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SYNOPSIS

Blend membranes were prepared by casting chloroform solutions of mixtures of styrene-
N-phenylmaleimide copolymer containing ca. 10 mol % imide units with poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO), and their phase behavior was evaluated. At a content of 20%
PPO, the membranes were homogeneous; those having 40 or more % PPO exhibited phase
separation. Membranes made of the parent polymers and their blends were tested in the
pervaporation of aqueous ethanol solutions; permeabilities to oxygen, nitrogen, and carbon
dioxide were also determined. The pervaporation characteristics and gas transport properties
are discussed considering the interactions of polymer chains and the phase structure of

the membranes. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

The polymer blending is an important means of ob-
taining useful new materials for various applications,
including membrane operations.'® Compared to the
original, compatible polymers, mixtures of these
polymers often have better physical properties,
which can be affected by the content and composi-
tion of the polymer components.

This study deals with binary mixtures of the sty-
rene (S) copolymer with N-phenylmaleimide (PMI)
blended with poly (2,6-dimethyl-1,4-phenylene ox-
ide) (PPO). The copolymer contained approx. 10
mol % PMI units. It could be expected that, when
the copolymer has a high content of styrene units,
interaction will occur between the polystyrene seg-
ments and PPO, facilitating the miscibility of the
components.”® Both polymers are used as membrane
materials with preferential permeability to water in
the pervaporation separation of aqueous ethanol so-
lutions.®° In addition, PPO is characterized by ex-
cellent film-forming ability, mechanical and chem-
ical resistance, and thermostability, and has also
been found useful for the separation of gases.!! This

* To whom correspondence should be addressed.

Journal of Applied Polymer Science, Vol. 58, 1485-1490 (1995}
© 1995 John Wiley & Sons, Inc. CCC 0021-8995/95/091485-06

work was carried out in order to evaluate the phase
behavior and membrane properties of material con-
sisting of these polymer components. Blend mem-
branes were prepared by casting chloroform solu-
tions of a mixture of the two polymers; the pervapo-
ration characteristics of these membranes were
determined in the separation of various concentra-
tions of aqueous alcohol. We also studied the trans-
port of oxygen, nitrogen, and carbon dioxide through
these membranes.

EXPERIMENTAL

Materials

N-Phenylmaleimide (PMI) (m.p. 89°C) was ob-
tained by cyclodehydration of N-phenylmaleamic
acid (m.p. 201°C) prepared by the addition of aniline
to maleic anhydride.!? Styrene (b.p. 36°C/1.56 kPa)
and 2,2'-azobis(isobutyronitrile) (AIBN) (m.p.
105°C) were purified by the procedure described in
an earlier work.!® The copolymer of styrene with N-
phenylmaleimide [poly (S-PMI)} was synthesized
by radical polymerization at 50°C initiated by
AIBN.!* The content of PMI units was determined
by elemental analysis. Poly (2,6-dimethy}-1,4-phen-
ylene oxide) (PPO) was a commercial product
(Spolana, Neratovice, Czech Republic). The num-
ber-average molecular weights M,, determined by
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the GPC method in toluene using polystyrene stan-
dards, were 169, 460, and 37,800 for the copolymer
and PPO, respectively. Aqueous ethanol solutions
were prepared from EtOH for UV spectroscopy and
redistilled water.

Membrane Preparation

Membranes were obtained by pouring a chloroform
solution (0.1 g em™?) of poly (S-PMI), PPO, or mix-
tures thereof onto a glass plate to form a layer 0.35
mm thick. After evaporation of the solvent at room
temperature, a membrane with a thickness of about
30 um was released by immersion in water.

Measurements
Sorption

The dry membrane (about 0.3 g) was weighed and
left in an EtOH-H,0 mixture at room temperature
for 24 h; then the liquid was removed from the sur-
face of the swollen membrane using filter paper and
the membrane was again weighed. The degree of
swelling (DS; %) was found from eq. (1):

DS = (weight of swollen membrane/

weight of dry membrane — 1) X 100 (1)

Membrane Densities

The membrane densities were measured using
Mohr-Westfal scales ( by the floating method). The
dry membrane (about 40 mg) was weighed first in
the air and then in dodecane at 23°C. The weight
difference in the two measurements divided by the
density of dodecane (0.745 g cm™2) gives the sample
volume. The membrane density was calculated from
its weight in the air and the determined volume.

Pervaporation

The pervaporation process was studied by the pro-
cedure described previously.!* Prior to testing, the
membranes were left for 15 h in the EtOH solution
to be separated. They were characterized by their
permeation fluxes (in g m™2 h™!) and separation
factors ay,o, defined by eq. (2):

om0 = (W /W) g0/ (WF/wF)pon (2)

where w is the weight fraction of H,O and EtOH in
the permeate (P) and in the feed (F'). The permeate
flux of various membranes was related to a thickness
of 30 um on the basis of the assumption of propor-

tionality between the flux and the reciprocal value
of the membrane thickness.

Gas Transport

The transport properties of the membranes were
studied using a laboratory instrument fitted with a
katharometer (hot wire detector).’® The perme-
abilities P were determined from the determined
amounts of O,, N,, or CO, after passage of the in-
dividual gases through a membrane placed in the
measuring cell at 100 kPa and 25°C. Average ex-
perimental permeability values were tabulated on
the basis of repeated measurements. Selectivities
ao,/ Nz and aco,/ N, were expressed in terms of the
ratio of the corresponding permeabilities Pg,/Py,
and Pcg,/ Py, respectively.

Thermal Analysis

Differential scanning calorimetry (DSC) of the
membrane materials was carried out on a Perkin—
Elmer DSC-2 calorimeter. The temperature and
output scales of the calorimeter were calibrated using
indium and sapphire as standards. The measure-
ment was carried out in two scans in nitrogen at-
mosphere in the temperature interval 230-250 K at
a heating rate of 10 K /min. The sample weight was
about 5 mg. In the first scan to 550 K, the initial
relaxed sample was used, which was then cooled at
the same rate to the initial temperature of 230 K;
this was then followed by the second scan. The glass
transition temperature (7,) and relaxation maxi-
mum (7,) were determined from the thermogram
obtained.

RESULTS AND DISCUSSION

Poly(styrene-N-phenylmaleimide)/PPO
Membranes

Table I gives some of the characteristics of the
membranes. The membranes of the individual poly-
mer components were transparent, and those of the
polymer mixtures were almost transparent. All the
blended membranes were characterized by excellent
mechanical resistance during handling. The mem-
brane swelling in variously concentrated aqueous
EtOH solutions was low and did not exceed 5%.
The density of poly (S-PMI) and of the blends
was greater than that of PPO (Table I), whose
chains are apparently more loosely ordered, i.e., the
free volume is greater in PPO. Blend 1 was found



Table I Poly(S-PMI)/PPO Membranes
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1st Scan 2nd Scan

PPO Content T Ty T, Ta Te T, Density

Membrane (wt %) (K) (g cm™)
Poly(S-PMI)? 0 370.7 — — 375.0 — — 1.082
1 20 403.8 - — 404.3 — — 1.091
2 40 413.9 — 510.4 422.6 — — 1.085
3 60 423.0 471.9 510.9 4146 — — 1.083
4 80 414.9 485.1 512.7 420.2 450.8 — 1.083
PPOP 100 505.2 — 519.5 483.6 — 489.5 1.069

2 J\Z[n = 169,460; 10.0 mol % incorporated PMI units.
* M, = 37,800.

T, and T, are the glass transition temperature and the temperature of the relaxation maximum, respectively.

to have the greatest density, indicating the most
compact structure.

The phase behavior of the blends was evaluated
on the basis of data obtained in DSC measurements,
carried out in two scans (Table I and Fig. 1). The
first scan for PPO alone yielded a very large relax-
ation maximum and higher glass transition tem-
perature T,; than that given in the literature.’® A
relaxation maximum and a second weak glass tran-
sition temperature T, were observed in the first scan
for mixtures containing 40% or more PPO at tem-
peratures of about 510 K and 480 K, respectively.
The S-PMI copolymer and blend 1 exhibited only
one glass transition. The second scan was charac-
terized by a marked decrease in the relaxation max-
imum for PPO alone and its glass transition tem-
perature was identical with the literature value. No
relaxation maximum was observed in the second
scan for the other samples and two glass transitions
were found only for blend 4 containing 80% PPO.

The presence of the relaxation maxima and of
two glass transitions in the binary polymer mixture
indicates separation of the components of the mix-
ture.'™® It is thus clear from Table I that the S-
PMI copolymer mixtures with 20% PPO are ho-
mogeneous, while those with more than 40% PPO
have limited miscibility. While interactions between
the phenyl groups of the PPO chains and the poly-
styrene segments of the S-PMI copolymer predom-
inate in membrane 1, leading to compatibility of the
two polymers,” at higher PPO contents the repulsion
between PPO molecules and the maleimide groups
becomes important and prevents miscibility of the
polymer components.® The better solubility of PPO
in the copolymer than that of the copolymer in PPO
(cf. blends 1 and 4) is due to the different molecular
weights of both components.

The behavior of the mixtures containing 40, 60,
and 80% PPO also reflects their phase structures.
The practically constant T values of these mixtures
in the second scan indicates that one phase contains
about 40% PPO. The presence of the relaxation
maxima and, where present, the weak T, found in
the first scan for samples containing 40 and 60%
PPO indicates separation of a minority phase with
high PPO content. This minority phase is finely
dispersed in a majority phase, rich in poly (S-PMI),
which is reflected in the disappearance both of the
relaxation maxima of both samples in the second

Heat Flow{Arbitrary Units)

1 [l
200 300 400 500
Temperature (K)
Figure1l DSC thermograms of poly(S-PMI), PPO, and

their blends 1, 2, 3, and 4 from the first (—) and second
(-~ ) scan.
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scans and also of the glass transition temperature
T,» in samples with 60% PPO. The mixture con-
taining 80% PPO also exhibited two glass transition
temperatures in the second scan; its two-phase
structure is apparently far better developed than in
the mixtures with 40 and 60% PPO.

Pervaporation

The results of pervaporation of aqueous ethanol so-
lutions through poly (S-PMI) /PPO membranes are
given in Table II. The solutions to be separated con-
tained 38.7-87.6 wt % EtOH. The pervaporation
process has the following characteristics: (1) in the
pervaporation through the individual membranes,
the permeate flux decreased with decreasing EtOH
content in the feed. The greatest flux decrease was
observed when using poly (S-PMI) membranes (63.6
g m~%2 h ! on dilution by 35.7 wt %) and PPO mem-
branes (47 g m™2 h™! on dilution by 34.3 wt %
EtOH), i.e., membranes of the individual polymer
components. (2) In blended membranes 3 and 4, the
decrease in the EtOH concentration in the feed by
about 40% produced a flux decrease of about 26 g
m~2 h™!, while this value equalled only 4.8 g m™2
h~! for membrane 2. (3) Poly(S-PMI) and PPO
membranes exhibited much higher permeate flux
and, thus, lower selectivity than the blended mem-

branes in the separation of solutions containing
84.5-87.6 wt % EtOH. Membrane 4 was an excep-
tion, with a separation factor higher than that for
poly (S-PMI) membranes and somewhat lower than
that for PPO membranes. (4) The highest separa-
tion factors for membranes 1 and 2 were found for
the separation of the most concentrated ethanol so-
lutions, while the separation factors for the other
membranes under these conditions were always
lower than for the separation of more dilute mix-
tures.

Similar to the determined membrane densities,
the data obtained for the permeate flux and selec-
tivity indicate that, compared to poly (S-PMI) and
PPO, membranes 1 and 2 have more compact struc-
tures as a consequence of interactions between the
polymer chains. This fact is apparent especially in
the separation of a solution containing 87.6 wt %
EtOH using membrane 2. The value of its separation
factor corresponds to more than three times the
value of the separation factor of the poly (S-PMI)
membrane and more than twice that of the PPO
membrane, determined for the pervaporation of
84.5-86.3 wt % ethanol solutions. The permeate flux
through the membranes of the individual polymers
is more than three times that through membrane 2.
Because of their closer chain packing, membranes
1 and 2 are apparently more resistant to swelling by

Table II Pervaporation of EtOH-H,0 Mixtures through Poly(S-PMI)/PPO Membranes at 35°C

-EtOH Content

(wt %)
Flux Separation Factor
Membrane Feed Permeate (g m2h™Y) AH,0
1 85.9 28.3 27.2 15.4
48.0 7.0 27.0 12.3
38.7 4.9 10.2 12.1
2 87.6 27.3 21.8 18.9
56.3 7.8 21.1 15.3
48.0 5.7 17.0 15.4
3 86.3 34.9 49.0 11.7
63.6 10.5 25.9 14.9
46.5 5.6 23.8 14.7
4 85.7 45.6 53.1 7.1
59.2 15.5 44.7 7.9
46.6 89 27.2 9.0
Poly(S-PMI) 84.5 49.5 76.5 5.6
68.3 15.0 25.5 12.2
48.8 7.4 12.9 12.0
PPO 86.3 42.3 70.1 8.6
63.6 16.3 39.1 9.0
52.0 9.7 23.1 10.1




ethanol than poly (S-PMI) and PPO membranes.
Membrane 3 behaves similarly to membranes 1 and
2 in the pervaporation process. However, the deter-
mined lower separation factor and higher perme-
ation flux of the solutions to be separated containing
86.3% EtOH indicate lower cohesion of the chains
in this membrane. The observed pervaporation
properties of membrane 4 are probably associated
with its highly heterogeneous structure, formed
during the evaporation of the solution of the mixture
of polymer components.

Gas Transport

Table III lists data on the transport of oxygen, ni-
trogen, and carbon dioxide through poly (S-PMI) /
PPO membranes. The poly (S-PMI ) membrane ex-
hibited the lowest permeability to gases, while the
PPO membrane had the highest permeability, which
was more than 8 times, 10 times, and 5 times as
great to oxygen, nitrogen, and carbon dioxide, re-
spectively, than the corresponding permeability
values for the poly (S-PMI) membranes. This is in
agreement with the finding that the density of the
PPO membranes was the lowest of all the deter-
mined membrane densities, i.e., its free volume and
diffusivity are highest. The greater diffusivity in
PPO than in poly (S-PMI) and blends produces the
greater permeability of PPO membranes. In blend
membranes, the permeability increased with in-
creasing amount of PPQ; however, membrane 4 with
a nonhomogeneous phase composition had perme-
ability to CO, comparable to that of the poly(S-
PMI) membrane. As mentioned above in connection
with the evaluation of the pervaporation results, the
transport characteristics of membrane 4 are prob-
ably affected by its degree of heterogeneity.

The calculated ratio of the permeability to oxygen
or CO; to that to nitrogen, i.e., selectivities ag,n,
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and aco,/n,, Were greater for membranes 1 and 2.
Similarly, as in pervaporation, the behavior of these
membranes is apparently the result of interaction
of polymer chains accompanied by the formation of
a compact structure. Their ag,/n, values greatly ex-
ceed the selectivities of common homopolymers and
copolymers of N-substituted maleimides'®?° and are
even somewhat higher than the selectivities of
blended membranes of PPO and homopolymers of
N-arylmaleimides, described in our earlier works.?!"2?
In addition, the aco,/nN, values of membranes 1 and
2 were higher than the corresponding selectivities
of common polymers, including PPO.

High values of the ratio of the permeability to
oxygen or carbon dioxide to that to nitrogen were
also found for membranes of the copolymer of sty-
rene with N-phenylmaleimide. However, in contrast,
membranes 1 and 2 were characterized by higher
mechanical resistance and exhibited greater per-
meability to gases.

The results obtained demonstrate that, similar to
the pervaporation process, gas transport can also be
affected by the choice of suitable poly (S-PMI) /PPO
membranes. In particular, poly(S-PMI)/PPO
blends containing < 40% PPO seem to be promising
membrane materials for gas separation because of
their high selectivities to oxygen or carbon dioxide
and the excellent mechanical resistance of trans-
parent films of these materials.

CONCLUSIONS

The copolymer of styrene with N-phenylmaleimide
(10 mol % PMI) and PPO produces film-forming
blends that are homogeneous at a PPO content of
20%, and consist of very fine dispersions of the mi-
nority phase enriched in PPO in a majority phase
with predominant poly(S-PMI) content at PPO

Table III Gas Separation through Poly(S-PMI)/PPO Membranes at 25°C

Permeability Selectivity
(Barrer®)
Membrane PNz P02 Pco2 AQy/N, ACOy/N,
1 0.38 3.00 16.7 7.7 43.0
2 0.50 3.50 19.7 7.0 39.0
3 1.02 5.20 26.1 5.1 25.6
4 1.74 8.73 12.5 5.0 12.5
Poly(S-PMI) 0.36 2.30 12.0 6.4 33.0
PPO 4.70 18.90 65.0 4.2 13.8

2107 cm® (STP) em/em?® s emHg.
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contents of 40 and 60%; blends containing 80% PPO
clearly exhibit phase separation. Membranes pre-
pared from poly(S-PMI)/PPO blends exhibited
preferential permeability to water in the pervapor-
ation of aqueous ethanol solutions. The greatest
separation factors were exhibited by membranes of
blends containing 20 and 40% PPO in the separation
of solutions with the highest EtOH concentrations.
These blends were also found to be useful as mem-
brane materials with high permeability ratios of ox-
ygen or carbon dioxide to nitrogen in the transport
of these gases. The transport characteristics of
poly (S-PMI)/PPO blend membranes are deter-
mined by their structure, which is a consequence of
the interactions between the poly (S-PMI) and PPO
chains.

The study was supported by Grants No. 203/93 /1059 and
No. 450102 of Grant Agency of the Czech Republic.
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