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TRODUGTION

Research is ongoing fo enhance the pressure-
normalized flux and selectivity of asyrometris
polymaerte gas separation’ membrdnes. Previously
resgarch ndo membrane production fotused on the
nafure of nolymer precipiistion Pinnas and Kores,
1993 Termonia, 1995} allowing membrane fo be
produced  with %z'mm?%%iw gng - separation
performances {mm Hof gt al, 1992, Peselt and
Koros, 19931 To achieve this a i";m andd effectiely
undamaged active layer s required and a numbser of
tabrication techniques, which control the conditions
of phase inversion in various ways, have heen
emploved: (Pesel and Koros, 1993, Sharpe ef al.,
TG99, lamail et al., 1999

*orrespanding authoy

Developmend of integrally skinved asymmetdie
membranes by Loeb and Souriradan b 1960 s was
a major hrealdhrough i membrane technology {Paul
and Yampol' skil, 19943, An integraliy-skinned
asyrnmelric membrarne consists of a very thin and
dense shin layer overlaying on a thick and highly
porois subriayer, which is normally forroed by phase
inversion process {Bungey, 1986 Wang and
Minhags, 1991} Previously research into membrane
formation has focused on the phase nversion
process parameters, which genervally influenced the
general morphulogy of the membranes, such the skin
laver thickness and surface porosity. These
parametars everdualy the determining factors for
rogrribivane senavation pevlormance. In addition to
nhase inversion, it has also been recogrized that
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malgcuiar orlentation will affest membrane
sefectivity and that ovientation can be brought about
by altering the rheological conditions during
fabrication, Shear during casting and spinning has
been shown to affect the permeation perlormance
of polyulfone membranes and this Kas attributed. ‘t@j_
molecular orientation in the activée §awr‘

Molecular arlentation in I“’é”&"i‘i’%b?faﬂﬁfa LE ey

he directly measured by spectrdsconic tedhrtigues.

Flaned polarzed infrared spectroscopy hes been .

used recently to conflrm the presence of sheur vate-
induced molecular orientation in ges separation and

reverse osrmosis membranes, For polysulfone hollow

fihers ard flat sheet membranes, increased shear

were reporied o elevate me mbrane seleciivity

beyond the intrinsie value of the polymer.

Phase irnversion usually involves casting o shasr-
thinning and viscoelastic solution during which
shear is subjected prior w0 a rapkd coagulation,
Shear-thinning properties of polymer sohution s often
sugaesting a progressive aligroment of polymer
medecides under shear in fow divection. As a resull,

shear-induced melecular orlentation induces
fm&:}mb%{a atfects on membrane properties (smail ef

WW?" l"‘*uyimg;{ casting & shear thinning and
_ 4 § BT
;:'rzazmxzmﬁi in an orented {pacially) conformadion
by castline deformation.  After casting, polymer
molecuies would relax o some prefarved state,
Howeneer, thay recovir only a portion of thelr fotsd
deformation. The as-cast membrane s then going
through forced-convective evanoration. Dry phase
separation progresses instantaneously and Dmits
conformational and configurational rearrangement
espacially in nascent skin regior, Folymevic materiad
has no chance of relaxing and therefore shear-
induced molecular orlentation will be frozen into
nascent siin layer of menbrane. As a resalt, the
nascent skin layer with suffiviently vigld stractures
form a well-defined skin layer with enhanced
molecular odentation Permeability and selectivity
aof meribrane sre found to increase with increasing
shear: some selectivity ever suimass the generally
recognizesd intinsie selectivity (smadl and Yean,
20G), _ N

Therefore, this study was carvied out to
investigate effects of casting shear rate on
asyirenetic polysulfone membrang structures and
separation performances for hydrogen/nitrogen
separation, In this paper, preumaticadly controlled
casting system has been used to generate greater

motecular drient
wxanined by observing dichitism inthe Ly spectrm.
“Thie combinaed effect of phase inversion parameters

which overcome the limitation of the
conventional casting knife.

Flat sheet mernbranes were cast at diferent shear
rate using our newly developed prneuwmatically
goral] u:‘z casting system. This ks done i an allempl
atet shear: ﬁ"zus greater molecular
Qrm}:}ie:mm"z; which would i fem significantly alter
the separation chiamcteristios of the membranes. The
Gon within the membranes was

shear,

and rheological conditiorns during membrane
production is a unigue approach in membrane
resenrch,

FHPERIMENTAL
Moteriols

The dope used in the current shudy consisted of
pobysulfone (UdelPT700, weight-average molecular
welght 35 400V supplied by Amoco Chemicals. The
solvents used to prapare casting swhations were
analytical grade of N N-dimethyizcetamide DMAC),
tetvahydrofuran (THEF) and etharol {fﬁim%{} at
appropriators specific composition, whereas fep
water was used as The congulation medivm,

Membrance Costlmgy

The azymwaetric polyaulfone membrane {oasting
seduiions used in the ourrent study consisted of
22wt % PEF 3T 8w % DA, 31 80% THE and
T4 dwt % BiOM)  were produced by a dowiwet
casting technique using pneursatically-confroled
casting machine. The membrangs were cast onto a
glass plate af amblent temperature with & casting
knsife neteh setting of 150mm. The membranes were
cast at various casting speed and hence varicus
shear rate 15245 o 38ls?). An nert nitrogen
gas straarn was blown across the as-cast membrane
surface for about 18 fo induce forced-convective
prapcration mior © bnmearsion into an agueous
beasth e remained there for 1 day, The mernbranes
wire then solvent-exchanged with methanol for
about 2 hours before being fnally aledied for 3
day.

{Fag Permeation

The pressure-normalized fluxes of the
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membranes were measured by fixing a ciroular
membeane sample (13 50 into a permeation cell.
Pure hydrogen and nitrogen were used as lest gases
and the pressure-normabzed flux measured at
ambient temperature and at & pressure dron of 1
Gar, Volumetric flowrates of permeate ware
measured by o soap bubble fow meter. Pressure-
normalized Hux and selectivity can be caloulated by

(1)

where A s the membrane surface area, O i3
volumelic penmneate flow rate and Lp s pressure
differance,

Membrang selectivity, a, with respect fo any two
gases, 1 and §, is the ratio of pressurg-normalized
Fhnes.

e, [P = (P10 HPT (<}

Sconning Electron Microscopy (SEM)

Mermbrane samples were fractured crvogenically
in liguid nitrogen and then deposited with godd in a
sputter coater (Biorad Poleron Divisorn), Alter that,
the samples were imaged and pholographed by
employing a scanning electron microscope {Phitips
SEMEDAX; XLAD, PWEEEED) with potentials of
WKV in aa,hz@\ﬁng magmification ranging fom S00x
fuy SO0,

Plane Polovized IR Spectroscopy

Plane polarized Ly radistion has been
recognized as a good probe of molecular

orientation, because of the preferred orentation
of specific functional groups can be determined.
This technigque can reveal andsoiropy an the
motecular level within the membrane sample.
Pronounced infraved dichroisr {the difference in
absorplion between parallel and perpendicular
polarized light). The IR spectra werg recorded on
a Micolel Magne-1H 560 spectrometer. Spectra of
arvmmetric membranes were obtained from
sarmples about 5 em®. The semples were mounied
at the sample position with the ouler skin surface
facing the infrared beam and were rotated
aceording to the shear divection {either vertical
or horizontall. Thus, Enear dichreism spectya were
obtained by straightforward sublraction of
perpendicular-polarized specirum from parallel-
nolarized spectrum.

RESIUILYTE AND MEQUSSIDN
Effect of shear on membrane performasce

in polarized reflection ir studies of the
marniranes, Ly dichrolam was detected in all
samples, the extent being areater in the high sheay
mornbranes. These resulls can be related to the
rheciogical properties of the casting sohallons,
Since the dope used is shaay thinning and
exhibited viscoelastic by virtue of Troutan Rations
suggesting that the polymer moleaules become
more aligned ab greater shear (Shilton et al,, 1997
lamail ef al, 1999 Sccording to e:,.:q:,s@rnzl-e.xxm.%.
data shown in Table 1 and Figave 1, the oritical
shear rate was determined to be around 381,08
Iy region prior fo the oritical point, increasing
shear rate enhance molecular ordentation and fres

Fabie ¥, Pwm@ﬁﬁnﬁigs sl mémmm of membrone with different sheor rafe

Shear Rate, y (57) Permeabili ity, PILGPU) Selectivity, amw
Ha Ny
152.4 12,13 {1.58 2281
1890.5 15,99 RNy 27.6%
254.0 2171 0.58 37.14
381.0 3041 ALT6 41.80
T62.0 2242 (.97 27.16
Septermber 2002 Vol % No.t o ASEAN fournal of CHEMICAL ENGUEERRING
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Figure 1. Apparent skin thickness, mean pore size
and surface porosity of membrane with different
shear rate

volume in skin layer and, in turn, improving
selectivity of asymmetric membrane while
maintaining sufficient permeability (Ismail et al.,
1997; Shilton et al., 1994, Shilton et al., 1997).
Since the solution used in this study was shear-
thinning, when shear rate reached beyond the
critical point, a severe decrease in solution
viscosity occurred presumably due to chain
entanglement losses in solution. In this case,
membrane might undergo an early demixing and
precipitation to result in a porous and highly
oriented skin layer (Sharpe et al., 1999; Chung et
al., 2000). Furthermore, casting membrane at an
extremely high shear (over the critical shear rate)
pulled molecular chains or phase-separated
domains apart and began to create slight
imperfections (defects) in skin layer (Sharpe et
al., 1999). As shown in Figure 1, casting
polysulfone membrane at the highest shear rate
(762.0s!) caused an abrupt deterioration in
selectivity of hydrogen/nitrogen and a
disproportionately increase in pressure-
normalized flux of nitrogen (slow gas). However,
there was a decrease in pressure-normalized flux
of hydrogen (fast gas) through polysulfone
membrane cast at the highest shear rate
(762.0s'), because shear-induced pore
deformation had transformed big pores originally
for Poiseuille flow to small pores suitable for
Knudsen flow (Wang and Chung, 2001). Most of
defective area in asymmetric membrane cast at
the critical shear rate was occupied by pores for
Knudsen flow. Thus, transmission of fast gas
through membrane would be affected. Another
possible explanation was based on substructure

resistance, as proposed by Pinnau and Koros
(Pinnau and Koros, 1991).

Molecular orientation, which is mechanically
induced on asymmetric membrane by varying shear
rate experienced during casting, can be directly
measured using diffuse reflectance infrared Fourier
transform spectroscopy. A preferential alignment
of randomly coiled chain molecules in anisotropic
sample leads to a difference in absorption of plane-
polarized infrared spectra between parallel and
perpendicular directions. This phenomenon is
known as linear dichroism. As shown in Figure 2,
polysulfone membranes produced by high-shear
casting (762s!) showed a pronounced positive
linear dichroism, indicating that polymer backbone
aligned in shear direction. On contrary, polysulfone
membranes produced by low-shear casting (152.4s*
1) were dichroic in opposite sense (Figure 3).
Contrast distinctions between polysulfone
membranes suggested that molecular orientation in
skin layer was enhanced by increasing shear during
casting, which had a favorable effect on membrane
selectivity (Shilton et al., 1997).

Effect of shear on
membrane MORPHOLOGY

The electron micrographs of wall cross-
sections of the membranes are shown in Figure
4. As depicted in Figure 4, polysulfone
membranes developed in this study composed of
an ultrathin, dense skin layer with a sponge-like
porous substructure. As the shear rate increases
during casting, there is a transformation from
thick skin to thin skin. A relatively thick transition
layer was observed in membrane at highest shear
rate (762.0s!), resulting in relatively low
membrane selectivity as shown in Table 1. At this
point, we can observe that the effect of shear
directly influences both membrane morphology as
well as membrane performance.

In addition, there was not much difference
between substructures of membrane cast with
different shear rate; where uniform voids spread
throughout membrane sublayer. As shown in Figure
5, no pores could be observed in membrane skin
surface even at the highest magnification of
scanning electron microscopy since pore size (within
a few angstrom) of membrane skin layer is on
borderline of equipment resolution.
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Figure 2: (a) Plane-polarized infrared spectra parallel (black line) and perpendicular (red line) to shear
direction and (b) a linear dichroism spectrum for membrane cast at high shear (762.0s’')

0.170 ¥ Subtraction Result:S8 Parailel-Perpendicular "
0.760 4

0.150 4 l
0.140 4
0.130 4
0.120 4
0.110 4
0.100 4

0.090
8

5 0.080 -

EK 0.070 -

0.060 4

0.050 4

0.040 4

0.030 4

0.020 4

0.0104
'0.000

-0.010 +

1700 1600 1500 1400 1300 1200 1100 1000 300 800 700
Wavenumbers (cm-1)

(b)

September 2002 Vol. 2 No. 1 ¢ ASEAN Journal of CHEMICAL ENGINEERING



72 Ismail and Yean

$6 Perpendicular n
0.180 J 56 Parailel

0.170 4
0.160
0.150 o
0.140 4
0.130 4

0.120 4

0.110 4

24269
0.100 <
0.090 -

0.080 4

0.070 4

0.060 -

0.050
0.040 4

0.030 4
0.020 4

0.010 4

1200
Wavenumbers (cm-1)

(a)

Figure 3: (a) Plane-polarized infrared spectra parallel (black line) and perpendicular (red line) to shear
direction and (b) a linear dichroism spectrum for membrane cast at low shear (152.4s1)
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Figure 4: SEM of membrane cross-section (a: 152.4s; b: 762.0s')

CONCLUSION

This study has indicated that the profound effects
upon separation properties of asymmetric
polysulfone membranes are mainly controlled by the
variations in casting shear rate. Peressure-
normalized fluxes of asymmetric polysulfone
membrane were increased with increasing shear rate
because of the reduction in skin layer thickness,
while membrane selectivity were increased due to
enhanced molecular orientation in skin layer.
Therefore, the combine rheological conditions with
the primary phase inversion parameters is proven
to be the best approach in membrane research, if

Net wn p———

Spot Magn
500

(a)

membrane selectivity is to be heightened beyond
the recognized intrinsic value of the membrane
polymer. Findings from this study can provide a
potential platform to further develop high
performance asymmetric membrane for gas
separation.

NOMENCLATURE

A Membrane effective surface area (m?)
Q Volumetric flow rate of gas i (m%/s)

[ Membrane skin thickness (m)

Del WD b——

2V Spot Magn

(b)

Figure 5: SEM of membrane surface at different shear rate (a: 152.4s*; b: 762.0s")
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Ap Pressure difference across membrane (Pa)

P, permeability coefficient for gas i
(m3(STP).m/m?.s.Pa)

(P/l);  Pressure-normalized flux or permeability for
gas i (m3(STP)/m?.s-Pa)

a Ideal separation factor or selectivity (unitless)
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