plasma treatment and UV-ray irradiation, in order to
investigate its effects on CO,/CH,4 and O,/N, separations.



1.2 Objectives of research

1. To prepare polysulfone and polyethylene membrane by phase inversion and
nuclear track etching technique, respectively.
2. To instigated the membranes selectivity of O,/N, and CO,/CHj,

3. To modified membrane surface by UV-ray irradiation and plasma treatment.



Chapter 2

Theory and literature reviews

There are many processes for gas separation such as absorption into a
liquid, adsorption on a solid, chemical conversion to another compound, condensation
and permeation through a membrane. Among these processes, membranes separation
processes has certain advantages over other methods because it can be operated under
normal conditions without the phase change, Therefore, energy consumption and
costs of separation processes were reduced. In addition, the membrane separation
process is based on the mass transfer rate through the membrane, not the phase
equilibrium and the mechanical separation. Therefore, the additive materials such as
the extractor and the adsorber which as the potential pollutants are not required. So

this process is environmental friendly [1, 4, 5].

2.1 Membrane gas separation process

Membrane gas separation process is based on the difference in rates of
permeation through a thin membrane barrier. The rate of permeation for each
component dependent on the characteristics of the component, the characteristics of
the membrane, and the partial pressure differential of the gaseous component across
the membrane. When membrane surface were forced with pressure, the gas dissolved
in the polymer to a higher concentration at higher pressure side. Then the gas diffuses
through the other side of membrane. This process is driven by concentration and
pressure gradient. The basic process of membrane gas separation is illustrated in
Figure 2.1.[4, 21, 22]
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module

Feed —»— —» Residue
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Permeate

Figure 2.1 Schematic diagram of the basic membrane gas separation process [22].

2.2 Mechanisms for gas separation

Performance of membrane for gas separation process depends on
permeability and selectivity of membrane. High permeability membrane leads to
higher productivity whereas high selectivity membrane leads to more efficient
separations and higher recovery. Moreover, membranes with simultaneously high
values of selectivity and permeability would lead to the most economical gas
separation processes [23]. However, an inverse relationship generally occurs between
the permeability and selectivity. The asymmetric membrane was suitable for gas
separation because of its high permeability and selectivity [3]. The structure of
asymmetric membrane was shown in Figure 2.2. It consists of a very thin and dense
skin layer (labeled 1) supported on a relatively thick and porous sublayers (labeled 3).
The skin layer normally presence surface pores or defects (labeled 2). The skin as the
actual selective barrier, while the sublayer only as a mechanical support for the skin,
with slight effects on separation [23].

Generally, the transport of gases through a dense polymeric membrane
is described by the solution-diffusion mechanism. This mechanism is based on the
solubility of specific gases within the membrane and their diffusion through the dense
membrane matrix. Therefore, the separation is based on physical-chemical interaction
between the various gas species and the polymer, which determines the differences in
permeability of gas in the membrane polymeric matrix [24].



: A AORY X J50nt,., 0000, 08 30/'SEY
(@) (b)
Figure 2.2 Schematic diagrams of asymmetric membranes (a) [23] and polysulfone

asymmetric membrane prepared by phase inversion method (b) [25].

OK& f>"“\

(a) (b)
Figure 2.3 Molecular transport through membranes can be described by a flow

through permanent pores (a) or by the solution-diffusion mechanism (b) [22].

The solution-diffusion mechanism consists of three steps: (1) the
absorption or adsorption of the gas at the upstream boundary, (2) the solution of the
gas into the membrane, and the diffusion of the gas through the membrane, and (3)
the desorption of the gas on the other side. These mechanisms represent Henry’s law

and Fick’s first law of diffusion and can be stated as follows: [4, 22]

C, =S;p Henry’s law (2.1)

; _-Ddc,

, Fick’s law (2.2)
dx




Where: C. = concentration of i in the membrane (m*(STP)/m?)
J. = steady state flux of i (m*(STP)/mZ2.s)

S. = solubility coefficient of i (m*(STP)/m*.Pa)

D, = diffusivity coefficient of i (m?/s)

p, = partial pressure of i in the gas (Pa)

X = distance through active membrane (m)

The gas transport in a dense membrane is represented by two
coefficients, e.g. diffusivity coefficient (D) and solubility coefficient (S ). The

permeability coefficient ( P,) can be expressed as [26]:

P =D, xS, (2.3)

Combining and integrating equations (2.1) and (2.2) over the full
membrane thickness across the membrane, yields [4, 27]

_Rap (2.4)

or LTI I (2.5)

Where:

)
1

permeability coefficient of i (m*(STP)m/m?.s.Pa)

permeance (m3(STP)/m?.s.Pa)

o>
o
1

the pressure difference across the membrane (Pa)

membrane skin thickness (m)

flow rate of permeate of component of i (m*(STP)/s)

g
I

surface area of membrane (m?)



The selectivity (o;) is an indication of a membrane’s ability to

separate species i and j. It is defined as [3, 26]:
o =P [ D) S| (/) (2.6)
P LDy LS ) (P,

where D,/D;and S, /S represent the diffusivity selectivity and the solubility

selectivity, respectively.

Diffusivity selectivity is strongly influenced by the size difference
between the gas molecules, normally represented by their Kinetic diameters, whereas
solubility selectivity is controlled by the relative condensability of the gas molecules
and the affinity between the gas molecules and the polymer matrix. The
condensability was indicated by critical temperature (T) [26].

In some case, the molecules size cannot exist, for example, polar or
quadrupolar gases (e.g. CO,, H.S, H,0, etc.) diffuse in polymer matrices that either
promote aggregation of penetrants for strong and favorable interactions with the
gases, such as CO, diffusion in amine-containing polymers. However, in many cases,
such strong interaction effects were not present, and diffusion coefficients of gases
should depended on gas molecules size [21].

The selectivity calculated from the ratio of pure gas permeabilities is
the ideal selectivity, an intrinsic property of the membrane material. In some case, the
gases in a mixture do not interact strongly with the membrane material so that the
selectivity from pure gas and the mixed gas will be equal, for example O, and N..
However, in the case of CO, and CH, mixture, CO; is sufficiently absorbed by the
membrane to increase the CH,4 permeability far above the pure gas CH,4 permeability
value. As a result the selectivity’s measured with gas mixtures are much lower than
those calculated from pure gas data as show in Figure 2.4. Pure gas selectivities are
much more commonly reported in the literature than gas mixture data due to they are

easier to measure [22].
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Figure 2.4 Separation of methane and carbon dioxide from gas mixtures and pure gas

with cellulose acetate membranes [22].

2.3 Preparation of polymeric membrane

There are several methods of membranes preparation and these include
sintering, leaching, phase inversion and track etching method [28]. Currently, most of
the commercial membranes are produced by phase inversion methods mainly because
of its simplicity, flexible production scales lead to maintain the low cost of
production. For track etching method, it is occasionally used for the fabrication of
membranes. The polymer film is subjected to high energy particle radiation (metal
ions) applied to the material, followed by etching in acid or an alkaline bath. The
membrane porosity is mainly determined by the duration of radiation. While the pore
size is determined by the etching time and temperature [2]. Due to track etched
membranes for gas separation are few so this method is interested. Consequently, this
research prepared polysulfone and polyethylene membranes using phase inversion

and track etching method.
2.3.1 Phase inversion method
The phase inversion can be described as a changing a one-phase

homogeneous polymer solution into two separate phases. A liquid polymer solution is

precipitated into two phases are a solid, polymer-rich phase that forms the matrix of
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the membrane and a liquid, polymer-poor phase that forms the membrane pores. This
precipitation of the cast liquid polymer solution to form the asymmetric membrane
can be achieved in several ways such as thermally induced phase separation (TIPS),
controlled evaporation of solvent from three component systems, precipitation from
the vapor phase and immersion precipitation (IP). However, IP are the most
commonly employed methods in the fabrication of industrial asymmetric membranes
due to the simplicity of its process. However, ultrathin and defect-free asymmetric
membranes can be prepared by dry/wet phase inversion process. The casting solution
consists of a polymer dissolved in a mixture of a more volatile solvent and a less
volatile solvent. In dry step, the volatile more solvent evaporates first. The loss of the
volatile solvent leads to the formation of the top skin layer of the membrane. This step
can be observed from turbidity in the top skin layer region. Then, the membrane is
immersed in a coagulation bath containing a non-solvent, which is a wet-phase
separation step. The exchange of the solvent in polymer solution with the non-solvent
from the coagulation bath results in the phase separation. In this step, the bulk of the
membrane structure is formed and the remaining solvents and non-solvents in film are
extracted [2, 22, 29]. Most of the PSF membranes are also produced by this method
because of its ease of dissolution in common organic solvents. In addition, as an
amorphous polymer, the phase separation behaviour of a polysulfone polymer is
simpler than a semi-crystalline polymer such as poly (vinylidene fluoride) (PVDF)
polymer.

Research and development of PSF membranes prepared using phase
inversion process have been interested by a number of researchers, focusing on the
effect of various preparation conditions on membrane morphology and performance.
For example, Lee et. al., (2000) [30] fabricated polysulfone membranes by a wet/wet
phase inversion technique. In two non-solvent baths, iso-propanol (IPA) was used in
the first bath and water was used in the second. They revealed that the skin layer
thickness was determined by changing the immersion time of the first IPA bath. It
increased from about 2 um to about 13 um as immersion times increased from 10 sec
to 80 sec, which lead to the O, permeability decreasing and O,/N, selectivity
increasing. The selectivity of O,/N, of a membrane immersed to first IPA bath during
80 sec obtained up to about 6.0. Ismail et. al., (2003) [27] studied the effects of
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membranes coating with a silicone polymer on asymmetric polysulfone membrane
structure and O,/N, and CO,/CH,; gas separation performance. Asymmetric
polysulfone membrane prepared by phase inversion method. The component dope
solution was used 22% (w/w) polysulfone, 31.8% (w/w) DMAc, 31.8% (w/w) THF,
and 14.4% (w/w) ethanol. Water was used in the coagulation bath. The solutions were
mixed under temperature of 60 °C for 8-10 h until the polymeric solution become
homogeneous. The polymer solution was cast on a clean glass. After evaporation step
of 5 s, the membranes were immersed in the quench medium (wet phase inversion).
The coating was applied by flooding the membrane skin layer surface with 3% w/w
solution of the silicone in n-hexane for 15 min. After coating, the membranes were
placed in an oven at 60 °C for 4 h to allow curing prior the gas permeation testing.
They found that O,/N, and CO,/CH, selectivity of the uncoated membrane were 4.01
and 19.48, respectively. For the coated membrane, the selectivity of O,/N, and
CO,/CH, were approximately 6.72 and 32.63, respectively. This suggested that
silicone rubber had successfully plugged the pores that were present at the membrane
skin layer or repaired the membranes imperfections. Moreover, Madaeni and Moradi
(2011) [29] found that O./N, selectivity as a function of casting thickness. The
selectivity was improved from 3 to 10 by increasing the casting thickness from 280 to
350 um. The selectivity enhancement may be explained on the basis of membrane
structure. Increasing of casting thickness lead to an increment in the thickness of the
skin layer. The thicknesses of the established skin layers were 1.1 and 8.3 um for the
membranes with the casting thicknesses of 280 and 350 um. The membrane with
thicker skin layer provides higher resistance against passing gas leading to permeance
decreasing. When oxygen permeance was declined, selectivity was improved.

They prepared asymmetric polysulfone membranes using a mixture of
a more volatile solvent (THF) and less volatile solvent (NMP) instead of one single
nonvolatile solvent. They found that the skin layer is thicker and less defects. They
explain a volatile solvent can rapidly evaporate from the outermost surface of the
membrane during polymer casting, which results in higher polymer concentration in
the upper layer of the membrane. Delayed liquid—liquid demixing was induced, and as

a result, a denser membrane skin with few pores or defects was prepared. Acetone is a



12

more volatile solvent with has boiling point 56 °C, while boiling point of THF is
66 °C. It mean acetone more rapidly evaporate than THF so that it is possible to
prepared asymmetric membranes with dens skin layer using acetone [25, 30-32].
Madaeni et. al., (2004) [31] found that addition of acetone in to polymeric solution
consist of PSF and DMAc cause a decline in flux and an improvement in the
retention of protein. In the same condition, Aryanti et. al., (2013) [32] reported humic
acid rejection increase with acetone concentration increase. This is confirmed that

acetone could improve dense membrane.
2.3.2 Track etching method

Track etching method consists of two-step preparation process,
namely, irradiation and chemical etching as illustrated in Figure 2.5. In irradiation,
latent tracks were produced in the thin polymer film to be transformed into porous
membranes. These tracks are much more susceptible to chemical attack than the base
polymer material. In chemical etching step, the film is passed through a solution that
etches the polymer. The film is preferentially etched along the sensitized nucleation
tracks, thereby forming pores. Their pore size, shape and density are determined by

the etching time and exposure time of the film to radiation [22, 33].

radiation
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Figure 2.5 Diagram of the prepare track-etch membranes [28];
Step 1: The thin film is irradiated by particles in a nuclear reactor.

Step 2: The latent tracks were etched into uniform, cylindrical pores.
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Figure 2.6 Nuclepore (polycarbonate) nucleation track membrane [22].

2.3.2.1 Irradiation

The massive particles pass through the film, breaking polymer
chains and damaging polymer molecules, thus producing latent tracks. There are two
basic methods of producing latent tracks. The first method is ion beams from
accelerators. The accelerators provide beams of higher intensities. The energies of
accelerated ions are a few MeV per nucleon. The beams can be pulsing or continuous.
The advantages of the accelerator tracking method are no radioactive contamination
of the material when the ion energy is below the Coulomb barrier, all tracks show the
same etching properties, higher energy of particles can perforate thicker film, better
for producing high-density track arrays, particles heavier than fission fragments can
be used, it is easier to control the impact angle and produce arrays of parallel tracks.
However, the disadvantages of the accelerator tracking method are usually lower
stability of the particle flux from an accelerator and a higher cost of irradiation [33].

The second method is the irradiation with fragments from the
fission of heavy nuclei such as californium or uranium. In initiates the fission of 2*°U,
the uranium target was exposed to a neutron flux from a nuclear reactor. The fission
fragments have an almost isotropic angle distribution. Therefore, to create an array of
latent tracks penetrating the thin film, a collimator is usually used. The advantages of
the fission fragment tracking are good stability of a particle flux in time, a non-
parallel particle flux can the production of membranes with a high porosity and
relatively low cost. However, the limitations of the method are caused by the

contamination of the tracked film with radioactive products so that cooling of the
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irradiated material is needed, a limited range of the fission fragments lead to thickness
limiting of the membrane, limitations of creating various angle distributions of pore
channels and fragments of different masses and energies manufacture tracks with

different etching properties [33].

2.3.2.2 Chemical etching

Chemical etching is a process which latent track was enlarged lead
to pore formation. The damaged zone of a latent track was removed and transformed
into a hollow channel during this process. It is the determination stage of pore size
and pore shape. The pore geometry was described with two parameters, the bulk etch
rate Vg and the track etch rate V1 (Figure 2.7). The conical pore shape is transformed
into a cylindrical one at V>Vpg. The cylindrical pore shape was produced from the
conical pore shape at Vr>Vg. The bulk etch rate depends on the material, etchant
composition and temperature. While the track etch rate depends on a much greater
number of factors such as sensitivity of the material, irradiation conditions, post-
irradiation conditions and etching conditions. The irradiation conditions include
parameters of the bombarding particle, atmosphere and temperature. The variations of
the etchant composition, component concentrations and temperature lead to the track
to bulk etch rate ratio in a very wide range. The changing the temperature during
etching can be used to increase or decrease the etch rate ratio due to activation energy
of the track etching process often differs from that of the bulk etching. Another
parameter is the size of the damaged zone that dissolves at a different rate compared
with that for the bulk material [33].

Figure 2.7 Schematic diagram of etched pore geometry [33].
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2.3.3 Nuclear fission reaction

A Nuclear fission reaction take place when various heavy nuclei are
bombarded by neutrons, new radioactive elements are produced. Niels Bohr and John
Wheeler described nuclear fission reaction based on the model between a nucleus and
charged liquid drop. When high mass nucleus such as **U, absorbs a thermal neutron
as show in Figure 2.8 (a). The potential energy of neutron is transformed into internal
excitation energy of the nucleus, which ?**U become to #*°U, as show in Figure 2.8
(b). This excitation energy is equal to the binding energy (E,) of the neutron in that
nucleus. It result to nucleus behaving like an oscillating charged liquid, which develop
a short neck and will being to separate into two globs later (Figure 2.8 (c-d)). If the
electric repulsion between these two globs enough to break the neck, the two fragment
are produced. And some residual excitation energy still carrying lead to flying apart of
these fragments (Figure 2.8 (e-f)). Therefore, nuclear fission reaction has occurred
[34].

Neutron
Target >U nucleus Forms 2**U nucleus, Motion may
absorbs a with excess energy; produce a neck
thermal neutron oscillatesviolently
(a) (b) (c)

\/— Neutrons Al /

®@® -00- 00

fe—r—
Coulomb foeces Fission occurs The fragments
stretch it out separate;
neutrons are ejected
(d) (e) )

Figure 2.8 The stage of typical fission process, according to the collective model of
Bohr and Wheeler [34].
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A graph of the potential energy of the fission nucleus was shown in
Figure 2.9, which energy is plotted against distortion parameter (r). This parameter is

the distance between the centers of fragments when they are far apart [34].
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Figure 2.9 The potential energy at various stages in the fission process [34].

For U and #*°Pu, due to their excitation energy value is higher than
barrier height value (E,>Ep), therefore, the fission by absorption of a thermal neutron
can occur for these nuclides. For the other two nuclides (***U and **Am), the
excitation energy value is lower than barrier height value (E,<E,) lead to not enough
energy from a thermal neutron for the excited nucleus to overcome the barrier.
However, the nuclides **®U and ***Am can be made to fission by absorb an energetic

(rather than a thermal) neutron such as fast neutron [34].

Table 2.1 Test of the fissionability of four nuclides [34].

. . Fission by
. Nuclide Being E, Ep
Target Nuclide Fissioned (MeV) (MeV) Thermal
Neutrons?
2%y 235y 6.5 5.2 Yes
238y 239y 4.8 5.7 No
2%py 240p 6.4 4.8 Yes

2483 Am 2% Am 5.5 5.8 No
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Figure 2.10 The distribution by mass number of the fission fragment that were found

when many fission events of 2*°U were examined [34].

When #*U was bombarded with thermal neutrons, the distribution by
mass number of fission fragment produced was shown in Figure 2.8. The most
probable mass numbers of fission products were around 95 and 140. Due to a *°U
nucleus absorbs a thermal neutron, a compound nucleus ?°U was produced in an
excited state. This nucleus split into two fragments and rapidly emits two neutrons,

leaving **°Xe and **Sr as fission fragments. Thus, fission equation for this event is
2U+n->2U 5" Xe+ Sr+2n (2.7)

During the fission of compound nucleus, the number of proton and

neutron were conserved.
2.3.4 Mechanism [35]

2.3.4.1 Thermal spike

Thermal spike described that a charged particle which passes into
material causes intense ionization and excitation along its path. In this region, material
is rapidly heated to a high temperature and then rapidly quenched by thermal
expansion into the surrounding matrix, lead to the disordering the core material or
straining the matrix. For this reason, the path of a charged particle becomes narrow

cylinder.
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2.3.4.2 lon explosion spike

For ion explosion spike, the interactions with the electrons in the
detector lead to the damage of along track in inorganic solids. Due to ionization in
material, an array of interstitial ions and vacant lattice sites is produced by the
Coulomb energy of the ions, which electrostatically unstable array of adjacent ions
which eject one another from their normal sites into interstitial positions. Then elastic
relaxation diminishes the acute and local stresses by spreading the stain more widely.
This is the creation of long range strains in this step.
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Figure 2.11 The ion explosion spike mechanism for track formation in inorganic
solids [35].

Most of track-etched membrane use ion beams from accelerators for
produced latent tracks in the film to be transformed into porous membranes. For
example, Vijay et. al., (2004) [36] prepared track-etched membrane from
polycarbonate (PC) film. The film were irradiated by Si®* ions of 100 MeV and
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etched chemically in 6 N NaOH at 60 °C. They found the permeability of H, and
CO; increases rapidly after increases etching time and H,/CO, selectivity is about
1.25-4. Achary et. al., (2006) [37] reported that deposition of Ti thin film (100-150
nm) on polymer membrane surface which was prepared by C** ion of 60 MeV could
restricts the permeation rates for all gases except hydrogen. Consequently, these can
be use in the fabrication of devices that are functional for hydrogen purification.
Kulshrestha et. al., (2007) [38] could product asymmetric track-etched membrane
with Ni”* ion of 100 MeV. They reported that the permeability of hydrogen and
carbon dioxide increases with increasing etch time. The gas permeability from the ion
incidence side (front) is more than that of ion-emergence side (back) due to the shape
of the etched track and the gas permeability of the same membrane is greater for
hydrogen than for carbon dioxide due the difference of their molecular sizes.

The production of latent tracks in the foils by fragments from the
fission of heavy nuclei such as californium or uranium rather lacked. Yamazaki et. al.,
(1996) [39] prepared membrane with track-etching technique. PC film was irradiated
with fragments from the fission of uranium. The thermal neutron flux was about
2.7x10" ncm™?s™. They found that this method could produced ultrafiltration
membranes which has been developed down to a pore size of 15 nm employing a pore
density around 8.0x10° pores cm™. He et. al., (2006) [40] prepared polypropylene
(PP) porous membrane by track-etching technique. PP film was irradiated with
fragments from the fission of uranium to form latent tracks, and chemically etched by
potassium dichromate and sulfuric acid. They reported that the etching rate of PP was
related to the concentration of etching reagent, temperature and time.

In Thailand, there were many research that prepared track-etched
membrane which fragment from the fission of ?°U. Beside the advantages described
above, this is also availability of a nuclear reactor at the Thailand Institute of Nuclear
Technology (Pubic Organization). For example, Kaewsaenee (2005) [41] reported a
successful preparation of track-etched membranes from the 13 pum thick polystyrene
(PS) films. The PS film specimen was tracked with fission fragments produced from
the nuclear reactor between 2*U from the neutron converter screen and the thermal
neutrons from the Thai Research Reactor. The latent tracks were subsequently

enlarged by a chemical etchant comprising sulfuric acid and potassium dichromate at
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80 °C for 6-10 hours. The average diameter of the pores was generated 1.28 um to
3.37 um with the average pore density 1.33x10° cm™. The water fluxes increase with
increasing of etching time. While Thongphud (2005) [42] prepared track-etched
membranes from polycarbonate (PC) and found that using the particle discriminators
with increasing thickness the shape of the pores became rounder at the expense of the
density of the pores. In the same method, Makphon et. al., (2006) [43] found that the
porosity of the PC membranes can be controlled by varying the exposure time in the
nuclear reactor and the average pore diameter by varying the etching conditions. The
average pore diameter of the prepared membranes ranged from 2.0 um to 9.5 um and
the highest pore density achieved was 150,000 pores cm™. In addition, It was found
that chemical etching also caused a reduction in the film thickness and the water
permeability of the track etched PC membranes was found to increase with increasing
average pore diameter.

However, production of track-etched membranes by tracking with
fission fragments in the nuclear reactor at the Thailand Institute of Nuclear
Technology (Pubic Organization) was not gas separation test. Therefore, preparation

of track-etched membranes for gas separation with fission fragments was interested.
2.4 Surface modification of polymeric membrane

Recently, polymeric membrane technology has been increasingly
attractive to scientists in gas separation task. High gas permeability and selectivity are
always desirable for polymeric membranes. In most cases, an increase in gas
permeability often causes a decrease in gas selectivity. Asymmetric membranes of a
highly selective thin layer on top were known as a high performance membrane type
for gas separation [44, 45] due to the selectivity of a membrane relies totally on this
extremely thin layer. Therefore, there are two methods about how to obtain a highly
selective layer: one is to make the top layer dense and the other is to make a top layer
with high affinity to gas molecule [45].

The gas transport property of polymeric membranes depended on
physical-chemical interaction between the various gas species and the polymer

molecules [24]. Thus, the differences of gas transport do exist in the membrane
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material properties, such as dipole moment and gas properties, such as polarizability
and quadrupole moment [46]. As mentioned previously, there are several researches
reported that polar groups such as carbonyl (CO), hydroxyl (OH), sulfone (SO,), and
ether (ROR’) groups could increased selectivity of CO,/nonpolar gas (N2, Hz, CoHg
and CHa) [26, 47-49]. Therefore, membrane modification with polarity addition to the
surface is of interest to improve the selectivity for gas separation process. There are
many techniques to modify the membrane surface such as UV-ray irradiations [13,
14], plasma treatment [11, 12], ozone treatment [15] and gamma-ray irradiations [16,
17]. Among these techniques, UV-ray irradiations and plasma treatment are the two
most commonly employed techniques in the surface modification of polymeric

membranes.

2.4.1 UV-ray irradiation

Many studies about the effects of these methods on several types of
polymers have been reported. But the information about the effects UV irradiation on
microporous PSF membrane especially, is scarce. However, it has been reported that
it increased flux and the hydrophilicity of the membranes[13]. Compared with other
surface modification techniques such as plasma treatment, ozone treatment and
gamma-rays irradiation, UV irradiation has distinct advantages over other techniques
due to its simplicity, inexpensive and widespread industrial applications. Most
importantly, surface modification occurs mainly on the membrane surface [18].

The reactions taking place in the chain, when irradiated with UV are
bond scissions and dissociations of the methyl side groups, either by the formation of
a methyl or a hydrogen radical, indicated in Figure 2.12. As end products such as

sulfonic acid, ketone and ethenyl groups can be formed [13].
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Figure 2.12 Chain scissions that can be induced by UV irradiation of polysulfone
[13].

Nystrom and Jarvinen (1991) reported increases in flux and
hydrophilicity of polysulfone (PSF) membranes after UV irradiation [13]. In addition,
Hsu et. al., (1993) revealed that UV irradiation on poly trimethylsilyl propyne
(PTMSP) membranes resulted in an improvement of O,/N; selectivity from 1.4 to

approximately 4 after the treatment [14].

2.4.2 Plasma treatment

Although there are many ways to modified the membranes surface,
plasma treatment was one of the most effective and convenient ones. In addition,
plasma treatment is also a quite simple and clean process. The plasma processes can
alter the physico-chemical properties of the polymer surface lead to improvement of
wettability, conductivity, adhesion or biocompatibility of polymer. Moreover, it can
increase both gas permeability and selectivity of membranes gas separation process.
The plasma treatment can activate the upper molecular layers on the surface, without
affecting the bulk of the polymer. The various surfaces could be obtained from a
single material by changing parameters of plasma process. However, there is also a
lack of permanency resulting from this technique it difficult to control the chemical

structure of the plasma treated polymer [15, 19, 45, 50, 51].
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There are three basic phenomena affecting membrane properties by
plasma treatment [51]:

1. Ablation-etching and reactions giving volatile products lead to
increase of pore diameter and porosity.

2. Deposition of polymer film made of plasma gas and/or of volatile
products that come from the etched surface, which can result in lower porosity.

3. Modification of the chemical structure of the surface layer result in
hydrophilization or hydrophobization depending on plasma conditions with
introduction of various functional groups that can be used for immobilization or
grafting.

Chen et. al., (1997) modified the surface of a polybutadiene
(PB)/polycarbonate (PC) composite membrane by Chloroform (CHCI3) plasma. They
found that the selectivity of the composite membrane was improved after plasma
treatment. The selectivity enhancement as a result of the physical structure changing
on the membrane surface rather than the chemical effect introduced by chlorine.
According to the SEM observation, the surface of the PB/PC membrane became less
porous after plasma treatment. Before plasma treatment, an oxygen permeation flux
and O,/N; selectivity of PB/PC composite membrane is 2.4 GPU and 3.55,
respectively. After 40 min treatment by 40 W CHCI; plasma the oxygen permeation
flux reduced to 0.3 GPU but the O,/N; selectivity increased to 7.5 [45]. Then, Chen
et. al., (1998) reported that the O, permeability of the untreated polyurethane (PU)
membrane was 0.875 GPU and the O,/N, selectivity was 2.6. After ethylenediamine
(EA) plasma treatment, the gas permeability decreased to 0.375 GPU but the O,/N;
selectivity increased to 3.1. The decrease in gas permeability was probably as a result
of the cross linking effect on the treated surface. Due to cross-linking result in the
reduction of free volume and flexibility of polymer chains. Based on the concept of
solution-diffusion model, there might be two possible reasons for the increase in
membrane selectivity. Those were the size-sieving effect caused by the surface cross-
linking and the increase in oxygen solubility caused by the incorporation of
ethylenediamine [52]. Steen et. al., (2001) [50] found that H,O plasma treatment
could modify the hydrophilicity of asymmetric PSF membranes, which confirmed by
contact angle measurement. XPS analysis of treated membranes demonstrates the CHy
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percentage decreases but percentages of C-O and C-Oy groups increase relative to the
untreated material. As there are no C-Oy groups present in the untreated material,
these functional groups must be introduced by the plasma treatment. These results
indicated that the increase in hydrophilicity for H,O plasma-treated membranes is a
result of the formation of these covalently bound hydrophilic functional groups. They
offer there are three other locations for oxidation on the polymer backbone as
represented in Figure 2.13. For example, oxidation at position 1 yields a ketone
functionality. Additionally, oxidation at position 2 yields an aldehyde, which can be
further oxidized to yield a carboxylic acid group. Finally, oxidation at position 3

resulting in sulfate-like groups.
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Figure 2.13 The locations for oxidation on the polysulfone backbone by plasma

treatment [50].

Bryjak et. al., (2002) [19] studied the effect of NH3 and NHs/Ar
plasma on PSF membranes. Results of contact angle, FTIR-ATR and X-ray
photoelectron spectroscopy showed that both plasmas introduced hydrophilic,
nitrogen- and oxygen-containing moieties on the polymer surface and that NHs/Ar
plasma was more efficient. Contact angle method was used for evaluate surface
tension and both its components (polar and dispersive components) of modified PSF
membranes. Results showed that increase of membranes surface hydrophilicity, which
observed from increase of polar components of surface tension. From the FTIR-ATR
and X-ray photoelectron spectroscopy, the spectrum for untreated PSF membranes
shows only two peaks such as bonds C-C and C-O. While the spectrum of NH3 and
NHs/Ar plasma modified surfaces appears the third peak, which is assumed to be
characteristic for C=0 and N-C=0 bonds. Therefore, the grafting of ammonia to the
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surface can cause an additional increase of N-C bonds. Kim et. al., (2002) [53] [53]
investigated the changing from hydrophobicity to hydrophilicity in PSF membranes
by oxygen plasma treatment. They found the contact angles of water for O, plasma
treated PSF membranes decreased with plasma treatment time increased since polar
functional groups were introduced on the surface of hydrophobic PSF membrane by
oxygen plasma treatment. This is related to the increment of polar component of
surface free energy in PSF membranes after plasma treatment. Polar functional groups
such as hydroxyl, carbonyl, and carboxyl group were confirmed by XPS analysis.
Wavhal and Fisher (2005) [54] reported that the hydrophilicity of PSF membranes
was enhanced by CO, plasma treatment as a result of implantation of hydroxyl,
carbonyl, and carboxylic acid polar functional groups. The presence of these groups
was confirmed by FTIR and XPS measurements. Wanichapichart et. al., (2009) [55]
studied the surface modification of chitosan membranes using Ar plasma. They found
that contact angle between water drop and the surface of the membranes reduces from
65°-70° to about 20°-25°, after only 30 s of treatment. The results indicate that
membranes increase in hydrophilicity after the plasma treatment. Moreover, results
from ATR-FTIR showed a major increase in the absorption spectra of carbonyl (C=0)
and methyl (C-H) functional groups. This result is consistent with the changes in
hydrophilicity measurement using contact angle measurements.

Lin and Freeman (2004) [26] studied the effect of polar ether linkages
in poly (ethylene oxide) (PEO) on gas transport and illustrated by comparing
transport properties in poly (ethylene oxide) (PEO) with those in polyethylene (PE).
They found that PEO exhibits CO, permeability coefficient of 12 Barrers, and CO2/N,
pure gas selectivities of 48. In contrast, at similar conditions, the permeability of PE
to CO, is 13 Barrers, but the CO,/N; selectivity is only 13. This is qualitatively
consistent with the notion that polar, basic ether linkages interact favorably with
acidic penetrants such as CO,, thus increasing CO; sorption. Zhang et. al., (2013) [7]
reported that the CO, is more permeable than CH, due to the larger condensability.
Polymers containing polar groups, such as ether groups, have an affinity for CO, due
to dipole-quadrupole interaction. Therefore, polymer membranes containing polar
segments have been applied to CO,/CH, separation. Due to the CO, molecule has
high polarizability and a high quadrupole moment, with help the CO, molecule to
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permeate through the membrane by dipole-quadrupole interactions between the
membranes polar segments and CO, molecule [26, 56]. Koros (1985) suggested that
the solubility selectivity for the CO,/CH, separation increases as the mass density of
polar carbonyl or sulfone groups in the polymer increases [47]. Bondar et. al., (1999)
studied gas sorption in a copolymer containing polyether segments. They found that
solubility selectivity of CO,/nonpolar gases (CO2/N, and CO,/H;) increases with
increasing concentration of polar ether groups in these copolymers [48]. Lin and
Freeman (2004) [26] studied the effect of polar ether linkages in poly (ethylene oxide)
(PEO) on gas transport compared to the transport properties with those in
polyethylene (PE). They found that the CO,/C,Hs solubility selectivity is 0.35 in PE,
but in more polar PEO, the CO,/C,Hg solubility selectivity is 3.1. This result
suggested that CO, has favorable interactions with the polar ether groups in PEO.
Sadeghi et. al., (2009) [49] investigated the CO,, CH, and N, transport properties in a
composite membrane of polybenzimidazole (PBI) and silica. They found the
solubility of condensable gases (CO, and CH,) will be increased due to the silica
content in the polymer matrix since the number of polar OH groups in the polymer
matrix will also be increased. Moreover, they found the strong correlation between the
solubility coefficients and condensability of the gases, as well as the diffusion
coefficient of the penetrants and their kinetic diameter [21]. Electrical properties of
gases and polar functional groups of polymers were shown in Table 2.1 and 2.2,
respectively.

These research illustrate that plasma treatment could incorporate the
varieties of polar functional groups such as hydroxyl, carbonyl and carboxylic group
on membranes surface leading to the enhancement of the hydrophilicity of the treated
membranes. The membranes hydrophilicity was analyzed by contact angle method,
which could evaluate polar components of surface free energy. Moreover, these polar
functional groups were confirmed by FTIR and XPS analysis. However, the most of
plasma treated membranes were applied to reduced protein fouling and increased
water flux due to their hydrophilicity property, for example Bryjak et. al., (2002) [19],
Kim et. al., (2002) [11], Wavhal and Fisher (2005) [54] and Wanichapichart et. al.,
(2009) [55]. Therefore, the membranes surface modification using plasma treatment

for gas separation was interesting because polar functional groups affect the
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enhancement of the electrochemical properties of membranes [12], which could
increment affinity between the gas molecules and the membranes. Finally, the

selectivity was improved.

Table 2.2 A comparison of structural, physical, and electronic parameters of gas
molecules [7, 57, 58].

Parameters O, N> CH, CO,
Kinetic diameter [A° ] 3.34 3.68 3.82 3.30
Dipole moment [D] 0 0 0 0
Quadrupole moment 10%° ¢ [Cm?] 1.3 4.7 0 13.4
Polarizability & [10*°J*C*m?] 1.75 1.97 2.89 2.93
Critical temperature T, [K] 154.6 126.2 190.6 304.2
Structure linear linear  tetrahedral  Linear

Table 2.3 Some polar groups of importance attraction [6].

Polar arouns Dipole moment Polar arouns Dipole moment
oroup (Debye Unit) group (Debye Unit)
H—C 0.4 H—F 1.9
H—S 0.9 =C=NH 2.5
S~ —
TN T 0.9 =C=0 25
@)
H—CI 1.1 =C=S 3.0
H_O\ 1.6 —C=N 3.8




Chapter 3

Experimental

3.1 Preparation of polysulfone membranes by phase inversion method

3.1.1 Materials

Polysulfone (PSF: Udel P-3500) supplied by Solvay (China). N,N-
dimethylacetamide (DMAc), N,N-dimethylformamide (DMF) and Acetone (Ac)
were used as solvents for PSF membrane and supplied by Sigma-Aldrich Co. (USA)
and Guangdong Guanghua Chemical Factory Co., Ltd. (China), respectively. Tap

water was used as a coagulation medium.

3.1.2 Preparation of polysulfone membranes

Membranes were prepared by phase-inversion process. Polymeric
solution in this study consisted of PSF resin was dried in an oven at 80 °C for 24 h to
remove humidity before being used. Polysulfone (PSF) was dissolved in solutions
with different compositions under 60 °C for 24 h. Each polymeric solution was placed
in an ultrasonic water bath to remove air bubbles before cast on a clean glass plate at
an ambient atmosphere (25 °C and 85% relative humidity). In dry step, the solvent
was allowed to evaporate in atmosphere for about 5 s. Then, the membranes were
immersed in the coagulation bath at 25 °C and left for 24 h. The wet membranes were

dried at room temperature for 24 h before being used.
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3.2 Preparation of polyethylene membranes by track etching method

3.2.1 Materials

Polyethylene (PE, Linear low-density polyethylene : LLDPE) was
supplied by Ruen Tong Jarean Service Limited Partnership. Toluene and Sodium
hydroxide (NaOH) were supplied by MERCK-Schuchardt. Distilled water was used
for washing the film.

3.2.2 Preparation of polyethylene film

Polyethylene resin was dissolved in toluene solution under temperature
of 90 °C for 1 h until the polymeric solution become homogeneous. The precisely
prepared polymeric solution of 2% of PE at the control volume was immediately
poured on a clean glass plate and was dried in the oven at 60 °C for 30 min. After
that, the film was immersed in a 2 N NaOH solution for 30 min. at room temperature
to extract it from a glass plate. The film was washed and soaked in distilled water for

24 h and the obtained wet film was dried at room temperature for 24 h.

3.2.3 Preparation of polyethylene membranes

For production of latent track on PE film, yellow cake or ammonium
diurinate ((NH4).U,0;) (Figure 3.1) was used as fission plates to generate fission
fragments when being bombarded by thermal neutrons. Thermal neutrons from
thermal column of Thai Research Reactor—1/Maodificationl (TRR-1/M1), located at
the Office of Atomic Energy for Peace (OAEP), Thailand, were used for this study.
Nuclear fission reaction between #**U nucleus and thermal neutron caused the high
energy fission fragments with uncertainly direction as show in Figure 3.2. Therefore,
the particle direction discrimination was determined. The polyethylene gratings with 5

mm thickness were used.
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A 2x7 cm? PE film was laid side by side with a fission plate,
composed, mainly of yellow cake and the grating was placed between yellow cake
and PE film and as show in Figure 3.3. Then specimen was filled in thermal column
of the TRR-1/M1 reactor as show in Figure 3.4. The membranes were irradiated with
fission fragments from nuclear reactions of **U and thermal neutrons for 60 s.

The conditions effect of chemical processes on gas permeation was
study. Chemical etching enlarged the latent tracks formed during the tracking step
into pores. The irradiated PE films were etched in K,Cr,O7 in H,SO4 (40% W/W)
solutions having initial concentrations of 0.5, 1, 2 and 3 N. The etching time and
temperature were also varied as 1, 3, 5 and 10 min and as 25, 40, 50 and 60 °C,
respectively).

- To study the concentration effect, PE film was etched in 0.5-3 N
K2Cr,07 in H,SO4 (40% W/W) at 25 °C for 1 min.

- To study the etching time effect, PE film was etched in 2 N K,Cr,05
in H,SO,4 (40% W/W) at 25 °C for 1-10 min.

- To study the etching temperature effect, PE film was etched in 2 N
K,Cr,07 in H,SO, (40% W/W) at 25-60 °C for 10 min.

Figure 3.1 Uranium screen composed of Ammonium diurinate [(NH,4),U.0O-].
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3.3 Modification of membranes surface by UV-ray irradiation

The UV ray source (VILBER LOURMAT, VI-215.MC) with 254 and
312 nm wavelength and 2000 and 360 pw/cm? power, respectively, was used for the
membranes treatment. The exposure area was 20 cm® Three square pieces of
polysulfone and polyethylene membranes with approximate area 2 cm? were
irradiated by UV ray source (VILBER LOURMAT, VI-215.MC) in air at room
temperature. The distance between the source and sample holder was constant at 3
cm. Membranes were exposed for surface modification in varied times such as 3, 6

and 12 h at atmosphere. The control (0 h) was placed in the box without humidity.

Figure 3.5 UV ray source (VILBER LOURMAT, VI-215.MC).

3.4 Modification of membranes surface by plasma treatment

Polysulfone and polyethylene membranes were modified by Ar Plasma
in dc discharge. DC plasma generation chamber was a cylindrical vacuum chamber,
made of stainless, of internal diameter 25.5 cm and height 38.1 cm with two
electrodes. The membrane piece was placed on anode to receive the plasma
uniformly. The front face of membrane piece was exposed to same intensity of plasma
by keeping it at 2 cm from cathode. Initially, the system was evacuated to a pressure
of 6.7x10 mbar and Ar gas was purged into the chamber until pressure was raised to
2.5x10™" mbar. Plasma power was adjusted to 15 W. The treatment time was varied

from 1-20 min.
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Figure 3.6 Plasma systems develop by Mr. Chalad Yueanyao.

3.5 Gas permeation measurement

The performance of PSF membranes were evaluated by two
parameters: the permeance (P/I) and the selectivity (a). Gas permeation
measurements were conducted by using a gas permeation unit as shown in Figure 3.7.
PSF membranes were cut into circle area of 3.14 cm? and mounted in the gas
permeation unit. The testing temperature was room temperature (25 °C). The testing
pressure was controlled from 3 to 8 bar and the testing gases were O,, N,, CO; and
CH,. The feed gas was fed into the up-side and the permeating gas was at the down-
side of the membrane. The gas flow rate (Q) was determined by bubble flow meters.
The pure gas permeance (P/l) and the selectivity («) of the membrane were calculated
by equation 2.5 and 2.6, respectively. Each membrane was determined 3 times for

each gas and the results were presented in average.
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Figure 3.7 Gas membrane permeation testing unit. (1) Gas and pressure gauge
(2) Feed gas (3) Membrane cell (4) Retentate (5) Bubble flow meter (6) Permeate.

3.6 Membrane characterization
3.6.1 Water contact angle

Water contact angle of membranes was measured using a contact angle
device (Dataphysics, OCA 15 EC, Germany). Static contact angles of 10 ul water
were measured on the membranes. Each contact angle was measured three times at

different positions of each membrane sample and an average value was calculated.
3.6.2 Surface free energy

The contact angles of formamide and ethylene glycol were measured
by contact angle device (Dataphysics, OCA 15 EC, Germany). Contact angle
measurements were used to estimate the changes in the surface energy with image
analysis software (SCA20). The surface energy measurement can classify the polar
properties of treated and untreated membranes. The polar properties of membranes

affected membranes selectivity performance.
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3.6.3 Dielectric constant

Dielectric constant of the membrane was determined by using
Precision LRC meter (Agilent 4258A) at frequencies form 75 kHz to 30 MHz with 1
MHz steps. Dielectric constant was calculated using equation & = C,/Co, Where C, is
the capacitance measured using an LCR meter and the Cy is the vacuum capacitance.
The latter was calculated using equation Cy = gAlt, where A and t are the cross-
sectional area of the electrode and thickness of the sample, respectively. g is the

permittivity of vacuum, equivalent to 8.85x10 %% F/m [12].

3.6.4 Membrane surface

The structure and morphology of membrane was determined with
scanning electron microscope (SEM : FEI-Quanta 400). The samples were first frozen
in liquid nitrogen and fractured for cross-sections analysis. After that the samples
were gold-coated using a sputtering coater before scanning. Moreover, the membrane
surface topography was observed using an atomic force microscope (AFM) operated

in the tapping-mode scanning.
3.6.5 FTIR spectra
Fourier Transform Infrared Spectrometer (FTIR : Bruker, EQUINOX

55) was used to investigate functional groups of the membrane chemistry. The

membrane was scanned at 400-4000 cm™ wave numbers.



Chapter 4

Result and Discussion

4.1 Preparation of asymmetric polysulfone membranes

Among many methods, phase separation was the common method for
fabrication of flat sheet asymmetric membranes [25]. There are several researches
which prepared asymmetric polysulfone membranes using tetrahydrofuran (THF) as
a more volatile solvent such as Ismail et. al., (2003) [27] and Aroon et. al., (2010)
[25]. They found that the skin layer is thicker and less defects. This was due to a
volatile solvent can rapidly evaporate from the outermost surface of the membrane
during polymer casting, which results in higher polymer concentration in the upper
layer of the membrane lead to delayed liquid-liquid demixing and as a result, a dense
skin layer with less defects and pin-holes was prepared [25].

Acetone is a more volatile solvent with has boiling point 56 °C, while
boiling point of THF is 66 °C [59]. It mean acetone more rapidly evaporate than THF
so that it is possible to prepared asymmetric membranes with dense skin layer using
acetone [25, 31, 32, 60]. Madaeni et. al., (2004) [31] found that addition of acetone in
to polymeric solution consist of PSF and DMACc cause a decline in flux and an
improvement in the retention of protein. In the same condition, Aryanti et. al., (2013)
[32] reported humic acid rejection increase with acetone concentration increase. This
is confirmed that acetone could improve dense membrane. In this study, asymmetric
polysulfone membranes were prepared using acetone and DMAc as more volatile
solvent and less volatile solvent, respectively. For study acetone effect on membranes
structure, membranes were prepared without acetone follow by 4.1.1. After that,
acetone was added in polymer solution follow by 4.1.2. Finally, both results were

compared together.
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4.1.1 Effect of solvent

The 20% of polysulfone (PSF) was dissolved in different compositions
of solutions as shown in Table 4.1. The SEM micrographs of surface layer and cross-
sections of membranes prepared from various rates of solvent pairs (DMF : DMAC)
were shown in Figure 4.1. All these fabricated membranes consist of spongy like
substructure and no distinctive skin layer was formed. The membrane surface
prepared under all conditions also illustrate defect. Therefore, difference of solvent is
not significantly affects membranes structures. The asymmetric membrane was
suitable for gas separation because of its high permeability and selectivity [3]. The
structure of asymmetric membrane consists of a very thin and dense skin layer
supported on a relatively thick and porous sublayers. The skin as the actual selective
barrier, while the sublayer only as a mechanical support for the skin, with slight
effects on separation [23]. Therefore, the membranes which prepared without a more

volatile are unsuitable for gas separation.

Table 4.1 The compositions of polymer solutions.

PSF (wt.%) DMF (wt.%) DMAC (Wt.%)
20 80 -
20 40 40

20 - 80
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Figure 4.1 SEM micrographs of the surface (left) and the cross-sections (right) of the
membranes prepared from 20% PSF; (a) 20%PSF: 80%DMF, (b) 20%PSF:
40%DMF: 40%DMAC and (c) 20%PSF:80%DMAC.
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4.1.2 The effect of volatile nonsolvent

Normally, quantity of PSF for prepare flat sheet membrane is 14%-
22% [29]. There are many researches use DMACc as a solvent for PSF [29, 31, 32]. For
fabricate the dense skin layer and free defect surface, THF usually was used as more
volatile solvent. For this study, membranes were prepared from PSF (20% wt/wt),
DMAc (60% wt/wt) and AC (20% wt/wt) using as more volatile solvent. The
morphology of the membrane is generally very different from the membrane cast
from a dope without Acetone (Figure 4.1) as shown in Figure 4.2. Acetone enables
the fabrication of skin layer with less defects and pin-holes. Besides, it also changes
the morphology of the membranes supporter from sponge-like to finger-like structure.
This method produced asymmetric membranes, which suitable for gas separation [3].
This was in accordance with result determined by Aroon et. al., (2010) [25], although

they used THF as a volatile solvent instead.

Q—- Skin

> Sublayer

(a) (b)
Figure 4.2 SEM micrographs of surface (a) and cross-sections (b) of asymmetric
membranes prepared from polymer solution consist of 20%PSF, 60%DMAc and
20%AC.
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4.1.3 The effect of polymer concentration

Asymmetric polysulfone flat sheet membranes were prepared by
casting using solution consisting of polysulfone (polymer), DMAc (less volatile
solvent) and acetone (more volatile solvent) of various concentrations (Table 4.2),
while the ratio of DMAC and acetone was fixed at 2:1 (wt/wt).

The formation of dense skin layer and a sponge-like support with less
macrovoid at higher polymer concentration are shown in Figure 4.3. The thicknesses
of the skin layers are 2.4, 3.5 and 8.3 um for polymer concentrations of 19%, 22%,
and 25%, respectively, and shown in Table 4.3. The formation of this structure is due
to higher resistance for exchange of solvent and nonsolvent for more concentrated
polymer. Therefore, a delayed liquid—liquid phase demixing is developed and hence a
membrane skin with few pores or defects and denser support will be formed [29].

However, some macrovoids are still present.

Table 4.2 The composition of PSF membranes according to the PSF content.

Samples PSF (wt.%0) DMACc (wt.%0) Ac (wt.%0)
PSF19% 19 54 27
PSF22% 22 52 26
PSF25% 25 50 25

*The ratio of DMAc and Ac was fixed at 2:1 (wt/wt)
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Figure 4.3 SEM micrographs of the membranes cross-section prepared by different
polymer concentrations; (a) PSF 19%, (b) PSF 22% and (c) PSF 25%; (1) x1,000 and
(2) x5,000.
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Table 4.3 The thicknesses of the skin layers.

Samples Skin layers are

(Hm)
PSF19% 2.440.3
PSF22% 3.5+0.2
PSF25% 8.3+0.4

To check on the effect due polymer concentrations, the membrane
dielectric constant was investigated. Figure 4.4 shows that the dielectric constant of
membranes is independent of the frequencies. Among the three polymer
concentrations, the smallest and the greatest dielectric values belong to membrane
PSF 19% and membrane PSF 25%, respectively. In fact, that membrane with a greater
void volume would exhibit a smaller dielectric value, as described by Jaleh et. al., [12,
61]. This implies that the former concentration larger void volume and the reverse are
smaller for the latter. This could be verified by the SEM micrograph in Figure 4.3.
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Figure 4.4 The dielectric property of PSF membranes.
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4.2 Modification of asymmetric polysulfone membranes by UV-ray irradiation

4.2.1 The effect of UV-ray irradiation on contact angles

Measuring water contact angles was the simplest method for
determining the hydrophilicity of the film surface. Water contact angle of PSF
membranes was measured immediately after the UV ray treatment and shown in
Figure 4.5 in comparison to the untreated ones. The untreated membranes have
contact angles about 71° to 76° (irradiation time is 0 h as shown in Figure 4.5).
However, those of the treated membranes reduced greatly after UV ray irradiation. In
addition, the 312 nm UV wavelength reduced water contact angles of the treated
membranes greater than the 254 nm wavelength. The contact angles reduced from
71°-76° to about 15°-18°, after 6 h of 312 nm ray treatment and being stable about
10°-12° after 12 h of the treatment. For 254 nm wavelength, they were about 52°-59°
after 6 h treatment and became stable about 52°-56° after 12 h treatment. The results
indicate that the UV ray treatment increased the hydrophilicity of PSF membranes.
However, variation of polymer concentration from 19% to 25% did not significantly

affect the hydrophilicity of the treated membranes.

Water contact angle (degree)

O T T T 1
0 3 6 9 12
Irradiation time (h)
- =% - PSF19% _UV254 -3 - PSF22%_UV254 - =& - PSF25%_UV254
—o— PSF19%_ UV312 —B— PSF22% UV312 —&— PSF25% UV312

Figure 4.5 Comparing water contact angles of PSF membranes irradiation by 254 and

312 nm UV ray wavelengths.
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To test whether the effect from UV irradiation was permanent, further
experiment was carried out on the treated membrane by measuring water contact
angle after several periods of times. The treated membrane by the UV ray with 312
nm wavelength was selected for this study because this condition showed a very
distinctive reduction of water contact angle. Changes in water contact angle with time
was observed and shown in Figure 4.6. The contact angle for the treated membranes
increased rapidly up to 1 week. They increased from 30° to 70°, from 25° to 35° and
from 15° to 25° while the irradiation time was increased to 3, 6 and 12 h, respectively.
Then they increased slowly during 1-2 weeks. It relatively stables after 3 weeks of
storage time. At 3 h of irradiation, the water contact angle increased nearly equal to
the untreated membranes within 2-4 weeks after the irradiation. It indicated that
hydrophilicity gained by short irradiation time is not stable; the effect can be smaller
and even disappear completely, namely “hydrophobic recovery” [62]. However,
hydrophobic recovery decreased when irradiation time increased. Moreover, the

polymer concentration affect water contact angle slightly at the same irradiation time.

Water contact angle (deegree)

0 - . . . . .
0 1 2 3 4 5
Time (weeks)
A PSF19%_control O PSF22%_control O  PSF25%_control

seeofsees PSF19%_3h_UV312 .- PSF22%_3h_UV312  ---:©--+ PSF25%_3h_UV312
==A=-PSF19%_6h_UV312 =-B--PSF22%_6h_UV312 =-6--PSF25%_6h_UV312

—A—PSF19%_12h_UV312 —8—PSF22%_12h UV312 —e— PSF25% 12h UV312

Figure 4.6 Variation of water contact angles on the treated membranes by the UV ray

with 312 nm wavelength vs. storage time.
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4.2.2 The effect of UV-ray irradiation on chemical structure

The treated film by UV ray with 254 and 312 nm wavelengths for 12 h
was selected for this study because the contact angle shows minimum value at this
condition. The FTIR spectra of the treated membranes were shown in Figure 4.7,
compared to the untreated membranes. Based on the spectral change, the result show
that variation of PSF has same effect on membrane functional groups. The PSF
consists of a backbone made up of diaryl sulfone (Ar-SO,-Ar), diaryl ether (Ar-O-Ar)
groups showed strong bands at 1150 and 1241 cm™, respectively. The bands at 1487
and 1585 cm™ belong to the vibration of the aromatic (C=C) in PSF molecule [27].
However, the intensities of the peak at 1150, 1241, 1487 and 1585 cm ' decreased
after UV ray treatment, while new broad peaks arose around 3300 cm™* and near 1746
cm 1. The peaks appeared around 3300 and 1746 cm ™" are ascribed to the stretching
vibration of hydroxyl (-OH) group and carbonyl (C=0) group, respectively. The
appearance of the peaks around 3300 and 1746 cm™* by UV ray treatment indicates
that the carbons in methyl group and in benzene ring of PSF were attacked and
oxidized by UV ray to form carbonyl (C=0) group and hydroxyl (-OH) group. This is
accordance with result determined by Choi et. al., (2003) [15], although they used
ozone treatment instead. These functional groups were polar [11], resulting in an
increase of the hydrophilic property of the membrane. In addition, it was found that
the UV ray with 312 nm wavelength affected carbonyl and hydroxyl functional group
of the treated membranes more than 254 nm wavelength. This result was consistent

with the changes in hydrophilicity determinations using contact angle measurements.
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Figure 4.7 FTIR spectra of the untreated and the treated membrane by two UV ray
wavelengths, 254 and 312 nm for 3 membranes; (a) PSF 19%, (b) PSF 22% and (c)
PSF 25%.

4.2.3 The effect of UV-ray irradiation on surface free energy

To confirm polar segments of the membrane, its surface properties
were examined by contact angle measurement of formamide and ethylene glycol
(Dataphysics, OCA 15 EC, Germany). The results were shown in Figure 4.8. For the
treated membrane, it was found that surface free energy increased from 31-36 to 83-
84 mN/m and polar component increased from 4-13 to 82-84 mN/m after . However,
dispersive component decreased from 18-31 to 0.8-0.9 mN/m. Therefore, surface free
energy increased mainly due to the increase of polar component. This result was
consistent with surface modification of PSF membrane by oxygen plasma treatment
of Kim et. al.,, (2002) [11]. This indicates UV induces the polar component to
membranes surface. Moreover, the result shows that variation of PSF has same effect.
Polymer concentrations affect the bulk of membrane while the surface free energy
only measure on the surface. Therefore, polymer concentrations not affect polar

component.
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Figure 4.8 Surface free energy of UV-ray irradiation polysulfone membrane with the
increase in polymer concentration; (a) surface free energy, (b) polar component and

(c) dispersive component.

4.2.4 The effect of UV-ray irradiation on membranes surface

The hydrophilicity of membranes depend both the chemical groups at
the polymer surface and the surface roughening [63]. The membrane surface
topography was observed using an atomic force microscope (AFM). The AFM
scanning found the membrane surface roughness increased significantly after the UV
irradiation compared with the control, as shown in Figure 4.9. The reactions taking
place in the chain, when irradiated with UV are bond scissions and dissociations of
chain. Therefore, the surface roughening can be formed [13]. It may be supported the
increasing hydrophilicity of polysulfone membranes due to this surface roughness

enhanced water absorption [55].
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Figure 4.9 AFM images of untreated (a) and treated membranes (b) by UV ray.
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4.2.5 The effect of UV-ray irradiation on gas separation

From contact angle result, the 12 h UV irradiation was the optimum
condition due to it gave the lowest water contact angle. So that the 12 h UV treated
membranes was selected for this study. The permeance of four gases through the
untreated and treated membrane at different polymer concentration was investigated
using equation (2.5), and illustrated in Figure 4.10. The result showed that O,
permeation was decreased while permeation of N,, CH4 and CO, was increased after
UV irradiation. The permeation of N,, CH4 and CO, were increased about 1.8, 2.6 and
4.2 times of the untreated membranes, respectively, while the permeation of O, was
decreased about 2.5 times of the untreated membrane. Based on the principle of
solution-diffusion mechanisms, solution parameter was controlled by affinity between
the gas molecules and the polymer matrix [26]. In this case, membrane containing
polar moieties have an affinity for N,, CH; and CO, due to dipole—quadrupole
interaction [56]. UV irradiation improved polar group such as hydroxyl and carbonyl
groups on membrane surface which confirmed by FTIR analysis. Therefore, the
highly polar groups in the treated membranes should be more attractive to CO,, N,
and CH,4 because the CO, molecule has high quadrupole moment and polarizability,
while the N, and CH,4 have high polarizability (Table 2.2) leads to more permeance.
However, the O, has low quadrupole moment and polarizability lead to a repellant
from polar membrane and hence smaller gas permeation was evidenced. This result
was according to Klepac et. al., (2014) [64]. They explained the formation of carbonyl
and carboxyl groups lead to increment of polarity of the chains. This contributes to
the changes in permeability of nonpolar gases, like oxygen. Their research indicated
the decrease in O, permeability with formation of carbonyl and carboxyl groups using
polyethylene membranes treat by gamma ray [64].

In addition, solution parameter also depended condensability which
was indicated by critical temperature (T.) whereas diffusion parameter was strongly
influenced by the size of gas molecules, represented by their kinetic diameters (Table
2.2) [26]. This reason affected the untreated membranes because the molecular size of

O, smaller than N and its critical temperature hither than N, hence O, permeance is



51

higher than N, in the same condition. For the same reason, CO, permeance is higher
than CH4 [7, 26, 29, 57].

These permeations affect O,/N, and CO,/CHjy selectivity of membranes
because selectivity was a proportion of 2 gas permeation following equation 2.6.
Therefore, O,/N, and CO,/CHy, selectivity were calculated using data from Figure
4.10 (a-b) and Figure 4.10 (c-d), respectively, and shown in Figure 4.11 (a) and
Figure 4.11 (b), respectively. The result shown the O,/N; selectivity decreases while
the CO,/CH, selectivity increases after UV irradiation. For O,/N; selectivity, the
permeance of O, through the treated membranes decreases, while that of N, increased
lead to a decreasing in O,/N, selectivity. In the case of CO,/CH, selectivity, both
permeances increase after UV irradiation but CO, permeance was greater due to its
greater quadrupole moment hence CO,/CHj, selectivity was improved.

Moreover, it also pointed out that the selectivity increased with
increased polymer concentration from 19% to 25%. The effect of polymer
concentration of casting solution on gas permeance was reported by Madaeni et. al.,
(2011) [29] and Ismail and Lai (2003) [65]. They explained the increasing of casting
concentration leads to delayed liquid-liquid phase demixing, which was resulted in an
increment in the thickness of the skin layer. The membrane with thicker skin layer
provides a low value of permeance but a relatively high degree of selectivity for gas
separation process. In contrast, casting membranes from a dilute polymer solution
produced a thin and porous skin layer, leading to a high value of permeance but a low
selectivity. Therefore, PSF 25% illustrated the maximum selectivity for this studied.
In addition, the selectivity decreased with increased pressure. The maximum
selectivity of CO,/CH, and O,/N, was found at 3 bar. Considering the polymer
concentration of 25% and pressure of 3 bar, the maximum of CO,/CHj, selectivity was
6.4 which increased about 3 times of the untreated membranes. In contrast, the
maximum of O,/N, selectivity was 7.5 belonging to the untreated membranes which

was higher than the treated membranes by 4.9 times of the
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Figure 4.10 Comparison of O, (a), N, (b), CO, (c), and CH,4 (d) permeation through

the untreated and treated membrane by UV ray.
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4.3 Modification of asymmetric polysulfone membranes by Ar plasma treatment

4.3.1 The effect of Ar plasma treatment on chemical structure

Figure 4.12 shows the FTIR spectra of the treated membranes by Ar
plasma for 3 min, compared to the untreated membranes. The result shown that the
PSF consists of a backbone made up of diaryl sulfone (Ar-SO,-Ar), diaryl ether (Ar-
O-Ar) groups showed strong bands at 1150 and 1241 cm™, respectively. The bands at
1487 and 1585 cm™ belong to the vibration of the aromatic (C=C) in PSF molecule
[27]. However, the intensities of the peak at 1150, 1241, 1487 and 1585 cm*
decreased after Ar plasma treatment. PSF was natural hydrophobic. Therefore, it may
be decreasing these peaks lead to the increasing hydrophobicity of PSF.

0.6
==PSF19% _control
o 05 ——PSF19%_Ar
c
-
2 0.4 - 1241
< 1150
2 03 A
2 1487
<
02 - 1585
0.1
3300
0.0 . e , —
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-)

(a)



0.6 -
==PSF22%_control 1241
05 1 ———PSF22%_Ar
b= 1150
[
) 04 -
3
g
2 03 -
S 1585
Q
< 0.2 -
0.1 -
3300
0.0 . R - -
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-?)
(b)
0.6 -
==PSF25% _control
_ 9% ——psFa5%_Ar 1241
c
5 o4 - 1150
3
c
3 03 1487
S
a 1585
< 0.2
0.1
3300
0.0 . e , -
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-?)

(©)

56

Figure 4.12 Comparison of FTIR spectra of the untreated and the treated membrane
by UV ray; (a) PSF 19%, (b) PSF 22% and (c) PSF 25%.
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4.3.2The effect of Ar plasma treatment on contact angle

The dependence of the water contact angle on the treatment time for
the membranes treated in Ar plasma at 2.5x10™" mbar are presented in Figure 4.13.
For polymer concentrations of 19%-25%, they showed similarly result. The contact
angles are rapidly decreasing with values up to 20°-30°, in 3 min of treatment,
afterward increases until 5 min and reaching after 5 min a value relatively stable at
40°-50°. However, the highest value is also lower with 30° than the value of the
untreated membranes (0 min). The contact angle value depend both the chemical
groups at the polymer surface and the surface roughening. These factors cannot be
separated from the measurements [63]. Due to Ar is non polymerizing gases,
therefore, Ar plasma causes not only ablation of polymeric material but also
deposition of degraded particles. Ablation usually occur the higher ratio at the
beginning of the plasma treatment process. This treatment resulted in increase of the
surface roughness and the wettability. So the contact angles decrease in the early stage
of treatment time. After that the particles from degraded membrane skin could be
deposited on membrane surface, as a result, decrease of defect or roughness during
plasma treatment [51]. Therefore, the contact angles increase for the latter. From
FTIR spectra, they indicate the decreasing of hydrophobic peak after treatment. It may
be lead to the increasing hydrophobicity of membrane. Therefore, although contact
angles increased, they are not equal to the untreated membrane. The results indicate
the plasma treatment increase of polysulfone membranes. The maximum
hydrophilicity is found in 3 min of treatment.

Variation of water contact angle with storage time was also performed
and the result was shown in Figure 4.14. It showed that the water contact angle for the
plasma treated membranes increases with the increase of storage time. The water
contact angle rapidly increases within 1 week, and then it increases slowly during 2-3
weeks. It relatively stables after 3 weeks of storage time. This was due to
hydrophilicity gained by plasma modification not stable. This phenomenon was
caused mobility of surface functionalities, or sorption of hydrophobic moieties
appearing in laboratory air lead to hydrophobic recovery [62]. However, the treatment
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time about 3-5 min was shown minimum hydrophobic recovery. Therefore,
polysulfone membrane with Ar plasma treatment time for 3 min was an optimum

condition.
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Figure 4.13 Water contact angles of the treated PSF membranes by Ar plasma
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Figure 4.14 The water contact angle as a function of the storage time for the PSF19%
(a), PSF22% (b) and PSF25% (c) modified by Ar plasma for 1-20 min.
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4.3.3 The effect of Ar plasma treatment on gas separation

The 3 min Ar plasma treatment membrane was selected for this study
because it was the optimum condition which observed by the lowest water contact
angle. The permeance and selectivity of four gases through the untreated and treated
membrane at different polymer concentration was investigated using same method
with UV irradiation. The results were shown in Figure 4.15-4.16. It was noted that Ar
plasma treatment effected was similar to UV irradiation but lower. That was
decreasing O, permeation while permeation of N,, CH4 and CO, were increased after
Ar plasma treatment. The permeation of N,, CH, and CO, were increased about 1.4,
1.8 and 2.4 times of the untreated membranes, respectively, while the permeation of
O, was decreased about 1.4 times of the untreated membrane. This effect was caused
by dipole-quadrupole interaction [56] between polymer matrix and gas molecules, as
well as UV irradiation. These permeations affect O,/N, and CO,/CHj, selectivity,
which was shown in Figure 4.16. The result shown the O,/N, selectivity decreases
while the CO,/CH, selectivity increases after Ar plasma treatment. For O,/N;
selectivity, the permeance of O, through the treated membranes decreases, while that
of Ny increased lead to a decreasing in O2/N, selectivity. In the case of CO,/CHy,4
selectivity, both permeances increase after Ar plasma treatment but CO, permeance
was greater than CH,4 and hence CO,/CHj, selectivity was improved. In addition, the
selectivity increased with increasing polymer concentration from 19% to 25%. The
PSF 25% illustrated the maximum selectivity for this studied. Although the selectivity
decreased with increased pressure, however, the maximum selectivity of CO,/CHy,4
and O,/N; was found at 3 bar. For the polymer concentration of 25% and pressure of
3 bar, the CO,/CH,4 and O,/N; selectivity of Ar plasma treatment membranes were 4.3
and 3.8, respectively, which increased about 2 times and decreased about 2 times of

the untreated membranes, respectively,
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Figure 4.15 Comparison of O, (a), N, (b), CO, (c), and CH,4 (d) permeation through

the untreated and treated membrane by UV ray.
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4.4 Preparation of polyethylene membranes

SEM micrograph of PE film was shown in Figure 4.17. The result
illustrated the evenness of PE film surface. For the cross-section, the SEM micrograph
showed the dense structure without distinct pore. The average thickness of film which

measured using a thickness gauge (Peacock, Model G-7C, Japan) was about 13um.

(b)
Figure 4.17 SEM micrographs of the PE film; (a) surface and (b) cross-section.

4.5 Modification of polyethylene film by UV irradiation

4.5.1The effect of UV irradiation on contact angle

The effect of UV ray with 312 nm wavelength irradiated on water
contact angle values was shown in Figure 4.18. The result showed that an average
water contact angles of the untreated PE film surface was about 110°. For the treated
film, UV ray irradiation hardly affected water contact angle during 3-12 h of
irradiation time. However, the water contact angles decreased gently from 105°-83°
after UV ray treatment for 12 -18 h and stable at about 80° after 24 h of treatment
time. This result indicates the hydrophilicity of PE film increase lightly after UV
irradiation at least 24 h. Therefore, this method was unsuitable for PE surface

modification
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Figure 4.18 Water contact angles of the untreated and the treated film by the UV
irradiation with 312 nm wavelength for 3-24 hr.

4.6 Modification of polyethylene film by Ar plasma treatment

4.6.1 The effect of Ar plasma treatment on water contact angle

The effect of Ar plasma treatment on water contact angle of PE film
was measured and shown in Figure 4.19. It was a function of treatment time. The
results showed that the water contact angle sharply decrease after 1 min of plasma
treatment, and then lightly decrease, reaching after 3 min a value stable at about 10°,
which decreased from 110° of the untreated PE film. The results indicate the Ar
plasma treatment could increase hydrophilicity of PE film.

Water contact angle variation of PE film treated by Ar plasma with
storage time was carried out and the result was shown in Figure 4.20. It showed that
the water contact angle increases with the increase of storage time. The water contact
angle rapidly increases within 2 week, and then it increases slowly during 3-4 weeks.
However, their water contact angle not saturated. This indicated the hydrophilicity not
stable. This was caused mobility of surface functionalities, or sorption of hydrophobic

moieties appearing in laboratory air lead to hydrophobic recovery [62]. However, the



66

treatment time about 10 min was shown minimum hydrophobic recovery. Therefore,

PE film with Ar plasma treatment time for 10 min was an optimum condition.
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Figure 4.19 Water contact angles of the PE file treated by Ar plasma for 1-20 min.
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4.6.2 The effect of Ar plasma treatment on chemical structure

The chemical structures of PE film were characterized by FTIR
spectroscopy. The FTIR spectra of the untreated and Ar plasma treated PE was shown
in Figure 4.21 and 4.22. A strong absorption was characteristic for the symmetric and
non-symmetric stretching of C-H bonds in methyl and methylene groups [64]. The
absorption peaks of 2915, 2848, 1468, and 725 cm™ are attributed to methylene non-
symmetry stretch vibration, methylene symmetry stretch vibration, methylene non-
symmetry changing angle vibration, and methylene swing in plane vibration,
respectively (Figure 4.21) [66, 67]. When the Ar plasma treated PE spectrum was
compared with the untreated PE spectrum, these peaks reduced. Moreover, two new
broad band occur around 3300 cm™ and 1500-1747 cm™ (Figure 4.22), which
corresponds to the hydroxyl group (-OH) and the oxygen based groups [67].

After Ar plasma treatment, the low molecular weight chains on the PE
surfaces such as C-H and C-C were broken and in turn help in improving the cross
linkage density. This results in the reduced methylene stretch vibration because the
cross-linking of molecular chains could prevent the stretch vibration. And hence the
surface was activated. When plasma treated PE film were exposed to the atmosphere,
the plasma activated surface readily adsorbs the moisture in the air which was
indicated by the broad band at 3300 cm™ and 1500-1747 cm™ in PE [66-68]. The band
around 3300 cm™ was due to the hydroxyl group (-OH). The band around 1500-1747
cm™ present the oxygen based groups, which contain carbonyl groups absorption
(C=0 stretch) in the range of 1750-1600 cm™ and COO- asymmetrical stretching at
1645 cm™ [67, 68]. These additional peaks illustrated the functionalization of the PE
film surface after Ar plasma. Hence the water contact angle of PE sample decreased
from 110°-10° after Ar plasma treatment due to the formation of polar groups like
hydroxyl group and other oxygen based groups. The results indicated the Ar plasma

could increase the hydrophilicity of PE surfaces [67, 69].
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4.6.3 The effect of Ar plasma treatment on gas separation

PE membranes were prepared by nuclear track etching method. Gas
permeation through the untreated and treated PE membranes by Ar plasma was
investigated under the effect of conditions for chemical processes such as
concentration of etchant, etching time and etching temperature. These results were
shown in Figure 4.23-4.28. The effect of conditions for chemical processes was
studied under gas pressure at 3 bar. For study of concentration of etchant effect, PE
film was etched in 0.5-3 N K,Cr,07 in H,SO4 (40% W/W) at 25 °C for 1 min. For
study of etching time effect, PE film was etched in 2 N K,Cr,07 in H,SO,4 (40%
W/W) at 25 °C for 1-10 min. For study of etching temperature effect, PE film was
etched in 2 N K;Cr,07 in H,SO4 (40% W/W) at 25-60 °C for 10 min. The effects of
conditions for chemical processes were shown in Figures 4.23-4.28. The results
obtained suggest that they played a major role in increment the gases permeance. The
gases permeance of O,, N, CO, and CHy increased with increasing concentration of
etchant, etching time and etching temperature. When the concentration of etchant
increased from 0.5- 3 N, they were increased from 1.9- 3.3, 1.2- 2.9, 2.3-3.7 and 1.1-
3.2 m*m*hbar for O,, N,, CO, and CH, (Figures 4.23), respectively. While, the
etching time increased from 1-10 min, they were increased from 2.4- 4.4, 2.0- 4.3,
2.6-4.6 and 1.8-4.1 m*/m*hbar for O,, N, CO, and CHy (Figures 4.24), respectively.
Moreover, the etching temperature increased from 25-60 °C, they were increased
from 4.4-8.9, 4.3-8.8, 4.6-9.0 and 4.1-8.8 m*/mhbar for O, N, CO, and CH,
(Figures 4.25), respectively. The increment of concentration of etchant, etching time
and etching temperature affected enlarges the latent tracks, which were generated
during exposure of fission fragment. Therefore, they lead to the increasing pore size,
which result in increased gases permeance. However, the surface modification of PE
membranes by Ar plasma did not show any significant difference in the gases
permeance. This indicated the interaction effects between polar functional groups of
treated membranes and polar gases were not present. Therefore, the gas permeation
through the track- etched PE membranes caused by diffusivity more than the
solubility [21]. The diffusivity of gases based on their sizes, normally represented by

their kinetic diameters. The kinetic diameters of O,, N,, CH, and CO, were 3.34,
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3.68, 3.30 and 3.82 °A (Table 2.2), respectively. So that gases permeance decreased
with the increasing kinetic diameters of gases (Figures 4.23-4.25).

The effect of conditions for chemical processes on gas separation was
shown in Figure 4.26-4.28. In mild etching conditions, gas selectivity was found to
increase. However, it decreased in high etching conditions. When concentration of
etchant etching time and etching temperature increased, the gases permeance
increased. Finally, the equal permeance of each gas as result in selectivity did not
occur. The maximum selectivity under the concentration of etchant was 1.6 and 2.0
for O,/N, and CO,/CH, (Figures 4.26), respectively, which obtained at 0.5 N, 25 °C
and 1 min of etching time. For etching time, the maximum selectivity of O,/N, and
CO,/CH,4 was 1.2 and 1.4 (Figures 4.27), respectively, which obtained at 2 N, 25 °C
and 1 min of etching time. For etching temperature (2 N, 25-60 °C and 10 min of

etching time), membranes could not separate these gases (Figures 4.28).
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Figure 4.23 Graph of permeation of O, (a), N, (b), CO, (c), and CH,4 (d) vs.

concentration of etchant for the untreated and treated membrane by Ar plasma.
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Figure 4.24 Graph of permeation of O, (a), N2 (b), CO, (c), and CH,4 (d) vs. etching

time for the untreated and treated membrane by Ar plasma.
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Figure 4.25 Graph of permeation of O, (a), N2 (b), CO, (c), and CH4 (d) vs. etching
temperature for the untreated and treated membrane by Ar plasma.
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Chapter 5

Conclusion

5.1 Conclusion

Asymmetric polysulfone membranes prepared by phase inversion
method using acetone as non-solvent in polymeric solution. For membranes surface
modification by UV irradiation, the result showed that UV irradiation can improve
polar group such as hydroxyl and carbonyl groups on the membrane surface. These
polar groups affect gases permeation in such as O, permeation decreased by 2.5 times
compared to the untreated membrane. In contrast, the permeation of N,, CH4 and CO;
were increased by 1.8, 2.6 and 4.2 times greater than that of the untreated membranes,
respectively. This effect might be due to dipole—quadrupole interaction between
polymer matrix and gas molecules. These permeations affect gases selectivity. The
0O,/N; selectivity decreases after UV irradiation. In contrast, the CO,/CHy, selectivity
increases. The maximum selectivity of CO,/CH,4 and O,/N, was found on prepared
membrane by concentration of 25% PSF when the applied pressure was selected to be
3 bar. The maximum of CO,/CH, selectivity was 6.4 which increased about 3 times
compared to the untreated membranes. However, the maximum O/N; selectivity was
7.5 belonging to the untreated membranes which was greater than the treated
membranes by 4.9 times. For Ar plasma modification, the result shows that it has
effected on membrane similar to UV irradiation but lower. After Ar plasma treatment,
O, permeation was decreased to 1.4 times of the untreated membrane while
permeation of N,, CH; and CO, were increased to 1.4, 1.8 and 2.4 times of the
untreated membranes, respectively. These permeations affect O,/N, and CO,/CH,
selectivity, the O,/N, selectivity decreases while the CO,/CH, selectivity increases
after Ar plasma treatment. Considering the polymer concentration of 25% and
pressure of 3 bar, the CO,/CH,4 and O,/N; selectivity were 4.3 and 3.8 respectively,
which increased about 2 times and decreased about 2 times of the untreated

membranes, respectively.
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PE membranes were prepared by nuclear track etching method. The
effect of conditions for chemical processes was studied under gas pressure at 3 bar.
The results obtained, suggest that the gases permeance of O,, N, CO, and CH,
increased with increasing concentration of etchant, etching time and etching
temperature. When the concentration of etchant increased from 0.5- 3 N, permeance
were increased from 1.9- 3.3, 1.2- 2.9, 2.3-3.7 and 1.1-3.2 m*/m*hbar for O, N,, CO,
and CHy, respectively. While, the etching time increased from 1-10 min, permeance
were increased from 2.4- 4.4, 2.0- 4.3, 2.6-4.6 and 1.8-4.1 m®/m?hbar for O,, N,, CO,
and CHya, respectively. Moreover, the etching temperature increased from 25-60 °C,
permeance were increased from 4.4-8.9, 4.3-8.8, 4.6-9.0 and 4.1-8.8 m*/mhbar for
05, N2, CO, and CHg, respectively. The increment of concentration of etchant, etching
time and etching temperature affected increasing pore size, which result in increased
gases permeance. UV irradiation lightly affects surface of PE film so it was not
studied for surface modification. Ar plasma treatment affects increase hydrophilicity
of PE film more than UV irradiation. However, it did not show any significant
difference in the gases permeance. This indicated the interaction effects between polar
functional groups of treated membranes and polar gases were not present. Therefore,
the gas permeation caused by the different of molecular sizes of gases and pressure.
The gas selectivity decreased when concentration of etchant, etching time and etching
temperature increased. The maximum selectivity under the concentration of etchant
was 1.6 and 2.0 for O,/N, and CO,/CHj, respectively, which obtained at 0.5 N, 25 °C
and 1 min of etching time. For etching time, the maximum selectivity of O,/N, and
CO,/CH,4 was 1.2 and 1.4, respectively, which obtained at 2 N, 25 °C and 1 min of
etching time. For etching temperature, membranes cannot separate these gases.

In conclusion, asymmetric PSF membranes prepared by phase
inversion method and modified by UV irradiation have polar group on the membrane
surface. The polar membrane which was hydrophilic is most suitable for CO,/CH,
separation. However, the untreated PSF membrane which was hydrophobic is suitable
for O,/N; separation. For PE membrane prepared by nuclear track etching method and

etched in aforementioned conditions is not suitable for gas separation.
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5.2 Suggestion

1. Membranes polarity is a significant effect in gas separation
membranes systems. Membrane with polar functional group is hydrophiliic. Polar
membrane is suitable for CO,/CH, separation. Although the nature of polysulfone
membrane is hydrophobic, a surface modification can improve its hydrophobicity. In
this thesis, membrane was modified by plasma treatment and UV-ray irradiation.
However, there are many methods for surface modification including ozone treatment
and gamma-ray irradiation.

2. In this thesis, Ar was used for membrane surface modification in
plasma system. However, there are several gases can improve hydrophobicity of
membrane such as Nz, CO,, O, and NHs.

3. Similar method should be applied for some particular polymers for
the gas separation membranes production such as poly (ethylene terephthalate),

polypropylene, poly (vinylidene fluoride) and polyimide.
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Abstract

The effects of ultraviolet (UV) irradiation for surface modification of hydrophobic asymmetric
polysulfone membranes have been investigated. The asymmetric polysulfone (PSF) membranes were
prepared by phase inversion method using 19%-25% of PSF in two solvents, viz. dimethylacetamide
(DMF) and Acetone (Ac) collectively. The surface of asymmetric polysulfone membranes were modified
by UV ray with 254 and 312 nm wavelength. Chemical and physical properties of the untreated and the
treated membranes were characterized. Scanning electron microscope (SEM) was used to determine
asymmetric structure of polysulfone membranes. Contact angle device was used to analyzed the effected
of UV ray treatment on hydrophilicity of membranes surface. Polar functional groups introduced by UV
irradiation were examined using FTIR. The water flux was measured under a pressure of 500 kPa to 2,500
kPa with a feed temperature of 25°C. It was shown that asymmetric polysulfone membranes were
produced and the UV ray treatment significantly alters the hydrophilicity of membranes surface indicated
by the reduction of water contact angle with increasing treatment time. The FTIR analysis showed the
formations of polar functional groups such as hydroxyl and carbonyl groups. Consequently, the surface of
asymmetric polysulfone membranes was changed from hydrophobic to hydrophilic by UV irradiation
leading to the enhancement of the water flux.

Keywords: Surface modification; asymmetric polysulfone membrane; UV irradiation; water flux;

hydrophilicity

© 2014 Penerbit UTM Press. All rights reserved.
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H1.0 INTRODUCTION

Polysulfone were widely used in the preparation of asymmetric
membranes with different pore sizes in the skin layer [1]. Among
many methods, phase separation was the common method for
fabrication of flat sheet asymmetric membranes [2]. Aroon et al.
[2] prepared asymmetric polysulfone membranes using a mixture
of a more volatile solvent (THF) and less volatile solvent (NMP)
instead of one single nonvolatile solvent. They found that the skin
layer is thicker and less defects. This was due to a volatile solvent
can rapidly evaporate from the outermost surface of the
membrane during polymer casting, which results in higher
polymer concentration in the upper layer of the membrane lead to
delayed liquid—liquid demixing and as a result, a dense skin layer
with less defects and pin-holes was prepared. Acetone is a more
volatile solvent with has boiling point 56°C, while boiling point
of THF is 66°C.> It mean acetone more rapidly evaporate than
THEF so that it is possible to prepare asymmetric membranes with
dense skin layer using acetone [2, 4-6]. Madaeni ef al. [5] found
that addition of acetone in to polymeric solution consist of PSF

and DMAc cause a decline in flux and an improvement in the
retention of protein. In the same condition, Aryanti et al. [6]
reported humic acid rejection increase with acetone concentration
increase. This is confirmed that acetone could improve dense
membrane.

Although polysulfone (PSF) has been widely used as a
membrane material due to its high performance engineering
thermoplastic, which resists degradation, low cost, excellent
thermal, chemical and mechanical properties [7]. However,
hydrophobicity of PSF membranes limits its wider application.
Therefore, numerous investigations have been focused on the
modification of PSF membranes to impart hydrophilicity to their
structure [8-9]. There are many methods to modify the membrane
surface such as plasma treatment, ozone treatment, ion beam
treatment, gamma-rays or UV irradiations.

The plasma processes can alter the physico-chemical
properties of the polymer surface. It improves polymer
wettability, permeability, conductivity, adhesion  or
biocompatibility [10]. However, it resulted in only transient
hydrophilicity with contact angle changes within 24 h of plasma
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treatment, only the outer membrane surface was modified [11]
and it difficult to control the chemical structure of the plasma
treated polymer. Ozone is known to change the chemical structure
of polymer membranes. It is anticipated that ozone-treated
polymer membranes can show more stable properties, compared
to plasma-treated membranes, due to ozone treatment which can
change the bulk properties of the polymer while the plasma
process only changes the surface properties of the polymer [12].
lon beam irradiation has long been recognized as an effective
method for the modification of diverse materials [13]. It can
improve polymer properties such as surface hardness, resistance
to mechanical wearing and chemical erosion, and conductivity
[14]. With appropriate choice of irradiation conditions (i.e. ion
type and energy), energetic ions modify the surface layer of
materials within a well-defined depth [15]. It is known that many
important physical and chemical properties of polymers can be
modified with gamma-rays irradiation [16]. It has been reported
that it can change electrochemical characterization (salt
permeability, ionic permselectivity and electrical resistance) of
cellophane membranes [17]. However, these methods are
expensive and difficult to perform.

Many studies about the effects of these methods on several
types of polymers have been reported. But the information about
the effects UV irradiation on microporous PSF membrane
especially, is scarce. However, it has been reported that it
increased flux and the hydrophilicity of the membranes.'$
Compared with other surface modification techniques such as
plasma treatment, ozone treatment, ion beam treatment, and
gamma-rays irradiation, UV irradiation has distinct advantages
over other techniques due to its simplicity, inexpensive and
widespread industrial applications [19].

The objectives of this research were preparation asymmetric
polysulfone membranes and surface modification by UV
irradiation. The asymmetric polysulfone membranes were
prepared by a phase inversion process using acetone as volatile
solvent. The effect of acetone on the morphology was investigated
by SEM. The UV ray with 254 and 312 nm wavelength and power
2000 and 360 pw/cm?, respectively, was used for the treated
membranes. Also, the effect of UV irradiation on hydrophilicity
of membranes and was studied using contact angle device, FTIR
and dead-end filtration techniques by comparing the results with
the untreated membranes.

H2.0 EXPERIMENTAL
2.1 Materials

Polysulfone (Udel P-3500) resin was supplied by Sovay (China).
N,N-dimethylacetamide (DMAc) and Acetone (Ac) were used as
solvents for PSF membrane and supplied by Sigma—Aldrich Co.
(USA) and Guangdong Guanghua Chemical Factory Co., Ltd.
(China), respectively. Tap water at room temperature (25°C) was
used as a coagulation medium during phase-inversion process.

2.2 Preparation of Asymmetric Flat Sheet Membranes

PSF resin was dried in an oven at about 80°C for 24 h to remove
humidity before use. PSF was dissolved in solvents of DMAc and
Ac different concentrations (Table 1). The solutions were mixed
at 60°C for 24 h and placed in an ultrasonic water bath to remove
air bubbles. Each solution was cast on a clean glass plate. The thin
polymer sheet was immersed in the coagulation bath for 24 h.
During the phase inversion process, the exchange between the
solvent and nonsolvent lead to the formation of the asymmetric

PSF membrane. The wet membranes were dried at room
temperature for 24 h before being used.

Table 1 Membranes with different dope solution compositions and UV
irradiation conditions
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PS DMA Ac UV ray Irradiation
Sample F c (%) wavelength time
(%) (%) 2 (nm) (h)
PSF19%_0h 19 54 27 - 0
PSF22%_0Oh 22 52 26 - 0
PSF25% 0Oh 25 50 25 - 0
PSF19% 3h 254 19 54 27 254 3
PSF22% 3h 254 22 52 26 254 3
PSF25% 3h_254 25 50 25 254 3
PSF19%_6h_254 19 54 27 254 6
PSF22% 6h 254 22 52 26 254 6
PSF25% 6h_254 25 50 25 254 6
» 0,
4PS]"I9 % 12h_25 19 54 27 254 12
" 0,
z’SFZZA;_IZh_ZS 2 5 2% 254 12
259 2
II:S]"-S/LthJS 25 50 25 254 12
PSF19% 3h 312 19 54 27 312 3
PSF22% 3h 312 22 52 26 312 3
PSF25% 3h 312 25 50 25 312 3
PSF19% 6h 312 19 54 27 312 6
PSF22% 6h 312 22 52 26 312 6
PSF25% 6h 312 25 50 25 312 6
55FI9%7|2h73I 19 54 27 312 12
o
;SF2ZA>7|2h73I » 5 2% 312 12
o
gSF2S/¢>712h73I 25 50 25 312 12

*The ratio of DMAc and Ac was fixed at 2:1 (wt/wt)

2.3 UV Irradiation

The UV ray source (VILBER LOURMAT, VI-215.MC) with 254
and 312 nm wavelength of 2000 and 360 pw/cm?, respectively,
was used for the membranes treatment. Dried PSF membranes of
2 cm? were irradiated by UV ray in air at room temperature for 3-
12 h (Table 1).

2.4 Membrane Characterizations
2.4.1 Scanning Electron Microscopy (SEM)

Membrane thickness and porous substructure of the untreated and
the treated membrane morphology were determined by a scanning
electron microscopic (SEM) technique. For cross-sections
analysis, the samples were frozen in liquid nitrogen and fractured
followed by gold sputtering before scanning on a scanning
electron microscope (FEI, Quanta 400) with potentials of 20 kV
under magnifications ranging from 1,000x to 5,000x.

2.4.2 Fourier Transform Infrared Spectrometer (FTIR)

Fourier Transform Infrared Spectrometer (FTIR: Bruker,
EQUINOX 55) was used to investigate changes in functional
groups of the membranes. The membrane was scanned at 400—
4000 cm' wave numbers.
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2.4.3 Water Contact Angles

Water contact angle of PSF membranes was measured using a
contact angle device (Dataphysics, COCA 15 ED) immediately
after the UV irradiation.

2.4.4 Water Flux and Hydraulic Permeability Coefficient (Lp)
Dead-end filtration method was used to characterize the water
flux of the untreated and the treated membranes. A piece of
circular membrane of 6 cm diameter was immersed in ethanol
(70%) for around 3 min before being used as a filter. Water flux
measurement was made by placing a membrane in a dead end
filtration unit, using applied pressures between 0.5 and 2.5 MPa.
The water flux J (L/m’h) was calculated and the slope of the graph
between corresponding fluxes and applied pressures was used to
deduce the membrane hydraulic permeability coefficient (L),
using the Hagen—Poiseuille equation, J =L,AP [20].

3.0 RESULTS AND DISCUSSION
3.1 Scanning Electron Microscopy (SEM)

The morphology of the prepared membranes was investigated by
SEM. The formation of thick skin layer on sponge-like support
was shown in Figure 1. This structure was asymmetric
membranes structures [21]. This was in accordance with result
determined by Aroon et al. [2] The skin layer was thicker and less
defect due to a volatile solvent (acetone) can rapidly evaporate
from the outermost surface of the membrane during polymer
casting, which results in higher polymer concentration in the
upper layer of the membrane lead to delayed liquid-liquid
demixing and as a result, a dense skin layer with less defects and
pin-holes was prepared.

The asymmetric polysulfone membranes prepared by
different polymer concentrations (19%-25%) shown similar
surface morphology. The surface morphology of PSF 25% was
shown in Figure 2. No surface pores could be observed on
membrane surface, even at magnifications of 5000. This indicated
that the diameter of surface pores were less than 200 A° [7].
Furthermore, it also showed the macro-voids of sponge-like
support reduce at higher polymer. The formation of this structure
is due to higher resistance for exchange of solvent and nonsolvent
for more concentrated polymer. This results in liquid-liquid
demixing. This produces a membrane with thicker skin layer and
denser support [2, 22]. This is confirmed that acetone could
improve dense membrane. The surface morphology of prepared
membranes was shown Figure 2.

(c)
Figure 1 SEM micrographs of the membranes prepared by different
polymer concentrations; (1) x1,000 (2) x5,000 (a) PSF19%_ Oh, (b)
PSF22% Oh and (c) PSF25% Oh

Figure 2 SEM micrographs of asymmetric polysulfone membrain surface
prepared by 25% of polymer concentrations (PSF25% _0h.)

3.2 Fourier Transform Infrared Spectrometer (FTIR)

Figure 3 shows the FTIR spectra of the treated membranes by UV
ray with 254 and 312 nm wavelength for 12 h, compared to the
untreated membranes. Based on the spectral change, there is not
much difference in each PSF concentrations. The PSF consists of
a backbone made up of diaryl sulfone (Ar-SO>-Ar), diaryl ether
(Ar-O-Ar) groups showed strong bands at 1150 and 1241 cm™,
respectively. The bands at 1487 and 1585 cm™' belong to the
vibration of the aromatic (C=C) in PSF molecule [7]. However,
the intensities of the peak at 1150, 1241, 1487 and 1585 cm!
decreased after UV irradiation, while new broad peaks arose
around 3300 cm™' and near 1746 cm™'. The peaks appeared
around 3300 and 1746 cm™' are ascribed to the stretching
vibration of hydroxyl (-OH) group and carbonyl (C=0) group,
respectively. The appearance of the peaks around 3300 and 1746
cm ! by UV irradiation indicates that the carbons in methyl group

90



58 Sutthisa, Thawat & Suksawat / Jurnal Teknologi (Sciences & Engineering) 70:2 (2014) 55-60

and in benzene ring of PSF were attacked and oxidized by UV ray
to form carbonyl (C=0) group and hydroxyl (-OH) group [12].
Due to carbonyl and hydroxyl group were polar functional group
so resulting in an increase of the hydrophilic property of the
membrane [23]. In addition, it was found that the UV ray with
312 nm wavelength affected carbonyl and hydroxyl functional
group of the treated membranes more than 254 nm wavelength.

— PSF19% Ok
] - = = PSF19% 128 254

04 PSFI9% 128 312

Absorbance | nit

o1 3300

4000 3300 3000 2500 2000 1500 1000 00

Wavenumber (cm )

(a)

Absorbance Unit

Wavenumber (cm)

(b)

— PSF25% _Oh
= = = PSF25% _12h 284

o4 e PSF29% 120 312

Abserbance Unit

4000 3500 1500 1000 500

(©)
Figure 3 Comparison of FTIR spectra of the untreated and the treated
membrane by two UV ray wavelengths (a) PSF19%, (b) PSF 22% and (c)
PSF 25%

3.3 Water Contact Angle

The water contact angles on the membrane surface of the treated
membranes are shown in Figure 4 in comparison to the untreated
ones. For the untreated, they were reduced to 76°, 72° and 71°
while the polymer concentration was increased to 19%, 22%, and
25%, respectively. However, those of the treated membranes
reduced greatly after UV irradiation. In addition, the 312 nm UV
wavelength affected the water contact angles of the treated
membranes greater than the 254 nm wavelength because the
increment of polar functional groups on membranes surface by
312 nm UV greater than the 254 nm wavelength. This result was
confirmed with FTIR. The angles reduced from 71°-76° to about
18°~15°, after 6 h of 312 nm ray treatment and being stable about
10°-12° after 12 h of the treatment. Using 254 nm wavelength,

they were about 52°-59° after 6 h treatment and became stable
about 52°-56° after 12 h treatment. The results indicate that the
UV irradiation increased the hydrophilicity of PSF membranes
[24].

Water contuct ungle (degree)

Irradiation time (h)

- == PSF19% 2¢4 -3~ PSF22% 284 -~ = PSF25% 254

——PSF19% 312 —&— PSF22% 312 —&— PSF25% 312 |

Figure 4 Water contact angles studies vs irradiation time treated
membranes by two UV ray wavelengths

Further experiment was carried out by varying the time after
membrane irradiation was made and shown in Figure 5. The
treated membranes by 312 nm UV wavelength for 12 h were
selected for this study because it more affected on membranes
surface. A change in water contact angle with time was observed.
The contact angle for the treated membranes increased rapidly up
to 1 week. They increased from 30° to 70°, from 25° to 35° and
from 15° to 25° while the irradiation time was increased to 3, 6
and 12 h, respectively. They remained rather steady after this
treatment. For a membrane which was irradiated for 3 h, the water
contact angle increased nearly equal to the untreated membranes
within 2-4 weeks after the irradiation. It indicated that
hydrophilicity gained by short irradiation time is not stable; the
effect can be smaller and even disappear completely, namely
“hydrophobic recovery” [25]. However, hydrophobic recovery
decreased when irradiation time increased. Moreover, the polymer
concentration affect water contact angle slightly at the same
irradiation time.

Water contact angle (deegree)
.

PSF19%_0h

—#— PSF19%_3h_312
-=-&--PSF19%_6h_312
«wyee PSF19%_12h 312

-8+ PSF22%_12h 312

Figure 5 Variation of water contact angles of the treated membranes by
the UV ray with 312 nm wavelength (0-12h) vs storage time

3.4 Water Flux

The water fluxes of the untreated and the treated membranes of
different mixtures are shown in Figure 6. The treated film by UV
ray 12 h was selected for this study because the contact angle
shows minimum value at this condition. The results show the
increased water flux with increased applied pressure, but the
water flux was reduced with increased polymer concentration.
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Figure 6 Permeate of water flux vs driver pressure of untreated and
treated membranes by two UV ray wavelengths (a) PSF19%, (b) PSF22%
and (c¢) PSF25%

This is due to the increase in thickness with increased
polymer concentration. Although the membrane thickness was
controlled in casting process, the different polymer concentration
castes the different membrane thickness after the loss of a volatile
solvent from a casting solution in evaporation process [2, 22].
This results in smaller diffusion of water molecules through the
membrane. In addition, the water fluxes of the treated membranes
higher than the untreated membranes in overall polymer
concentration. However, it was found that the UV ray with 312
nm wavelength affected water fluxes of the treated membranes
more than 254 nm wavelength. This is due to the UV ray with 312
nm wavelength affected polar functional group of the treated
membranes more than 254 nm wavelength. The water fluxes of
the treated membranes by UV ray with 312 nm wavelength were
3.4, 12.9 and 0.3 times of the untreated membrane for polymer
concentrations of 19%, 22%, and 25%, respectively. While water
fluxes of the treated membranes by UV ray with 254 nm
wavelength were 1.6, 11.0 and 0.2 times of the untreated
membrane for polymer concentrations of 19%, 22%, and 25%,

respectively. This result confirms that the hydrophilicity of
membranes increased after the UV irradiation. Due to UV ray
produced polar functional group on membranes surface which
according to Nystriim et al. [18]. Table 2 shows the hydraulic
permeability coefficient (Lp) of the untreated and the treated
membranes. It should be noted that the UV ray could increase Lp
in the membranes. Hence UV irradiation increased hydrophilicity
of the asymmetric polysulfone membranes.

Table 2 Hydraulic permeability coefficient (L,) of the untreated and the
treated membrane by UV ray for 12 h

Sampl Ly x10™ (ms'Pa™)
PSF19%_Oh 84.21
PSF22%_0Oh 1.11
PSF25%_ Oh 0.83
PSF19%_ 12h_254 244.04
PSF22% _12h_254 10.80
PSF25% 12h_254 0.83
PSF19%_12h 312 397.77
PSF22%_12h_312 12.74
PSF25% 12h 312 1.11

H4.0 CONCLUSION

Asymmetric polysulfone membrane was prepared by phase
inversion technique using acetone as volatile solvent. This
structure was illustrated by SEM. The membrane surface was
changed from hydrophobic to hydrophilic by UV irradiation. The
optimum UV irradiation time was 12 h, UV ray 312 nm
wavelength. Polar functional groups such as hydroxyl and
carbonyl group were introduced to the skin of membrane surface
and confirmed by FTIR and contact angle measurement. This
study indicates that UV irradiation could increase the
hydrophilicity of the polysulfone membrane.
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ABSTRACT

Ultraviolet (UV) irradiation on polysulfone (PSF) membranes was studied to improve
the gas separation property. Membranes of 19-25% PSF content were prepared by the
phase inversion method and the membrane surface was modified using UV ray of 312
nm wavelength and 360 pw/cm? power. Measurements of gas permeation were
conducted using pure carbon dioxide (CO;), methane (CH,4), oxygen (O,) and
nitrogen (N,) gasses under 3-8 bar pressure at 25 °C. Fourier transform infrared
spectrometer (FTIR) revealed that polar functional groups of hydroxyl and carbonyl
were introduced by the UV irradiation. The water contact angle of the treated
membrane was reduced from 70°-75° to 10°-12° after 12 h of UV exposure. Scanning
electron microscopic (SEM) observation showed that the dense skin layer increased as
increasing the polymer concentration. After the UV treatment, permeation of O,
decreased from 0.4-3.4 to 0.2-2.3 m®*(m?hbar), while that of N,, CO, and CH,
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increased for all pressures used from 0.1-1.7 to about 0.1-3.4 m%(m?hbar), depending
on the applied pressure and the PSF content. As a consequence, the selectivity ratio
of O,/N; decreased from 1.9-7.8 to 0.6-1.5, while that of CO,/CH, increased from
0.9-2.6 to 1.1-6.1. Moreover, the O,/N; and CO,/CH, of the untreated and the treated
membranes decreased with increased pressure and increased with increased polymer

concentration.

KEYWORDS: Gas separation, Polysulfone (PSF) membrane, UV Ray treatment,
FTIR, Gas selectivity ratio

INTRODUCTION

Recently, polymeric membrane technology has been increasingly attractive to
scientists in gas separation task. Generally, increased concentration of carbon dioxide
(COy) in the atmosphere is a major contributor to the global warming. Not only being
released from every day vehicles, CO; is also commonly found in natural gas streams,
biogas from anaerobic digestion, flue gas from fossil fuel combustion, and product of
coal gasification with pipeline specifications below 2% (in USA).[1] It is classified as
an acid gas, similar to H,S and SO, and required several steps to take to be removed
from the gas streams. In many industrial processes, such as natural gas sweetening,
biogas upgrading, oil recovery enhancement and landfill gas purification, a mixture of
carbon dioxide and methane (CH,4) has commonly remained as waste. Separation of
CO; from CH; can benefit to both environment and energy recovery aspects.
Separation and sequestration of CO, by pumping and storing deeply underground is a
feasible approach of dealing with the greenhouse gas emissions.[2]

Another gas separation is separation of nitrogen and oxygen from air or
oxygen enrichment.[3] Enriched oxygen generation from air mixture is an important
process for hospitals, as well as for the effectiveness of combustion systems and green
house gas emissions.[4] Therefore, effective techniques for the separations have
attracted great interest from workers in many laboratories.

The conventional processes for gas separation are absorption, adsorption and
cryogenic distillation.[5] These conventional methods usually involve substantially
complicated equipment, higher energy consumption and capital cost,[6, 7] whereas
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membrane gas separation does have advantages in its energy efficiency, simple
process design, modular design permitting easy expansion, compactness and light
weight, low labor intensiveness, low maintenance, low cost and environmental
friendliness. In addition, gas separation membrane units are smaller than other types
of plants, potentially beneficial to offshore gas-processing.[7, 8]

High gas permeability and selectivity are always desirable for polymeric
membranes. In most cases, an increase in gas permeability often causes a decrease in
gas selectivity. Asymmetric membranes of a highly selective thin layer on top were
known as a high performance membrane type.[5, 9] However, the gas transport
property of polymeric membranes depended on physical-chemical interaction between
the various gas species and the polymer molecules.[6] A difficulty for gas separation
process falls on the fact that the gas molecules to be separated are relatively small.
Also, the differences do exist in the membrane material properties and electronic
properties such as polarizability and quadrupole moment of the gases.[10] In addition,
membrane modification with polarity addition to the surface is of interest to improve
absorption and adsorption properties for gas separation.

There are many methods to modify the membrane surface such as plasma
treatment and UV irradiations. Kim et al. (2002)[11] and Jaleh et al. (2010)[12]
reported changes from hydrophobicity to hydrophilicity in polymeric membranes after
oxygen plasma treatment. However, this technique has a very short lifetime effect,
having hydrophobicity recovery within hours, which was explained as due to
migration of short uncrosslinked chains to the surface.[13] An equally effective
method for the surface modification is an exposure of a membrane to UV irradiation.
Nystrom and Pia Jarvinen (1991)[14] reported increases in flux and hydrophilicity of
polysulfone (PSF) membranes after UV irradiation. In addition, Hsu et al. (1993)[15]
revealed that UV irradiation on poly trimethylsilyl propyne (PTMSP) membranes
resulted in an improvement of O,/N, selectivity from 1.4 to approximately 4 after the
treatment. The information about the membrane surface modification by UV
irradiation is rather scarce, although the technique has distinct advantages over others
due to its simplicity, inexpensiveness and widespread industrial applications.[16]

This paper reports on the surface modification of PSF asymmetric membranes
by UV ray irradiation to investigate its effects on CO,/CH,4 and O,/N, separations.
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EXPERIMENTAL

Preparation of asymmetric flat sheet membranes

Polymeric solution in this study consisted of polysulfone (PSF: Udel P-3500)
supplied by Solvay (China). N,N-dimethylacetamide (DMAc) and Acetone (Ac) were
used as solvents for PSF membrane and supplied by Sigma-Aldrich Co. (USA) and
Guangdong Guanghua Chemical Factory Co., Ltd. (China), respectively. Tap water
was used as a coagulation medium. PSF resin was dried in an oven at temperature
about 80 °C for 24 h to remove humidity before being used. Asymmetric polysulfone
flat sheet membranes were prepared by casting using solution consisting of
polysulfone (polymer), DMAC (less volatile solvent) and Ac (more volatile solvent) of
various concentrations (Table 1), while the ratio of DMAc and Ac was fixed at 2:1
(wt/wt). The solutions were mixed at 60 °C for 24 h and placed in an ultrasonic water
bath to remove air bubbles. Casting was carried out on a clean glass plate at an
ambient atmosphere (25°C and 85% relative humidity). The thin polymer sheet was
immersed in a coagulation bath at 25 °C and remained there for 24 h. The wet

membranes were dried at room temperature for 24 h before being used.

TABLE 1. The composition of PSF membranes according to the PSF content.

Sample PSF (wt.2%0) DMAC (wt.%0) Ac (wt.%0)
PSF19% 19 54 27
PSF22% 22 52 26
PSF25% 25 50 25

*The ratio of DMAc and Ac was fixed at 2:1 (wt/wt)

Three pieces of dried PSF membranes in the form of squares with area
approximately 2 cm? were irradiated by UV radiation in air at room temperature
within basement. The exposure area was 20 cm® Membranes were exposed to UV
source (VILBER LOURMAT, VI-215.MC) by keeping the distance between the
source and sample holder constant at 3 cm where the light intensity was measured to
of 360 pw/cm? all position on the sample holder. Membranes were exposed in varied
times such as 3 h, 6 h and 12 h. The control (0 h) was placed in the box without

humidity.
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Membrane characterizations
The permeation performance of PSF membranes were evaluated by two
parameters: the permeability (P) and the selectivity (a). Gas permeation
measurements were conducted by using a gas permeation unit as shown in figure 1.
PSF membranes were cut into circle area of 3.14 cm? and mounted in the gas
permeation unit. The testing temperature was room temperature (25°C). The testing
pressure was controlled from 3 to 8 bar and the testing gases were O,, N,, CO; and
CH,. The feed gas was fed into the up-side and the permeating gas was at the down-
side of the membrane. The gas flow rate (Q) was determined by bubble flow meters.
The pure gas permeance (P/l) of the membrane was calculated by the following
equation :[17]
() =7 @
where AP is the pressure difference across the membrane, A is the membrane
effective surface area and | is the membrane skin thickness. Each membrane was
determined 3 times for each gas and the results were presented in average. The
selectivity (a) was defined by: [1, 17]

_ (P/D;
ECARRCIDY @)

where (P/1); and (P/1); are the permeances of gases i and j, respectively. The
reported values were the average of 3 times measurements.

The membrane morphology was examined by scanning electron microscopy
(SEM: FEI, Quanta 400) using 20 kV voltage potentials. In cross-section studies,
membrane samples were fractured in liquid nitrogen and coated with gold before
scanning. A Fourier transform infrared spectrometer (FTIR: Bruker, EQUINOX 55)
was used to investigate changes in functional groups of the membranes after UV ray
irradiation. Water contact angle of the membranes was measured using a contact
angle device (Dataphysics, OCA 15 EC) immediately after the UV treatment and also
after leaving them at room temperature for 4 weeks for studying the hydrophobic
recovery of the treated membranes. The membrane surface topography was observed
using an atomic force microscope (AFM) operated in the tapping-mode scanning. The
membrane sample was prepared into 1x1-cm? size for the AFM scanning and scanned

in a 30x30-um? area.
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Retentate

Membrane cell Gas cylinder
Permeate
U Bubble Flow Meter

FIGURE 1. Schematic view of the experimental setup.

Results and Discussion

The formation of dense skin layer was investigated by SEM and shown in
figure 2. Acetone is a more volatile solvent. It can rapidly evaporate from the
outermost surface of the membrane during polymer casting, which results in higher
polymer concentration in the upper layer of the membrane lead to delayed liquid—
liquid demixing and as a result, a dense skin layer with less defects and pin-holes was
prepared [18]. The asymmetric membranes were prepared. And the dense skin layer
increased and the macro-voids of sponge-like support decreased with increasing the
polymer concentration, and it is consistent with the results of Madaeni and
Moradi.[19]

Dense skin layer

Macro-voids

(b)
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Macro-voids

Spongeéiiké :
upport. -

(d)
FIGURE 2. SEM micrographs of PSF membranes prepared without and with acetone
(@) 20% PSF (without acetone), (b) 19% PSF, (c) 22% PSF and (d) 25% PSF

The AFM scanning found the membrane surface roughness increased
significantly after the UV irradiation compared with the control, as shown in figure 3.
AFM images obtained suggest that chains scission and crosslink have occurred

simultaneously in the irradiated membranes by UV radiation. [20]

0.00

30.00 x 30.00 [um] Z-Max 996.10[nm]

enntrol

(@)
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30.00 x 30.00 [um] Z-Max 558 46{nm)

(1Y

(b)
FIGURE 3. AFM images of (a) untreated (control) and (b) 12-hrs UV-treated
membranes (22% PSF).

The water contact angles on the untreated and the treated membranes by UV
irradiation are shown in Table. 2. For the untreated membranes, they were 71°-76°.
After 6 h of UV irradiation, they were reduced to 14°-18° and stabilized at 10°-11°
after 12-h irradiation. Apparently, these membranes possess similar contact angles
regardless of the polymer content. This result indicates that hydrophilicity of the PSF

membranes was increased by UV irradiation.

TABLE 2. Water contact angle of PSF membranes against irradiation time. Data was

averaged from 3 experiments.

Water contact angle (degree)

Irradiation time(h)

19% PSF 22% PSF 25% PSF
0 76.5+0.2 72.1+1.8 71.4+3.4
3 40.4+2.0 38.9+0.1 36.5+2.7
6 15.9+0.5 18.8+1.3 14.8+0.4
12 11.5+0.5 11.9+0.8 10.4+1.0

In addition, the hydrophobic recovery was observed after the irradiated
membranes were left in storage for several periods of time. This is indicated by
changes in the contact angle with time as shown in figure 4. The hydrophobic

recovery of the 3-h treated membranes occurred rapidly within one week after
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treatment ending. The contact angle increased from 30° to 70°, fairly equal to that of
the untreated membranes. It is interesting to point out that for the 6h and 12h UV
irradiation, the contact angle gradually increased from 25° to 35° and from 15° to 25°,
respectively and this took place for 4 weeks. This result indicated that the membrane
hydrophilicity could not be achieved for a short irradiation period of time. Moreover,
it was noted that the irradiated membranes of greater polymer content exhibited
smaller contact angles in all cases, and the hydrophobic recovery seemed to be
inhibited.

—s— 19%_3h
—&—22%_3h
—¥%— 25% 3h
-=-A=--19% 6h
--B--22%_6h
-=¥%=--25% 6h
corefyeee 19%_12h
ceefdeer 22% 12h
e Xees 25% 12h

Water contact angle (deegree)

0 1 2 3 4

Storage time (weeks)

FIGURE 4. The changes in water contact angles on the UV treated membranes

against storage time.

The FTIR spectra of the UV-treated membranes compared to the control are
shown in figure 5 which though describes functional groups of only the greatest PSF
containing membrane, since all membranes showed similar spectral peaks. The PSF
consists of a backbone made up of diaryl sulfone (Ar-SO,-Ar) and diaryl ether (Ar-O-
Ar) groups which show strong bands at 1150 and 1241 cm™, respectively. The bands
at 1487 and 1585 cm™ belong to the vibration of the aromatic (C=C) in the PSF
molecule [17]. There are two new peaks appearing round 3300 and 1746 cm™* which
should belong to the stretching vibration of hydroxyl (-OH) and carbonyl (C=0)
groups, respectively. Since they are polar functional groups [11], this indicates that
polar functional groups were introduced to the PSF membrane by UV ray irradiation,

leading to increasing of hydrophilicity. This is confirmed by contact angle
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measurements and consistent with the result of Kim et al.,[11] who modified the

surface of PSF membrane by oxygen plasma treatment.

0.6
PSF25%_control
0.5 - 1241
-'é — = = PSF25%_UV312 1150
£ 04 -
3
\ : 0.3 -1
©
2
< 01
0 -
4000 3500 3000 2500 2000 500
Wavenumber (cm-1)

FIGURE 5. Comparison of FTIR spectra of the untreated and treated membm

UV ray.

The permeance of four gases through the PSF membrane of different polymer
concentration was investigated using equation (1), and the results are illustrated in
figure 6. It can be seen that the permeance of all gases (O2, N,, CO, and CHy,)
increased with the increase of pressure and decreased with the increase of polymer
concentration from 19% to 25% due to the increased in the dense skin layer and
membrane thickness resistance against gas diffusion. However, O, and CO,
permeance was greater compared respectively to N, and CHy, respectively due to O,
and CO; molecules are smaller than N, and CH4 molecule, respectively. The

molecular size of gas is considered from kinetic diameters which shown in Table 3.
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FIGURE 6. Permeation of O, and N, (a) and CO, and CH, (b) through several
untreated PSF membranes

TABLE 3. Comparison of structural, physical, and electronic parameters of gas

molecules.
Kinetic Quadrupole N
Molecule Diameter (°A) Structure[21] moment Pol_4a0r|z_?b|2||t%/
(6] [0 cmi 2 1O ICm]
O, 3.46 linear 1.3 1.57 [22]
N, 3.64 linear 4.7 1.97[21]
CO; 3.30 linear 13.4 2.93[21]

CH, 3.80 tetrahedral 0 2.89[21]
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The effect of UV irradiation on gas permeation through membranes is shown
in figure 7. From contact angle result, the 12 h UV treated was the optimum
condition. So The 12 h UV treated membranes was selected for this study. The result
showed that O, permeation was decreased while permeation of N,, CO, and CH,4 was
increased after UV irradiation. It may be due to gas molecules permeate through the
membrane by quadrupole—dipole interactions between the gas molecules and polar
segments of membrane.[1] UV irradiation improved hydrophilicity and polar group of
membrane which confirmed by contact angle (Table 2) and FTIR analysis.

A PSF19% 0
= A PSF19%,UV 312 2
S 497 opsr22%
T 35 7 4 pSF22%,UV 312 A B
= 3.0 A A A
TS s | OPSF25% N
T 5 | WPSF25%,Uv 3124 g &
g 2 o o g £
S 1.5 A O 0
£ 1.0 - A =
> 0.5 i E * . *
(o =2 ]
] [ ] [ | u
0-0 T i T T T 1
0 2 4 6 8 10
Pressure (bar)
(a)
= NZ
§ 4.0 - APSF19%
£ 35 - APSF19%,UV 312 N
E 30 opsr22%
ET 25 ®PSF22%,UV312 4
§" 20 { DOPSF25% N .
§ 157 mPSF25%UV312 A « R
£ 1.0 - 3 4 2 o o o
& 0.5 - ﬁ o % e B |
0.0 : u . . -
0 2 4 6 8 10
Pressure (bar)

(b)
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FIGURE 7. Comparison of O, (a), N2 (b), CO, (c), and CH, (d) permeation through

the untreated and treated membrane by UV ray.

Therefore, the highly polar groups in the treated membranes should be more
attractive to CO,, N, and CH, because the CO, molecule has high quadrupole
moment (see Table 3) with a high polarizability while the N, and CH4 have high
polarizability leads to more permeance. However, the O, has low quadrupole moment
and polarizability lead to a repellant from polar membrane and hence smaller gas
permeation was evidenced. This permeation affects O,/N, and CO,/CHj, selectivity of
membranes because selectivity is a proportion of 2 gas permeation. Therefore, O,
permeance divide by N, permeance following equation (2) and using data from figure

7 (a-b) become O2/N, selectivity which shown in figure 8 (a). In the same way,
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CO,/CHy, selectivity which shown in figure 8 (b) was calculated by this method using
data from figure 7 (c-d). The result shown that O,/N, selectivity decreases while
CO,/CH, selectivity increases after UV irradiation. The permeance of O, through the
treated membranes decreases, while that of N, increased lead to a decreasing in O2/N;
selectivity. In the case of CO, and CH,, both permeances increase after UV irradiation
but CO, permeance was greater due to the greater quadrupole moment (table 3). It
should be also pointed out that the selectivity decreased with increased pressure and
increased when the polymer concentration increased from 19 to 25%. Due to the
formation of a dense skin layer in higher polymer content membranes with less

macro-voids (in figure 2) lowered diffusion of gas molecules through the membrane.
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FIGURE 8. Selectivity of the untreated and treated membrane by UV ray for O2/N,
(@) and CO,/CHyg (b).

To confirm polar segments of the membrane, the surface properties of
polysulfone membranes were examined by contact angle measurement (Dataphysics,
OCA 15 EC). With the contact angles of formamide and ethylene glycol, the surface
energy, polar component and dispersive component of polysulfone membrane was
calculated from SCA20 software. The results were shown in Table 4. The surface free
energy increased mainly due to the increase of polar component and dispersive
component decreased after UV irradiation. This result was consistent with surface
modification of PSF membrane by oxygen plasma treatment of Kim et. al., [11]. This
indicates UV affected the polar component which affect to gas permeation of PSF

membranes.

TABLE 4. Surface free energy of the untreated and treated PSF membrane.

sa Untreated membranes Treated membranes
mpl Surface  Dispersive Polar Surface  Dispersive Polar
e compone compone
energy component nt energy component At
19% 34.91 30.20 421 83.58 0.83 82.76
22% 31.35 18.08 13.27 84.92 0.79 84.14

25%  36.48 31.37 5.11 84.06 0.94 83.12
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CONCLUSIONS

This study found that the UV ray of 312 nm wavelength, 360 pw/cm? powers
affected the polar component which affect to gas permeation of PSF membranes. The
UV irradiation decreased O,/N; selectivity but increased CO,/CH, selectivity of the
membranes. Hence, separation of CO, from CH, could be improved only if permanent
hydrophilicity of the treated membranes was achieved and could be improved further

by increasing polymer content of the membrane.
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Preparation of polysulfone nanofiltration membranes using the dry/wet phase-inversion process
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Polysulfone nanofiltration membranes were prepared using the dryiwet phase-inversion pracess with the same
coagulation bath. The 20% of polysulfone {PSF) in five different compositions of solutions (.. BMF:DMAG / 80:0,
60;20, 40:40 20:60 and 0: B0 wi. %) were cast on a glass plate. PSF ranofiltration membranes were characterized
by bath contact angle device and scanning electran microscope (SEM). The water flux measurement was conducted
successively under a pressure from 100 kPa to 500 IkPa with a feed temparature of 25 °C. The results suggest that
the PSF nanofiltration membranes in PSF.DMF.DMAC solution with the respective amounis of 20 wt.%, 40 wi.% and
40 wl.%, has the highest water contact angle of 84 degree and the lawest water flux of 0.10 Lim?h and ¢.28 L/m?h at
100 kPa and 500 kPa, respectively. These resulls were consistent with the SEM micrographs that showed the
lowest pores surface density,

Keywords: Polysulfone, water contact angle, water fiux
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Hydrophilicity Modification of Polysulfone Membrane
byUltraviolet Ray Treatment
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Abstract

The effects of Ultraviolet (UV) ray on hydrophilicity of polysulfone membranes have been
studied.Polysulsone (PSF) membranes were prepared using the phase-inversion process with the same
coagulation bath. The solutions consisting of 19% - 25% of PSF, dimethylacetamide (DMF) and
acetone (Ac) were cast on a glass plate. To improve surface hydrophilicity, the prepared PSF
membranes were treated by UV ray. The UV ray source with 254 nm wavelength and power 2mw/cm’
was used for treated membranes. Dried PSF membranes in the form of squares were irradiated by UV
ray in air at room temperature for 3-12 hr. The hydrophilicity ofuntreated and treated membranes was
characterized by contact angle device. The membrane surface was determined by scanning electron
microscope (SEM). The filtration performance of untreated and treated membranes was examined in a
dead-end cell, using distilled water.The water flux measurement was conducted successively under a
pressure from 500 kPa to 2,000 kPa with a feed temperature of 25 °C. The surfaces of the modified
membranes were chemically characterized using Fourier Transform Infrared Spectrometer (FTIR). The
results show that the water contact angle decreasedwith increasing irradiation time. After 12 hr of
treatment, the water contact angle reduced from 71°-76° to about 50°-60°, while the water flux of the
treated membranes increased. Results of contact angle measurements and filtration tests indicated that
UV ray was effective for hydrophilicity improvement of the PSF membranes surface. The formations
of new peaks corresponding to hydroxyl and carboxyl groups in FTIR spectra confirmed hydrophilicity
improvement of membrane surface by UV ray treatment. Results of SEM scanning also showed
changes in membrane surfaces after modification.

Keywords:UV Ray Treatment, Polysulfone Membranes, Hydrophilicity, Water Flux, Water Contact
Angle

characterization of cellophane membranes
(V’azquezer al., 2005).However, both methods are

Introduction

There are many methods to modify the
membrane surface in order to increase water transport
across these membranes, such as plasma treatment
(Yu et al., 2005, Gancarz et al., 2002, Jaleh et al.,
2010), ion beam treatment (Ilconich et al., 2003,
Dworeckiet al, 2004, Chennamsettyet al., 2006),
gamma-rays irradiation and UV irradiation(Yu et al,
2010, Vazquez et al., 2005, Rahimpour et al., 2008) .

The plasma processes can improve polymer
wettability, permeability, conductivity, adhesion or
biocompatibility (Bryjaker al., 2002). However, it
resulted in only transient hydrophilicity with contact
angle changes within 24 h of plasma treatment (Steen
etal.,2001).

Ion beam irradiation can improve polymer
properties such as surface hardness, resistance to
mechanical wearing and chemical erosion, and
conductivity with appropriate choice of irradiation
conditions (Xu et al., 2000). Gamma-rays irradiation
can modify physical and chemical properties of
polymers (Rupiasih and Vidyasagar, 2008). It has
been reported that it can change electrochemical

216

expensive and difficult to operation.

The effect of UV irradiation on microporous
membrane has been reported that it increased flux and
the hydrophilicity of the membranes (Nystrom and
Jarvinen, 1991). Comparing withother surface
modification techniques, UV irradiation has distinct
advantages over other techniques due to its simplicity,
inexpensive and widespread industrial applications
(Zhang et al., 2009). In this study the prepared PSF
membranes were modified using UV irradiation. The
modification results were tested by filtration
experiments ~ with  different  pressure.  The
hydrophilicities of the modifications were tested with
contact angle measurements. Moreover, the UV ray
irradiation effects were studied using SEM and FTIR.

Materials and Methods

Materials

PSF (PSF :Udel 3500 LCD MB) was supplied
by Sovay (China). N,N-dimethylacetamide (DMAc)
and acetone (Ac) were used as solvents for PSF

Surface, Interface and Thin Films
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membrane and supplied by Fluka Riedel-deHaén. Tap
water was used as a coagulation medium during
phase-inversion process.

Preparation of asymmetric flat sheet membranes

PSF membranes were prepared by the wet phase
inversion technique. The polymer solution was cast
on glass plate by film applicator from the PSF
solution which consists of DMAc and Ac with
different concentrations of polymer specified in Table
1. The membranes were immersed in the coagulation
bath of distillated water forto remove the remaining
solvent. The wet membranes were dried at room
temperature.

Table 1:Casting solution composition and film
casting condition.

Sarmple PSF DMAc Ac
(wt.%) (wt.%) (wt. %)
PSF19% 19 54 27
PSF22% 22 52 26
PSF25% 25 50 25

*The ratio of DMAc and Ac was fixed at 2:1 (wt/wt)

UltravioletRay Treatment

The UV ray source (VI-215.MC) with 254 nm
wavelength and power 2mw/cm” was used for treated
membranes. Dried PSF membranes were irradiated by
UV ray in air at room temperature for 3-12 hr.

Membrane Characterizations

Water contact angles

Water contact angles of the untreated and the
treated membranes were measured by a contact angle
device (Dataphysics, COCA15ED). The
measurementwas carried out immediately after the
UV ray treatment.

Water flux

The water flux of untreated and treated
membranes was characterized by dead-end filtration
method. Water flux measurement was made by
placing a membrane in the dead-end filtration unit,
using applied pressures between 0.5 and 2.5 MPa. The
water flux ] (L/m*hr) was calculated using equation
below (Bhongsuwan, 2002)

volume of permeate (L) )

= 2 .
memrbrane area (m‘ ) xtime (hr)

Scanning electron microscopy (SEM )

The morphologies of the untreated and the
treated membrane were determined by a SEM
technique. For cross-sections analysis, the samples
were frozen in liquid nitrogen and fractured before
scanning on a SEM(FEI, Quanta 400) with potentials
of 20 kV under magnifications ranging from 1,000x
to 50,000x%.
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Fourier ~Transform Infrared Spectrometer
(FTIR)
FTIR(Bruker, EQUINOX 55) was used to

investigate changes in functional groups of the
membranes. The membrane was scanned at 400-4000
cm’' wave numbers.

Results and Discussion
Water contact angle
The water contact angles of the untreated and the
treated membranes wereshown in Figure 1. The water
contact angles of untreated membranes were 71-76°.
After irradiated by UV ray irradiation, the water
contact angles of treated membranes reduced from
71°=76° to about 55°, after 12 hr of treatment.The
results indicate prepared membranes increase in
hydrophilicity after the UV ray treatment.

3
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£
<
=)
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; 230 4 0 e 0+ PSF19%_UV254
= 20 - -0 - PSF22%_UV254
= 10 —A— PSF25%_UV254
0 + T T - y
0 3 6 9 12
Irradiation time (hr)

Figurel. The water contact angles of treated
membranes with the UV ray treatment for 0 — 12 hr.

Water Flux

The water fluxes of the untreated and the treated
membranes  prepared by  different  polymer
concentration wereshownFigure 2. The membranes
prepared by 19%-25% of PSF were irradiated by UV
ray for 12 hr before tested. The results showthe water
fluxes of treated membranes higher than untreated
membranes in allconditions. This result confirms that
the hydrophilicity of membranes increased after the
UV ray treatment.

In addition, the water flux decreased with the
increasing polymer concentration.

Scanning Electron Microscopy (SEM )

The SEM of the cross-sectional of the membrane
was studied by SEM. The results show the thick skin
layer increased with the increasing ofpolymer
concentration. Furthermore, the macro-voids of
sponge-like support reduced at the higher polymer
concentration (Figure 3).The thicknesses of skin layer
were 1.74, 193, and 2.73 um for polymer
concentrations of 19%, 22%, and 25%, respectively.
This is consistent with the water flux in which the
thicker the skin layer, the lower water flux was
obtained under the same pressure.

The surface structures of the untreated and the
treated membranes by UV ray for 12 hr were shown
Figure 4. It was observed that the surfacestructure of
thetreated membranes changed as compared to
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theuntreated membranes. The treated membranes
show more roughness. It is accepted that the
increasing hydrophilicity of membranes was due to
thesurface  roughness, which enhanced water
absorption (Wanichapichart, 2009). This is consistent
with the water contact angle and the water flux.
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Figure 2.The water flux of untreated and treated
membranes by UV ray for 12 hr with different
concentration of polymer.
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(c) PSF 25%
Figure 3.SEM micrographs of the membranes
prepared by different polymer concentrations.

(a) untreatedmembranes (b) UV treated membranes
Figure 4.Comparison of SEM micrographs of
untreated and treated membranes by UV ray for 12 hr.

Fourier Transform Infrared Spectrometer (FTIR)

The FT-IR spectra of untreated and treated
membraneswereshown Figure 5.Based on the spectral
change, there is not difference in each PSF
concentrations.The result showed that the new broad
peaks arose around 3300 cm™ and near 1746 cm™.
The PSF consists of a backbone made up of
diarylsulfone (Ar-SO,-Ar), diaryl ether (Ar-O-Ar)
groups showed strong bands at 1150 and 1241 cm’,
respectively. (Ismail et al., 2003). The peaks appeared
around 3300 and 1746 cm™ are ascribed to the
stretching vibration of hydroxyl (-OH) group and
carbonyl (C=0) group, respectively. The appearance
of these peaks by UV ray treatment indicates that the
carbons in methyl group and in benzene ring of PSF
were attacked and oxidized by UV ray to form
carbonyl (C=0) group and hydroxyl (-OH) group
(Choi et al., 2003). This indicated the higher number
of water molecules surrounding the membrane
(Wanichapicharter al., 2010), resulting in the
increasing of the hydrophilic property of the
membrane.
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Figure 5.Comparison of FTIR spectra of untreated
and treated membrane by UV ray for 12 hr.
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Conclusions

The surface of PSF membrane was modified by
the UV ray irradiation. The results show that the
water contact angle decreased with the increasing of
UV ray irradiation time and the water flux increased
after UV ray irradiation. From SEM micrographs, the
treated membranes show more roughness surface after
UV ray irradiation. This is due to the membrane
surface hydrophilicity increasing since the hydrophilic
functional groups were introduced on the surface of
hydrophobic PSF membrane by UV ray treatment.
These were confirmed by FT-IR spectrometer.
However, the water flux decreased as polymer
concentration increased. The SEM micrographs show
the thick skin layer increased and the macro-voids of
sponge-like support decreased at the higher polymer
concentration. This results in lower diffusion of water
molecules through the membrane.
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