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Pervaporation of Aqueous
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Bearing Various Hydroxyl Groups
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ABSTRACT:

Modified Udel P-3500 membranes bearing various kinds of hydroxyl moieties

showed permselectivity towards water in the separation of agueous ethanol solutions. Pervapora-
tion phenomena were highly dependent on the environment surrounding the hydroxyl group.

KEY WORDS
Polymer Modification /

Synthetic membranes, which are capable of
energy cfficient separations with high selec-
tivity, have become a focus of our research
activities. Novel membrane materials can be
developed by several methods: polyineriza-
tion of monomers by various polymerization
methods, blending multi component polymers
to form polymer alloys, or polymer modifica-
tion. Among these, modification of existing
polymers or polymeric membranes, especially
those available commercially, is one promising
route towards new membrane materials. In this
paper, we have focused our attention on
modification of polysulfone,! 7 which is an
excellent polymer for membrane materials.

Polysulfone is a high performance thermo-
plastic well known for its mechanical strength
and film forming quality. Polysulfones in which
a hydrophilic moiety is introduced onto the
polymer chain might render the polymer useful

Pervaporation / Membranes / Permselectivity / Polysulfone /

for water permselective pervaporation mem-
branes. Several chemical methods to modify
polysulfone have been reported.’ '® How-
ever, we know of only a few examples of
polysulfone meodification for pervaporation
membranes.t213 :

This work is one of the series of our studies
on specialty polymeric membranes.?®~2% In
particular, we have investigated the pervapora-
tion performance of modified polysulfone
membranes bearing various kinds of hydroxyl
moieties. We have also studied the effect of the
substituent environment surrounding the hy-
droxyl group on pervaporation phenomena.

EXPERIMENTAL

Materials
Udel P-3500 polysulfone was obtained from
Amoco Performance Products. Modification of

" Present address: Department of Polymer Science and Engineering, Kyoto Institute of Technology, Matsugasaki,

Kyoto 606, Japan

" Present address: Industrial Membrane Research Institute, Department of Chemical Engineering, University of
Ottawa, 161 Louis Pasteur, Ottawa, Ontario KIN AN3, Canada.
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Scheme 1.

polysulfone by the introduction of hydroxyl
moicty onto the polymer consists of three steps
shown in the scheme as reported previously.”’
1) Lithiation with I-butyllithium. 2) Reaction
with carbonyl compounds, such as formalde-
hyde (starting material for 1), acetaldehyde
(that for 2), acetone (that for 3), benzaldehyde
(that for 4), and benzophenone (that for 5). 3)
Protonation. Degrees of substitution for these
modified polysulfones were as follows: 0.27 for
1,0.36 for2,0.34for 3,0.42 for 4, and 0.46 for§s.

Ethanol was purified in the usual manner.*®
Deionized water was used.

Preparation of Membranes
All membranes were prepared by casting
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polymer solutions (50 gdm™?) from chloro-
form. Solutions were cast onto glass plates with
an applicator (casting thickness 254 um), and
the solvent was allowed to evaporate at
ambient temperature overnight. The resulting
membranes were dried at 45°C for 8h and their
thickness was from 9-15 um.

Pervaporation

Pervaporation of water/ethanol mixtures
was carried out by the method described
previously,?® The membrane area in contact
with liquid was 10.5¢m?. The downstream
pressure was maintained at 400 Pa (3.0 mmHg).

The permeation rate was determined by
weighing the permeate sample collected in a
cold trap over a set period. The separation
factor « was calculated by determining the
composition of the feed liguid mixtures and
permeates. The composition analysis was
carried out using a Shimadzu GC-8A gas
chromatograph with a 3.1 meter column
packed with poly(ethylene glycol) 6000 on
Shimalite TPA.

o= ( Ywntcr/ Ya]cuhnl)/(Xwatcr/Xalcohol) (1)

where Y, is the weight fraction of component
i in the permeate and X that in the feed.
&

RESULTS AND DISCUSSION

Figure I shows results of the pervaporation
experiments, where the weight fraction of water
in permeate is plotted as a function of water
fraction in feed. Figure 2 gives the separation
factor (o) and the total flux values plotted versus
the weight fraction of water in feed. All the
hydroxyl membranes were preferentially per-
meable to water. Solid lines in Figures 1 and
3 are calculated lines according to eq 2, 3, and
4, and using the values for pervaporation
parameters summarized in Table 1, which are
precisely described next.

In order to study the permeation mechanism
of water and ethanol through these mem-
branes, the observed total fluxes were separated

Polym. 1., Vol. 24, No. 10, 1992
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Figure 1. Effect of feed composition on the weight fraction of water in the permeate. {Downstream
pressure, 400 Pa (3.0 mmHg); operating temp, 25°C; —, caleulated, according to eq 2 and 3, and using
the numerical values given in Table 1.)
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Figure 2. Effect of feed composition on total flux and separation factor {#} in waterfethanol
pervaporation, (Downstream pressure, 400 Pa (3.0 mmHg); operating temp, 25°C; @, flux; O, separation
factor (a); —, calculated, according to eq 2, 3, and 4, and using the numerical values given in Table 1.)

into their respective water and ethanol fluxes,
as previously reported,207 2% Water flux versus
feed water concentration, and ethanol flux

versus feed ethanol concentration are plotted
in Figure 3 for membrane 4 as an example.
The ethanol curve shows an exponential profile.

Polym. I, Vol. 24, No. 10, 1992 1051
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Table 1. Parameters for membranes®
Polymer 1081 10'2Pg ¢ 1012P o 104 By 10*By 10* Byw
membrane m m2h™! m3h! m? mol * m® mol ™! m* mol™!
1 9 0.90 2.8 4.3 5.0 1.0
2 15 5.1 66 1.5 1.8 0.24
3 0 0.20 0.086 7.0 8.5 1.7
4 3.0 4.3 4.6 5.0 0.80
5 9 0.54 4.1 31 4.5 0.68
1 Downstream pressure, 400 Pa (3.0 mmHg); operating temp, 25°C .
2.5 5.2
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2071 5.1 _
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g i ]
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Tigure 3. Effect of feed composition on fluxes of solution components through the membrane 4.

(Downstream pressure, 400 Pa (3.0 mmHg); operating temp,
3, and using the numerical values given in Table L.)

On the other hand, water flux dependence on
its feed concentration appears more compli-
cated. Profiles similar to Figure 3 were obtained
for other membranes.

A similar profile was also obtained for
modified polysulfone membranes having meth-
yl ester moicty.”* In the latter case, both
fluxes and separation factor (x) can be
represented by the following ‘equations.”

Je= (PO,E/BEE !){CXP(BEECE,O) - 1} 2
ﬁpo,w Bpp— Bwe
= B T
I BwwBes

AexpBiCro) - HexpBuwCwo) =1 (5
exp{(Bgs— Bwe)Cro} — 1
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25°C; —, caleulated, according to eq 2 and

i

Jwlle _Pow Bex~Bwe

of=—" =
CW,OICE,O PO,E

Bww

N {exp{Bww — Cw.o)— 131Ce 0
[CXP{(BEE ﬁBWE)CE.O} —11Cw,0

The same equations were found to be
applicable for membranes with hydroxyl
groups. Bgp and Py g were determined first by
using ethanol flux-ethanol feed concentration
relation and then Py, Bwe, and Byw were
determined to fit the observed data. The five
of parameters found in the above flux
equations, determined to fit Figure 3, are
summarized in Table T. Numerical values are
also summarized in Table I for each membrane.
Lines illustrated in Figures 1, 2, and 3 represent

(4)

Polym. I., Vol. 24, No. 10, 1992
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Figure 4. Relationship between separation factor () and
surface area ratio.

Polymer

A_onfR_g a*
membrane
1 1.08 19.6
2 0.54 391
3 0.34 2318
4 0.25 20.5
3 0.14 26.3

* Downstream pressure, 400 Pa (3.0 mmHg); operating
temp, 25°C; feed water weight fraction of ca. 0.9,

the calculated values using the above numerical
parameters in eq 2, 3, and 4. Theoretical lines
for the weight fraction of water in the permeate

(Figure 1) and the tota! flux (Figure 2), agreed

well with the experimental values above feed
water weight fraction of 0.1, On the other hand,
theoretical lines for separation factor in Figure
2, which is thought to be very sensitive to small
etrors in calculated flux values, did not agree
well with the observed results. It was observed
that the hydroxyl modified polysulfone mem-
branes under study had a tendency to be
swollen by the permeants, especially by
ethanol. Quantitative evaluation of membrane
swellmg by the immersion technique failed
because of the difficulty of blotting free sur-
face liquid completely in the present study.
However, it can be concluded that the deviation

Polym. J., Vol. 24, No. 10, 1992

of observed flux value at the feed water weight
fraction of 0.1 from the caluculated value is
due to swelling. Permeselectivity towards water
was not improved significantly by the hydroxyl
modification of polysulfone in comparison with
pervaporation results of the parent polysulfone
membrane.** This might be due to the mem-
brane swelling by ethanol,

Using membranes from modified poly-
sulfones with five kinds of hydroxyl groups, we
investigated the effect of substituent environ-
ment surrounding the hydroxyl group on
pervaporation phenomena. For this purpose,
pervaporation dala at the feed water weight
fraction of 0.9 were used, because the swelling
effect of ethanol on membrane performance
was thought to be the least among investigat-
ed feed compositions, Figure 4 shows the
relationship between the separation factor and
the ratio of surface area of hydroxyl group?’
to that of hydrophobic moiety?” surrounding
the hydroxyl group for the feed water weight
fraction of 0.9. Obviously, hydrogen-bonding
ability of the hydroxyl group plays an
important role in the present pervaporation
system. Hydrogen-bonding interaction is a
kind of dipole-dipole interaction, which highly
depends on both direction and distance. The
higher the surface area ratio (A_ou/A ), the
higher the probability that the hydroxyl group
in the modified polysulfone and the water
molecule are located in an optimum alignment
to interact with each other. This can lead to
an increase in hydrogen-bonding interaction.
Consequently, an increase in permselectivity
towards water results. Furthermore, an increase
in surface area ratio allows an easier approach
of the water molecule to the hydroxyl group
introduced into the polysulfone membranes.
This also leads to an improvement in
permselectivity towards water. However, too
strong hydrogen-bonding interactions will
reduce the diffusivity of water in the membrane,
resulting in a lower permselectivity towards
water. These two antagonistic effects have
resulted in a maximum in the separation factor
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shown in Figure 4. It can be concluded that
an optimum environment, with a reasonable
hydrophobic-hydrophilic balance, is necessary
for selective permeation of water.

CONCLUSION

Modified Udel P-3500 membranes bearing
various kinds of hydroxyl moieties showed
permselectivity towards water in the separation
of aqueous cthanol solutions by pervapora-
tion. Swelling phenomena of modified mem-
branes in the presence of ethano! prevented
a significant mprovement in membrane per-
formance. According to the analysis of the
permeation data by the solution-diffusion
model, the diffusion coefficient for water was
the exponential function of both water and
ethanol concentrations, while that for ethanol
was the exponential function of ethanol
concentration alone. Calculation by using a set
of transport equations and associated transport
parameters reproduced the experimental data,
including the weight fraction of water in the
permeate and the total flux, very well when the
water weight fraction in the feed was above
0.1. However, the calculated and experimental
data did not agree when the water weight
fraction was 0.1, probably due to the swelling
by ethanol at the high feed ethanol content.
Hydrogen-bonding between the hydroxyl group
of the polymer and water appears to govern
the membrane sclectivity. As the intensity of
hydrogen-bonding, represented by the surface
area ratio (A _oyu/Ad _g), increases, the permse-
lectivity of the membrane i1s expected to
increase. On the other hand, too strong
hydrogen-bonding interactions will reduce the
diffusivity of water in the membrane, leading
to a lower permselectivity. These two opposing
effects resulted in a maximum of the separation
factor as a function of the surface area ratio
(A _on/A_g). It was apparent that pervapora-
tion phenomena were highly dependent on the
substituent environment surrounding hydroxyl

group.
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APPENDIX
Nomenclaiure
Byr , coeflicient of the exponential model for
ethanol (mol™'m?)
Bwe , coeflicient of the exponential model for
water (mol ' m3)
Byww , coeflicient of the exponential model for
water (mol ™! m?)
Cgo , concentration of ethanol in the feed
solution (molm™3)
Cw,o » concentration of water in the feed
solution (molm™3)
J , total flux (gm *h™1

Je , fux of ethanol (molm~2h™1)
Jw , flux of water (molm~™?h™1)
{ , thickness of the membrane (m)
Py, permeability coefficient of ethanol in

the membrane (=D, :Kg) (m?h 1)
Po,w » permeability coefficient of water in the

membrane (=D wKy) (m*h™1)
o , separation factor

L2
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