This article was downloaded by:

On: 24 January 2011

Access details: Access Details: Free Access
Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Molecular Filtration of Hydrocarbon Isomers Through Polymer/[Liquid
Crystal] Composite Membranes

Tisato Kajiyama®
* Department of Applied Chemistry Faculty of Engineering, Kyushu University, Fukuoa, Japan

To cite this Article Kajiyama, Tisato(1988) 'Molecular Filtration of Hydrocarbon Isomers Through Polymer/[Liquid
Crystal] Composite Membranes', Journal of Macromolecular Science, Part A, 25: 5, 583 — 600

To link to this Article: DOI: 10.1080/00222338808053386
URL: http://dx.doi.org/10.1080/00222338808053386

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi |l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222338808053386
http://www.informaworld.com/terms-and-conditions-of-access.pdf

18:10 24 January 2011

Downl oaded At:

J. MACROMOL.. SCI.—CHEM., A25(5-7), pp. 583-600 (1988)

MOLECULAR FILTRATION OF HYDROCARBON ISOMERS
THROUGH POLYMER/(LIQUID CRYSTAL) COMPOSITE
MEMBRANES

TISATO KAJTYAMA

Department of Applied Chemistry

Faculty of Engineering

Kyushu University

6-10-1 Hakozaki, Higashi-ku, Fukuoa 812, Japan

ABSTRACT

Ultrathin membranes of a polymer/(liquid crystal) mixture were pre-
pared by spreading a single drop of a casting solution on the water sur-
face. The thickness and the aggregation state of the water-cast membrane
can be controlled by the kind of solvent and the concentration of the
solution. In the case of a liquid crystalline state above the crystal-nematic
phase transition temperature, T j, the polymer/(liquid crystal) compos-
ite membrane follows Henry’s law for the sorption isotherm of hydrocar-
bon gases and, also, Fickian sorption for the sorption-desorption kinetics.
These results indicate that hydrocarbon gases permeate through a homo-
geneous medium composed of liquid crystalline molecules. Therefore,
the permeability coefficients of hydrocarbon gases can be controlled by
the dimensions of the channels through which the gas molecules diffuse.
The channel for diffusion is generated by thermal or fluctuating molecu-
lar motion which opens up the intermolecular distance between liquid
crystalline molecules. In the case of a self-supported liquid crystalline
membrane, the channel dimension can be controlled in the range of sever-
al A by both the intermolecular distance and the degree of thermal mole-
cular motion of the liquid crystalline molecules. Separation of hydro-
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carbon isomers was investigated by use of composite membranes com-
posed of a polymer matrix and self-supported liquid crystalline
molecules.

INTRODUCTION

The permeation process of low molecular substances through a homogene-
ous and nonporous polymeric membrane can be explained by a solution-diffu-
sion mechanism. The solution characteristics depend on the affinity of the
membrane to the permeant molecule, which serves as the controlling factor to
govern permselectivity. The diffusion process is influenced by the thermal
molecular motion of the polymeric chains, that is, the amount of free volume
or the size of the penetrant molecules.

Recently, functional characteristics of liquid crystals have been studied in
many fields because of their unique orientations or hydrodynamic properties.
The orientation of nematic liquid crystals is easily controlled by electric and
magnetic fields. When liquid crystals have positive dielectric anisotropy, their
molecular axes easily orient along the direction of an imposed electric field.
Also, the nematic liquid crystalline phase exhibits very low viscosity, compar-
able to that of water or organic solvents. The unique orientation behavior and
the hydrodynamic properties of nematic liquid crystals can be applied to perm-
selectivity when the nematic liquid crystalline phase is the main phase for dif-
fusion. The author has reported the novel polymer/(liquid crystal) composite
membranes as functional permselective membranes [1-13].

When hydrocarbon gases diffuse through the membrane, their longer molec-
ular axes align in the diffusing direction. Under such circumstances the diffu-
sion resistance (or friction) to hydrocarbon gases is strongly influenced by the
magnitude of the cross-sectional dimension normal to the main axes, as illus-
trated in Fig. 1 [14, 15]. Since the effective cross-sectional dimensions (diam-
eters) of »-, iso-, and neo-hydrocarbon isomers are 0.49, 0.56, and 0.62 nm,
respectively, it is generally difficult to separate hydrocarbon isomers by ordin-
ary synthetic membranes, due to the inability to control the cross-sectional
dimensions of the free volume or channe] to within several A.

The orientation of liquid crystalline molecules has a direct effect on the
permselectivity of hydrocarbon isomers on the basis of the path length for
diffusion and the distribution of molecular channel dimension, as illustrated
in Fig. 2. In the case of a well-oriented state of liquid crystalline molecules,
the permeant gases can diffuse along a quite straight path, resulting in a
greater flux. Since hydrocarbon isomers permeate through intermolecular
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FIG. 1. Illustration of the permselectivity for isomers with different cross-
sectional areas.

channels in the liquid crystalline phase for the polymer/(liquid crystal) com-
posite membrane, it is expected that hydrocarbon isomers can be effectively
separated through a liquid crystalline medium in which the intermolecular
channel dimensions can be controlled within several A with a narrow distribu-
tion. We have reported the voltage dependence of the permeation of
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FIG. 2. Schematic representation of the path for diffusion of permeant
molecules in the oriented and unoriented composite membranes.
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n-C4H, o and iso-C4H; o through the polymer/(liquid crystal) composite mem-
brane [16].

In this paper the relationship between the degree of orientation of liquid
crystalline molecules or their intermolecular channe] dimensions and permea-
tion characteristics to hydrocarbon isomers is discussed for the polymer/
(liquid crystal) composite membranes.

EXPERIMENTAL

Figure 3 shows the chemical structures of polycarbonate (PC) and poly-
(vinyl chtoride) (PVC) as a matrix polymer, and N-(4-ethoxybenzylidene)-
4'-butylaniline (EBBA), 4-cyano-4'-pentylbiphenyl (CPB), 4-cyano-4’-heptyl-
oxybipheryl (CHOB), and 2-sub.-1,4-bis(4-n-phenylbenzoyloxy)benzene
(X-BPBB) as nematic liquid crystalline materials. Txy for K= N and TNy
for N — I are the phase transition temperatures from crystal to nematic and
from nematic to isotropic, respectively. The substituent X of X-BPBB was
H, methyl (Me), Cl, Br, and ¢-butyl (+-Bu). Wide-angle x-ray diffraction
(WAXD) measurements were accomplished in order to measure the average
distance between liquid crystalline molecules in a nematic state and their ori-
entations.

The PC/EBBA (40/60 wt/wt), and PVC/CPB (40/60) or PVC/CHOB (30/70)
composite membranes were cast from a tetrahydrofuran or a 1,2-dichloro-
ethane solution, respectively. The self-supported oriented liquid crystalline
membrane was prepared from a 1,2-dichloroethane solution of the mixed
phase of PVC and CHOB by using a homemade casting apparatus with a pair
of attached electrodes [17]. When an electric field is applied during evapora-
tion of solvent, CHOB molecules orient preferentially along the direction of
the imposed electric field due to their positive dielective anisotropy [14].

The PVC/X-BPBB composite thin films were prepared by carefully spread-
ing a single drop of a solution of the mixed phase of PVC and X-BPBB on the
water surface. After a considerable amount of solvent had evaporated, the
composite membrane was left floating on the water surface. The weight ratios
of PVC/X-BPBB and THF/toluene were 20/80 and 40/60, respectively. The
thickness of the membrane spread on the water surface was about 100 nm.
Ten layers of the membrane were built up to form a thin film on a porous
Teflon membrane,

The permeabilities of butane isomers (n- and is0-C4 H, ), pentane isomers
(n- and iso-CsH;,), and hexane isomers (#-, iso-, and neo-CgH, ;) through the
composite membranes were measured by a volumetric method [2-5]. A pair
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FIG. 3. Chemical structures of polymers and liquid crystals.
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of electrodes was placed in the permeation cell, and an electric field was ap-
plied perpendicular to the membrane surface during measurements of gas per-
meation in order to maintain orientation of liquid crystalline molecules above
Tk in the oriented PVC/CPB or PVC/CHOB composite membranes. The dis-
tance between the electrodes was 5 mm. The magnitude of the diffusion coef-
ficient D was calculated from the time lag, as described by D = I /67, where T
is the time lag and / is the thickness of the thin film.

RESULTS AND DISCUSSION

Aggregation Structure of Self-Supported Liquid Crystalline Membranes

Figure 4 shows scanning electron micrographs of the fracture and the
membrane surfaces for the PVC/CHOB (30/70) composite membrane
which was prepared without and with an electric field after extraction of
CHOB with hot ethanol. Figure 4 indicates that the PVC matrix forms spongy
aggregation structures in both the random (£ = 0 V/cm) and the oriented (£ =
2350 V/cm) self-supported liquid crystalline membranes. Since about 95 wi%
of the originally existing CHOB molecules was easily extracted from the com-
posite membrane with hot ethanol, it is evident that the CHOB molecules form
domains as an interpenetrating continuous phase within the polymer matrix.
Therefore, it seems reasonable to assume that a continuous CHOB phase con-
tributes the main diffusion region for hydrocarbon isomers, based on the sorp-
tion characteristics of gases, such as sorption isotherms or sorption-desorption
experiments, which will be explained later.

Also, the aggregation state of the components in the composite membrane
was investigated on the basis of the equilibrium sorption characteristics of
gases. Figure 5 shows the sorption isotherms for CH4, C3Hg, and C,H;4 in
the PC/EBBA (40/60) composite membrane above and below Tx N of EBBA.
The validity of Henry’s law with respect to the sorption isotherm of these
hydrocarbon gases below Tk is doubtful, but above Tk it obeys the law.
Calculated values of the solubility coefficients to CH,, C3Hg, and C4H,, in
the composite membrane are 0.0169, 0.0462, and 0.126 cm® (STP)/(cm? -
cmHg), respectively. Therefore, the solubility increases with the length of
the hydrocarbon chain.

Figure 6 shows the sorption-desorption curves for CH, in the 40/60 com-
posite membrane. Here, M(¢) is the quantity of penetrant which has entered
or left the membrane in time ¢, and M(=) is the corresponding quantity at in-
finite time, i.e., when equilibrium has been reached between sorption and de-
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FIG. 4. Scanning electron micrographs of fracture surface (upper portion)
and membrane surface (lower portion) of the PVC/CHOB (30/70) composite
membrane after extracting CHOB with hot ethanol. The composite membranes
were prepared without an imposed electric field (a) and with a 2350 V/cm
field (b).

sorption. The linear relationship between M(£)/M(e=) and t'/? can be recog-
nized in the early stage of the experiment at 332 K (above Txn), and the shape
of the experimental curve suggests that this system follows Fickian sorption
[18]. Therefore, in the temperature range above Ty, it is reasonable to con-
sider that surface equilibrium is established immediately and that the diffusion
coefficient of CH, is a function of the concentration only. Similar behavior
has been observed for the polymer-organic vapor system in the rubbery state.
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FIG. 5. Sorption isotherms for C4H,q, C3Hg, and CH, in the PC/EBBA
(40/60) composite membrane at 293 K (below Tk ) and 332 K (above TgN).
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FIG. 6. Sorption-desorption curves for CH, in the PC/EBBA (40/60) com-
posite membrane at 293 K (below Tk ) and 332 K (above Tk N).
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These experiments apparently indicate that the polymer/(liquid crystal) (40/
60) composite membrane can be considered as a homogeneous medium when
considering gas permeation above Txn. This means that permeating gases
diffuse through the intermolecular channels between liquid crystalline mole-
cules. Therefore, we can control the permeability for hydrocarbon isomers
based on their diffusivity in passing through liquid crystalline domains. This
principle can be used to design a molecular filtration membrane by using
polymer/(liquid crystal) composite membranes.

Molecular Filtration through Self-Supported Liquid Crystalline
Membrane Based on Orientation of Molecules

Figure 7 is wide-andle x-ray diffraction photographs of the PVC/CHOB
(30/70) composite membranes prepared without and with an imposed elec-
tric field during evaporation of the solvent. When the oriented composite
membrane (£ = 2350 V/cm) was placed as shown in Fig. 7 and an x-ray beam
was passed parallel to the membrane surface (edge view), x-ray reflections
corresponding to the length of a CHOB molecule or dimer were observed
on the equator. The reflection at 2.16 nm corresponds to the length of a
CHOB molecule and those at 3.51 and 2.94 nm to the length of the dimer.
Figure 7 indicates that the CHOB molecular axes preferentially align per-
pendicular to the membrane surface during evaporation of solvent from a
solution under an imposed electric field, in other words, paralle] to the direc-
tion of an imposed electric field due to a positive dielectric anisotropy. The
Fig. 7{c) photograph, taken after the permeation experiment under an im-
posed electric field of 50 000 V/cm perpendicular to the surface of the ori-
ented composite membrane, demonstrates that orientation of CHOB mole-
cules in the composite membrane was maintained even after the permeation
experiment above Tk N.

Figure 8 shows an Arrhenius plot of the permeability coefficient £ for
CsH, in the oriented and the unoriented PVC/CHOB (30/70) composite
membranes and also the permeability coefficient ratio, P, /P, of the oriented
membrane to the unoriented one. It is apparent that P to CsH,, for the
oriented membrane is greater than that for the unoriented one. The magni-
tude of P increases and P, /P, decreases with increasing temperature. Similar
tendencies were observed for iso-CsH;, and neo-CsH,,.

In the case of the unoriented composite membrane, the average channel
dimension in the liquid crystalline domain must be greater than that for the
oriented one because of a looser packing of liquid crystalline molecules, as
illustrated in Fig. 2. This may lead one to expect that P for the unoriented
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FIG. 7. Wide-angle x-ray diffraction patterns of the PVC/CHOB (30/70)
composite membrane prepared without an imposed electric field (a) and with
a 2350 V/cm field (b). The picture of (c) was taken after the permeation ex-
periment under a field of 50 000 V/cm. The x-ray beam was directed along
the sample surface (edge view).

membrane is greater than P for the oriented one, However, the experimental
result is the reverse, as shown in Fig. 8. Consequently, the magnitude of P

for the oriented and the unoriented composite membranes may be appreciably
influenced by the different channel or path length required for diffusion
through the composite membrane, as shown in Fig. 2. In other words, gas
molecules diffuse along fairly straight paths through the oriented membrane
but along tortuous paths through the unoriented one.

Since liquid crystalline molecules have a tendency to form liquid crystalline
domains, molecular packing in these domains may be fairly tight even in the
unoriented composite membrane. Therefore, the length of the diffusion path
is more decisive for the permeability coefficient than for a loose molecular
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FIG. 8. Arrhenius plot of P to CsH;, for the oriented and unoriented
PVC/CHOB (30/70) composite membranes.

packing. The temperature dependence of P for the unoriented composite mem-
brane is slightly more marked than that for the oriented one, as shown in Fig. 8.
This may be because thermal molecular motion is more temperature-dependent
in the unoriented state with looser molecular packing.

Figure 9 shows the Arrhenius plot of the permeability coefficient ratio
P, /P, for the oriented and the unoriented composite membranes to CsH,,
and iso-CsHy,. Since the effective cross-sectional dimension of CsH;, (0.49
nm) is greater than that of iso-Cs1i, (0.56 nm), it is apparent that CsH,,
molecules can permeate faster than iso-Cs H,, through intermolecular channels
between CHOB molecules. The effect of thermal fluctuation on the inter-
molecular distance of CHOB in the oriented composite membrane is less than
that in the unoriented one since CHOB molecules in the former are packed
more tightly or regularly than in the latter. Therefore, the distribution of the
intermolecular channel dimension, as well as the intermolecular distance, must
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FIG. 9. Arrhenius plot of the permeability coefficient ratios of n-CsH,,
and iso-CsH,4 for the oriented and unoriented PVC/CHOB (30/70) composite
membranes, respectively.

be narrower for the oriented composite membrane than for the unoriented
one. Then, CsH,, isomers can be more effectively or selectively separated
by the oriented composite membrane than by the unoriented one, i.e.,
P,/Pjso is higher for the oriented one than for the unoriented one. The in-
equality of P,,/Pjso for the oriented and the unoriented membranes suggests
that Py /P, for n-CsH,, is greater than that for iso-Cs H;,, as shown is Fig. 9.
Also, since the temperature dependence of Pigq for the unoriented composite
membrane is larger than the other permeability coefficients (such as Py, Piso
of the oriented one, and P,, of the unoriented one), the temperature depen-
dence of P, /P, for iso-CsH;, is more marked than that for n-C5H,,, as shown
in Fig. 9.

We reported separation of C4H,, and iso-C4H,;, through the PVC/CPB
(40/60) composite membrane, The permeation behavior on orientation of
liquid crystalline molecules is similar to that of Cs H,, isomers mentioned
above [17]. The diameters of C4H,4 (0.49 nm) and iso-C4H;, (0.56 nm)
differ by only 0.07 nm. As the applied voltage was increased, the perme-
ability to both C4H;, and iso-C4H;, gradually increased. The permeability
coefficient ratio of C4H,¢ to iso-C4H, ¢ at 0 V (unoriented aggregation of
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liquid crystalline molecules) is 2 and increased to 5 at 730 V (oriented state).
The increase of P with applied voltage is due to the formation of straight in-
termolecular paths in the oriented state. Also, the increase of P, /Pi5o with
increasing applied voltage indicates that the size distribution of the inter-
molecular channel dimension becomes narrower due to more complete
molecular orientation and tight packing perpendicular to the membrane sur-
tace. This result leads us to expect that a greater degree of orientation of
liquid crystalline molecules promotes more effective separation of hydrocar-
bon isomers, even though their diameter difference is smaller than 1 A.

Substituent Effect of Liquid Crystaliine Molecules on Permeation
Behavior of Hydrocarbon Isomers through Self-Supported
Liquid-Crystalline Membranes

According to the WAXD pattern of X-BPBB in the liquid crystalline state,
X-BPBB forms a cybataitic nematic aggregation [19]. The relationship be-
tween the transition temperatures of X-BPBB and the intermolecular distance
d is shown in Fig. 10. The phase transition temperatures from crystal to ne-

d-r
003
450 Isotropic
Me(0.05)
SN
< ‘o0 Nematic C?\
a (0.05) \.Br
& o\
L (0.06)

350r Crystal M.e\ "

052 053 054 055
d /nm

FIG. 10. Relationship between the transition temperature and the inter-
molecular distance, d, of X-BPBB.
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FIG. 11, Arrhenius plot of P to n-, iso-, and neo-C¢H;4 and the permeability
coefficient ratios among these isomers for the PVC/Br-BPBB (20/80) composite
membrane,

matic (T y) and from nematic to isotropic (Ty) decreased with increasing d
due to reduction of the intermolecular interaction forces of X-BPBB.

Figure 11 is the Arrhenius plot of the permeability coefficients to #-, iso-,
and neo-C4H, 4 and the permeability coefficient ratios among these isomers
through the PVC/Br-BPBB (20/80) composite thin film. Above Ty of Br-
BPBB P increased with decreasing cross-sectional size of the permeant mole-
cules. This trend suggests that permeation is predominantly governed by the
diffusion process. The variation of P with temperature increases in the order
n-, iso-, and neo-C4 H, 4 because permeation of the larger molecule is markedly
reduced at lower temperatures at which the free volume or the dimension of
the channel becomes comparable to the dimensions of the permeant molecules.
The permeability coefficient ratio of n-C¢H,4 to neo-C¢Hy, is the largest and
that of n-C¢H, 4 to iso-C¢H, 4 the smallest, in correspondence to the differ-
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FIG. 12. Arrhenius plot of diffusivity to n-, iso-, and neo-C¢H,4 and the
diffusivity ratios among these isomers for the PVC/Br-BPBB (20/80) com-
posite membrane.

ence of the cross-sectional dimensions of these two isomers. A similar perme-
ation trend was observed for the composite thin films containing other X-
BPBB’s.

Figure 12 shows the Arrhenius plot of the diffusion coefficients D to #-,
iso-, and neo-C¢H,, and the diffusion coefficient ratios among these isomers
in the PVC/Br-BPBB (20/80) composite thin film. The temperature depen-
dence of D for these isomers was similar to those of P In the case of a dense
membrane, P corresponds to the product of the solubility, S, and the diffu-
sivity, D, i.e., P=8 X D. Therefore, S was evaluated as P/D. The solubility
coefficients to n-, iso-, and neo-C4H, 4 calculated from Figs. 11 and 12 are
comparable to each other. This result indicates that the main contribution
to separation of hydrocarbon isomers through the PVC/X-BPBB membranes
arises from the diffusion process rather than from the solution characteristics.
When the appropriate size of intermolecular channel for diffusion of gas is
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FIG. 13. A plot of P to n-CsH,4 and the permeability coefficient ratio
of n-CsH,4 to neo-CsH;s for the PVC/X-BPBB (20/80) composite mem-
branes against the intermolecular distance on X-BPBB at TN + 5 K.

formed by thermal fluctuation of the liquid crystalline molecules in the com-
posite thin film, gas molecules can diffuse in these channels. The larger pene-
trant isomers give a more marked temperature dependence of P and D than
those for the smaller isomers since P and D for larger isomers are more strong-
ly temperature dependent than those for smaller isomers when the molecular
diameter of the permeant isomer is comparable to the size of the intermolecu-
lar channel. Figures 11 and 12 indicate that the PVC/(X-BPBB) composite
thin film can be a candidate for a novel molecular filtration membrare.
Figure 13 shows the intermolecular distance dependence of P to n-C¢H, 4
and the permeability coefficient ratio of n- to neo-C¢H,,4 for the PVC/X-
BPBB (20/80) composite membrane at (Tx N + 5). Since an increase in the
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intermolecular distance induces an increase of the fraction of free volume or
the channel dimension, both P and D of n-C¢H,;, increase with increasing in-
termolecular distance. However, there is no apparent correlation between
the permeability coefficient ratio of n-C¢H 4 to neo-C4H;,4 and the inter-
molecular distance of X-BPBB. Therefore, this is the subject for a future in-
vestigation of the relationships between permeation properties and the inter-
molecular distance by using liquid crystalline materials which have an inter-
molecular distance difference of several A.

CONCLUSION

The permeability coefficients of hydrocarbon isomers can be controlled
on the basis of the orientation of liquid crystalline molecules and the varia-
tion of the intermolecular distance. The permeability coefficient of the
oriented PVC/(CHOB) composite membrane is greater than that of the un-
oriented one due to the less tortuous path for diffusion in the oriented one.
The PVC/X-BPBB membrane can separate hydrocarbon isomers, especially
n-C¢Hy4 and neo-CgH; 4. However, a clear correlation between the perm-
selectivity of hydrocarbon isomers and the intermolecular distance of X-
BPBB could not be found, even though the permeability coefficient ratio
of n-C¢Hy, to neo-C4H, 4 is quite large. The polymer/(liquid crystal) com-
posite membrane is applicable for effective separation of hydrocarbon
isomers as a molecular filtration membrane.
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