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Abstract

The permeation data of CO,/CH, mixtures through cellulose acetate membrances
were analyzed. The pore flow model initially used for pure gas permeation was
extended to the permeation process of gas mixtures. The permselectivity caleulated
using the model was compared with the experimental data., and the results showed
the applicability of the model to the description of gas mixture permeation process.
The cffects of feed composition, operating pressure and the pore size of the membrane

on the permeability and selectivity of the membrane were determined and interpreted

on the basis of the pore flow model.

The separation of organic vapors from air was attempted by means of polyimide
membrancs at ambient temperature. The membranes were prepared by a phase in-
version technique and then dried using a solvent exchange method. The experimental
results show that the permseclectivity depended on the porous structure of the mem-
brane which can be controlled by the membrane making conditions. The effects of
several parameters involved in the procedure for membrane preparation on membrane

performance were determined.
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Nomenclature

A memprane arca. m?

T mean speed of gas molecules, my/s

d collision diameter of gas molecules, m

J membrane thickness-normalized permeability. mol/m?.s.Pa
K coastant in Eq.(3.5). Pa~!

k constant in Eq.(3.5). In(Pa.s).Pa~!

ky Henry's constant. mol/m?®.Pa

{ effective membrane thickness.

M; molecular weight of gas |

N Avogadro number

N, number of pores on per unit menibrane area, m™2

P membrane permceability. mol.m/m?*.s.Pa

P pressure, Pa

Dhi partial pressurc of component 7 on feed side. Pa

PuLi partial pressure of component / on permeate side, Pa
Pm average pressure. Pa

Ap pressure difference across the membrane, Pa

Ap;  difference in partial pressure of gas 7 across the membrane, Pa

[PR); permeation rate of gas i defined by Eq.(2.1), mol/s

1



Qx  permeation flux by Kindsen fow mechanism. mol/m?.s

Qs  permeation flux by surface flow mechanism. mol/m?3.s

Qsiip  permeation Hux by slip flow mechanism. mol/m®.s

Q. total permeation flux through membrane, mol/m.s

Qv permeation flux by viscous flow mechanism. mol/m*.s

s gas transport rate through a single pore by surface flow, mol/s
r pore radius, m

[SF] scparation factor

T tecmperature. K

t thickness of adsorbed gas layer. m

u velocity of adsorbed gas layer movement, m/s
vV volumetric permeation rate of air. ml/min

We  Weight of LiCl leached in gelation bath at time t, g
Wa  value of W, at the time when LiCl leaching has practically ceased, g
X; mole fraction of component ¢ on feed side

Y: mole fraction of component ¢ on permeate side
Greek Lotters:

a sclectivity of membrane

6 solubility parameter. {cal/cm3)/?

1 cocfficient of viscosity of gas. Pa.s

A mean free path of gases. m

p  surface viscosity of adsorbed gas layer. Pa.s

¢ spreading pressure, N/m

¥ the ratio of gas molecule size and pore size
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Chapter 1

Introduction

1.1 General

With the growing demands for better separation and/or purification methods in
chemical, petroleum, biological and other processes, membrane technology has been
attracting morc and more attention. The great interest in membrane separation
technology lics mainly in the fact that it is potentially energy-efficient. Membrane-
based technology has emerged as an important unit operation in chemical engincering

scparations.

Although the concept of membrane separation dates back to last century, only re-
cently have membrane processes became economically competitive. In general, there
are two types of problems (Ward, 1986). First, the separation ability and the produc-
tion capacity of the carly membranes were completely inadequate for commercially
attractive processes. Second, the fragility of thin polymer membranes has made it
difficult to build rcliable systems that work for a long time under practical operating

conditions,



For the last three decades. many offorts have been devoted to the researeh and
development of membrane processes. and several key technical breakthroughs have
been made. Nowadays, membrane separations have evolved into an expanding and
diverse ficld, including ultrafiltration (UF). reverse osmosis (RO). gas separation. and
pervaporation. Their development status can be seen from Figure 1.1 (Zhu and Lin,
1988). In comparison with the industrialized processes such as dinlysis. UF and RO,

gas scparation by means of mambrane is growing mest rapidly towards the technical

maturity.

1.2 Membrane Gas Separation

The concept of gas separation by membrane is not new. In as carly as 1831 it
was recorded that the escape rates of ten gases from natwial rubber balloons are
different. Thirty years later, Graham studied gas permeation through natural rubber

and demonstrated that the natural rubber could achieve oxygen enrichment of air

(Stanlcy, 1956).

Despite the carly recognition of the separation potential of membranes, their
industrial application for the scparation of gas mixtures is only more than ten years
old. During the intervening period, much work has been done that widened the
research scope to many gascs and a varicty of polymers. The possibilities of several
gas separations by membranes became apparent, but the carly attempts to realize
them failed because of low fluxes of the membranes at that time. With the invention of
asymmetric membranes for liquid phase separation process, namely reverse osmosis,

the door was opencd for the rapid advance in membrane gas separation ficld.

[ 3]
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Figure 1.1: The development status of membrane processes. D-
dialysis, MF-microfiltration, UF-ultrafiltration, RO-reverse osmo-
sis, ED-electrodialysis, CR—controlled release, GS-gas separation,
PV-pervaporation, LM-liquid membrane, ME-membrane electrodes,
MEd-membrane electrolyzers, MD-membrane medical devices, FT-
faciliated transport, AT-active membranes, MR-membrane reactor,
MEC-membrane energy conversion system (Zhu and Liu, 1988).



1.2.1 Technical Advance

During the past 30 years. substantial work has been done on membrane £hs sepi-

ration. and many technical breakthroughs came out. They include but not limited

to

e In the carly 1960s. Locb and Sowirajan made the first asymmetrie cellulose
acetate membrane for reverse osmosis (Sourirajan, 1970). This invention is a
milestone in leading to today’s membrane separation advance, and contributes

dircctly to the conmercial gas separation by membranes.

e In the later 19G0s, the dry Locb-Sourirajan membrane suitable for gas separa-

tion was made successfully (Vos and Burris, 1969; Gantzel and Merten, 1970).

o In the middle 1970s, Ward and coworkers (1976) developed an approach for

producing an ultrathin membrane of block copolymer by a Langmuir-Blodgett

technique.

¢ In 1979, Henis and Tripodi (1980a,b, 1951) invented the resistance-model type
of hollow fiber membrane, which has been introduced to market as PRISM
separator by Monsanto Company. Now, more than 1000 PRISM separators are
in operation throughout the world (Baldus and Tillman, 198G), which, maybe
more than anything clse, indicates that membrane gas scparation as a unit

operation has come of age.

o Recently, Ube Industries marketed asyminetric polyimide membrane separa-

tors, which are highly resistant to heat and contaminates (Hakuta ct al., 1087).

o In June 1989, a breakthrough in the separation of oxygen and nitrogen was

reported (Generon, 1989). This new system, called Generon HP, is believed to

4



Le the latest and the most advanced air separation module ever produced.

1.2.2 Applications

Membrane gas separation has heen applied to many processes with commercial suc-
cess. Of great interest are processes such as

a} H, rccovery

b) CO, rcc‘o\'cry

c) Oz carichment and N; production from air, ete.

Most of the applications are directed to hydrogen recovery from various indus-
trial gas streams, such as anunonia and methanol synthesis purges, catalytic cracker,
hydrocracker and hydrogenator purges. Membrane can also be used to adjust the
N2/H: ratio in ammonia synthesis and Ha/CO ratio in syngas production (Laverty

and O Hair, 1986; MacLean ct al., 1950).

A number of membrane systems separating CO, are used in enhanced oil recovery
(Schendel, 1986), natural gas sweeting (Mazur and Chan, 1982), and landfll gas
upgrading (Ruf and Egli. 1988).

Recently, much attention has been paid to O2/N, separation. Membranes that
are able to achieve an oxygen enrichment of 40% concentration from air have been
commercialized for medical use. More attractively, O, enriched air can be utilized
in a furnace to improve combustion, and also in the liquification and gasification of
coal to produce suitable process gases (Laverty and O'Hair, 1986). N, can be used
as an inert purge for storage and shipment of flammable liquids throughout chemical
industry. Morcover, N, rich air for the blanketing of foods and vegetables provides a

nontoxic, nonresidual protection.

[¥) ]



Scparating organic vapor from the contaminated air is another mteresting appli-
cation (Strathmann ct al.. 19586). In addition to the loss of valuable solvents, organic
emissions present severe health. salety and environmental problems. Membrane can
be used to remove and recover these vapors. Nippon Kokan (1957) markets a men-

branc system for gasoline vapor recovery,

There are several other arcas to which suitable membranes can be utilized such
as helium recovery from natural gas and deep-sea diving atmosphere. dehydration of

process gases, and acid gas treatment (Pan and Halbgood. 1978b; Stern, 1986).

1.2.3 Characteristics

Membrane gas scparation has many advantages over the conventional processes such
as absorption, adsorption and eryogenic. Compactness, flexibility and simplicity are

three of the strongest points (MacLean, 1956).

Membrane units are modular in construction. There is no significant economy of
scale so they can be utilized in cither large or small processing capacity. It is casy
to add more modules for plant enlargement. or replace them if necessary, without
much change of the overall process scheme. Membrane installations usually require
less space than conventional processes. This point is very important when space is at
a premium. Having no moving parts, the start-up and operation is rather straight-

forward, and minimal operator attention or computer intervention is nceded.

Membranes provide an alternative to gas separations, but are not always necessar-
ily advantagcous over other existing processes. There are some trade-offs (MacLean,
1986) inherent in membrane process: a membrane with high permeability usually has

low selectivity or vice versa. Thus, cither a high recovery or a high concentration may



be obtained through a single stage permeation. but seldom both. Also, the choice of
operation pressure and pressure ratio affects the power consumption and the capital
cost oppositely. Sinee it is a rate process based on thie difference in permeation rates
of species, and all components will permeate. to some extent, through a membrane,
an ideal scparation producing one or more ultra-pure streams can not be achicved
cconomically. Baldus and Tillman (1956) give some simple rules that gas scparation

by membranes is favorable:

1. when moderate purity and recovery are sufficient.

2. when the componcents to be separated are in considerable amount,

3. when the feed gas is available at the necessary pressure, or

when the residue stream is needed at high pressure,
4. when the feed gas contains no substances harmful to membrane,

5. when a membrane with sufficient selectivity is available.

In consideration that membrane is especially effective to effect partial separation,
the combination of membrane and other suitable conventional techniques such as
absorption, adsorption and cryogenic is more economical than a scheme where the
full separation is to be effected by either process alone (Beaver et al., 1988; MacLean,

1986).

1.3 About the Thesis

This thesis is involved in gas-gas and gas-vapor separations:

-1



a)  The pore flow model proposed by Chen ot al. (1989) is extended to de-
scribe gas mixture permeation. Experimental data of CH, /CO, permeation through
asymmetric cellulose acetate membranes are analyzed and interpreted based on the

extended model.

b)  Using a phase iuversion technique, asynunetrie polyimide membranes are
prepared for the separation of organic vapors from contaminated air. The offects
of membrane making parameters such as membrane casting solution composition.

evaporation temperature and cvaporation time are investigated.



Chapter 2

Literature review

Many books, reports and review papers provide a substantial amount of informa-
tion on membrane scparation processes. Lonsdale (1982, 1984) gives an interesting
look at the growth and evolution of membrane technology, and provides a review of
the current development state. The book co-authored by Sourirajan and Matsuura
(1985) is full of extensive information about material selection, membrane making,
transport fundamental, process design as well as applications. Lloyd (1985) edited a
book in which the material sciences of synthetic membrane are reviewed. The phase
inversion method for the preparation of membrancs is discussed in detail by Kesting
(1971). Matsuura and Sourirajan (1988) wrote a textbook on the recent progress
in membrane processes. Morcover, Scott (1950) and Torrey (1984) edited the U.S.
patent literature regarding membranes during 1978-1980 and 1982-1983 into books
which contain much detailed, descriptive technical information usually not available

in the journal literatures.



2.1 Requirements for Membranes

The permeation of a gascous component through a membrane can to a first approx-

nnation be described by
P

[PR]; = T' Ap; A (2.1)
where [PR]; = permeation rate of component 7,
P; = membrane permeability to component .,
Ap; = partial pressure difference of component i,
4 = membrane area,
I = effective thickness of the membrane.
The precise effective thickness of 2 membrane, in particular an asymmetric mem-
brane, is often unknown. Therefore membrane permeability is frequently expressed
in terms of the thickness-normalized permeability, (P;/1), which can ecasily be deter-
mined from experimental data. Essentially, (P;/l) is the permeation flux per unit
pressure difference across the membrane From an engincering point of view, (P:/1)
is more important than P; alone. (P:/l) will be used afterwards to characterize the

pcrmeability of a membrane in this study and renamed as J;.

The separation factor for component i over component 7 in a mixture is defined

by
[SFlirs = (Y/ YK/ X;) (2:2)
where X’s and Y’s are the mole fraciion of the components in the feed and the
permeate, respectively. [SF) is affected by oparating conditions. When the permeate

pressure is negligible compared to the feed pressure, the separation factor can be

related to the ratio of the permeabilities of components 7 and j, ayy;, which is given

10



v

ai= S =3 2.3

BEPATT (23)
The permeability ratio is a separation index similar to the relative volatility in distil-
lation. It provides a measure of the permsclectivity of a membrane. When =1,

o separation occurs. ayy; is usually called ideal separation factor (Chern et al.,

1985).

It can be scen from Eqgs.(2.1) and (2.3) that for a membrane process to be realistic,
the membrane has to satisfy a number of requirements, inciuding (1) high permeabil-
ity, (2} high sclectivity, (3) high membrane area per unit volume, i.e. membrane area
density, (4) high stability, i.c. good chemical, mechanical, and thermal properties,
and (8) case of fabrication. The intrinsic permeability and selectivity of a mem-
brane are mostly determined by the membrane material: the membrane area density
is controlled by the engineering approach of membrane making, while the stability
is affected by both of them. In the ficld of gas separation by membranes, there is
therefore a constant search for membrane materials with favorable properties, and
techniques of fabricating a membrane of small effective membrane thickness and large

membrane arca density.

2.2 Current research

The current rescarch work can be divided arbitrarily into 6 aspects, which contribute

toward the same goal — to improve the scparation efficiency of membrane technology.

1. Scarching for good polymer materials. (e.g. synthesis of new polymers; modi-

fication of existing materials such as copolymer, blends, crosslinking, grafting,

11



additives.)

[ B
H

Reducing the effective thickness of membranes. (e asymmetrie membranes,

composite membranes, ultrathin membranes. )

3. Increasing membrane area density. (c.g. hollow fiber type., spiral -wound type

and their variants.)

4. Modelling and process design. (e.g. module configuration and arrangement.
flow distribution, module size optimization, cascade operation with or without

reflux, hybrid processcs.)

5. Developing alternative promising approaches. (c.g. continuous membrane col-

umn, multi-membrane permeator. earrier-mediated membranes. )

6. Understanding membrane processes. (c.g. permeation mechanism, membrane
characterization, structurc-performance relationship, cffects of operating fac-

tors on membrane performance.)

2.3 Screening of Membrane Materials

Polymer materials are utilized overwhelmingly for the gas separation membranes
(Sengupta and Sirkar, 1986). High permselectivity and resistance to penetrants and
contaminates attack are required for membrane technique to compete with the tra-
ditional processes. Membrane material determines the packing density and segment
mobility of polymer chains, and consequently affects the interaction between pene-

trants and a membrane (Lloyd, 1983).



In the past, the membrane materials for gas separation were often selected empir-
ically, rather than on the basis of scientifically formulated principles (Lloyd, 1985).
Almost every polymer that can be formed into a membrane has been characterized
in terms of gas permecabilitics. and the list of polymer membrane materials is virtu-
ally endless insofar as possible chemical varictics are concerned. Therefore there is
a great deal of data in the literature about the permeation of gases through poly-
mer membranes. Based on this information, Chern ct al. (1985) and Strathmann et
al. (1986) proposed a possible approach to sclect the appropriate candidate mem-
branc materials in terms of physicochemical interactions for gas mixture separations.
This approach is reasonably effective for screening available polymers, however, does
not provide a guideline to improve membrane performance by scientific alteration of

polymer structure.

The forces that lead to the physicochemical interactions involved in membrane
transport are present in other situations where permeating components and mem-
brane arc in contact with one another. Long et al. (1988) used a gas chromatographic
mcthod to sclect membrane materials on the basis of sorption characteristics of gases
in a polymer material which was packed in the column. It is expected that this
method can offer a simple means of building 2 data base for membrane material

sclection.

A great number of studies have been done on the relationship between the chem-
ical structure of polymers and their permeabilities to gases (Cifuentes et al., 1986;
Kim et al., 1988). It has been shown that the substitution of some functioral groups
into the polymer chains or side chains may result in a significant improvement in per-
meability. This suggests that new polymers with good permselectivities will be able

to be tailor-made by scientific alteration of polymer structure. These new polymers
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have been added to the list of available membrane material candidates.

The commercial success of gas separation by means of membrane indicates that
polysulfone, ccllulose acetate, silicone-based polymers and their combination have
attained wide application (Finken. 1985). The preparation of these membranes will

be bricfed in the following scction.

Recently, polyimide membranes have been of great interest in developing gas
separations at high operation temperature becausc of their excellent thermal stability
and chemical resistance. Now. materials for gas separation membrane have been
extended to other polymers such as poly(phenylene oxide) derivatives, poly{4-methyl
1-pentenc), and aromatic polyamides because of their good physical and mechanical

properties (Haggin, 1988).

In general, the sclectivities of polymer membranes for gas permeation vary in-
versely with their intrinsic permeabilities. Silicone rubber has previously been con-
sidered as the most gas—permeable polymer. However, a new polymer, poly(1-
trimethylsilyl -1-propyne) (PMSP) has been developed recently which shows a gas
permeability (toward O, N;, CO,, CH;, and He) of about an order of magnitude
higher than that of silicone rubber (Takada et al., 1983). It is particularly intcrest-
ing that O,/N, selectivity of PMSP is about equal to that of silicone rubber, while
CO,/CH, selectivity is higher. The modification of PMSP membranes shows that the
instability of permeation properties in the carly stage can be overcome, and it scems
to be prospective as a membrane material for air separation (Nakagawa ct al., 1987).
This new ma.terial.also suggests it be possible to synthesize polymers exhibiting both

a high permeability and a high selectivity.

14



2.4 Membrane Making

Membrane preparation procedure determines the membrane morphology, and ac-
cordingly influences the membrane performance and transport property. The most
important membranes used today arc structurally asymmetric, which can be prepared
in two ways, one via phasc inversion process, the other by depositing an extremely
thin polymer film on a microporous substructure (Strathmann, 1986). The majority

of commercial membranes are produced by the so~called phase inversion method.

2.4.1 Phase Inversion Process

According to Kesting (1985), the phase inversion process is a process that homoge-
ncous polymer solution is transformed into a two-phase system in which polymer-
rich solid phase forms the rigid membrane structure, while polymer-poor liquid phase
forms the voids. To prepare this kind of membrane, the polymer is dissolved in a
solvent. The homogencous solution is formed into a film in such a way that the
desired shape (e.g. flat, tubular, or hollow fiber) is obtained. The polymer solution
1s treated in a specific way to precipitate the polymer, followed by a suitable drying

process. Thus the dry membrane for gas separation is obtained.

In the precipitation step, several techniques have been developed to achieve phase

inversion (Wijmans and Smolders, 1956):

e Precipitation from vapor phase
e Precipitation by controlled evaporation

¢ Immersion precipitation



e Thermal precipitation

The immersion precipitation technique, first developed in 1960 by Loeb anid Souri-
rajan for the preparation of revers osmosis membranes, has been applicd widely for
the production of skinued membranes for various applications, The feature of the
technique is that the cast polymer il is either allowed to partially cvaporate prior to
Immersion in a nonsolvent gelation bath, or immersed directly into a nonsolvent bath.
Then the polymer precipitates as a result of solvent exchange with nousolvent. The
process, involving solvent-nousolvent exchange. is also termed as wet process, Ac-
cording to Reuvers and Smolders (1987), the following steps can be used to illustrate

the membrane formation process chronologically:

1. After casting, the polymer solution film may be subjected to evaporation, which

may induce an asymmetric profile in the film;

2. Upon immersion of the film in a nonsolvent bath, exchange of solvent and non-
solvent takes place, which may result in an asymmetric profile and metastable

composition in the film;

3. When metastable composition reaches in the film, demixing process may occur,

which is responsible for the porosity of the ultimate membrane.

It has been identificd that in this procedure several paramecters influence the

structure and properties of the membrane (Strathmann, 198G), including:

¢ The polymer and its concentration in the casting solution,
o The solvent or solvent system,
¢ The precipitant or precipitant system,

16



o The precipitation temperature,

o Other parameters involved in the cvaporation step and the anncaling step.

Strathmann (1983) explored the phase inversion mechanism and the influence of
the parameters involved in the procedure for membrane preparation. The membrane
formation procedure is rationalized with the aid of a three~component phase diagram.
Since phase inversion is actually a noncquilibrivmn process, kinetic factors are more
important. Slow precipitation results in a sponge-like structure, while fast precipi-
tation results in finger-like macrovoids. It is claimed that the scientists of Monsanto
Co. (Haggin, 1988) have been able to control the thermodynamic and kinetic pa-
rameters of the polymer precipitation so that a new class of asymmetric membranes,
whose permeability can be incrcased significantly without sacrificing selectivity, has

been created.

Kesting (1971) discussed in detail the process variables involved in membrane
preparation and their effects on the structure of the resulting membranes, including
the post treatment and modification. It has been observed that through proper
control of process variables, the same membrane structures can be obtained from
various polymers and that the same polymer can be used to achieve various membrane
structures. In principle, phase inversion membranes in a large variety of structures
can be made from almost every polymer, and these membranes can also be tailor—
made for a specific separation task (Strathmann, 1986). Therefore, phase inversion

technique has been studied intensively and utilized widely.



2.4.2 Cellulosic Membranes

Cellulosic membranes have been used in the past and are still widely used for gas
scparation, with ccllulose acetate and modified cellulose acetates (CA) comprising a

major commercial material in this field.

The wet Loeb-Sourirajan type of cellulose acetate membranes can not be direetly
used for gas separation because they tend to lose their permselective properties due
to the sublayer collapse. Different techniques of drving the membrane have been
developed:

a) Gantzel and Merten (1970) produced the first dry asymmetric CA membrane
by quick freczing and vacuum sublimation at —10°C:

b) Vos and Burris (1969) developed a simple method to dry CA membrane:
soaking the water—wet membrane in an aqueous surfactant solution to reduce the
water-polymer interfacial tension. and then drying it in air;

c) Using the same idea of reducing the interfacial tension with solutions, Schell
(1982) prepared the dry CA membrane through successive solvent exchange steps
followed by air drying;

d) Manos (1978) improved Schell’s solvent exchange method by contacting the
water-wet membrane with at least one replacement liquid, then removing water by

decanting or centrifuging, followed by evaporation to remove the replacement liquids.

A pumber of companies such as Dow, Separex, Envirogenic and Grace are in-
volved in either hollow fiber or spiral wound modules of CA membranes (Zhu and
Liu, 1988). Though little detailed information is available concerning the membrane
performance in actual gas separation applications, the unique behavior of cellulose ac-
etate membranes was supported by Koros (1983). It was found that of all the glassy

polymer membranes studied, only cellulose acetate membrane showed a favorable
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pressure dependence of permeability to CO,. The CO. permeability monotonically
increased by 138% if pressure changes from zero to 20atm (2026kPa). Though cel-
lulose acetates may be somewhat less tolerant to a high icmperature, they are so
cffective first-generation membrane materials that they have served as one of the

standard materials for the development of novel separative polymers (Finken, 1985).

2.4.3 Non—Cellulosic Membranes

Ward and coworkers {1976) pionecred the use of block copolymer to combine the high
permeability of rubbery polymers and the high selective function of glassy polymers.
To reduce the membrane thickness, they used the Langmuir-Blodgett technique in

preparing the membrancs.

Henis and Tripodi (1980a.b, 1981) of Monsanto Co. used high strength, high se-
leetive polysulfone as membrane material. Since it is difficult to get the defect-free
skin-layer of an asymmetric glassy polymeric membrane, a thin, non-selective, high
permeable polymer such as silicone rubber film is coated to plug the defects in the
skinned polysulfone membrane against a high flow rate of unseparated gases. Thus,
high separation is obtained in this kind of membrane which is, generally speaking, an
asymmetric, composite membrane. It is not necessary for the coating polymer itself
to be highly separative to gas mixtures as long as it is highly permeable as not to sig-
nificantly reduce the permeabilities of gases through the composite membrane. But
it should be impermeable enough to act as a barrier to the Sow of unseparated gases.
This type of membrane was entitled as resistance model membrane by its inventors,
though some researchers prefer the term coated integrally-skinned composite. In ad-
dition to polysulfone(A) - silicone rubber{B) composite membrane, 2 number of other

compositec membranes of this type have been studied, for instance, polysulfore(A)
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- polyethylene(B). polyacrylonitrile(A)  silicone rubber(B). polyacrylonitrile( A) -
polyethylene(B) and polyetherimide(A) - silicone rubber(B). where A desiguates the

skin and B designates the coating (Stern. 1936),

In stead of coating. a lamination method was proposed. According to Chen
(1989) who studied silicone rubber laminated polysulfone membranes. the laminat-
ing film functions similatly to the above coating approach. but the mechanism is
little different. The lamination approach is very cffective in mechanism study since
the thickness of the laminating layer is much casier to determine than that of a coat-
ing layer. However, the preparation of membrane laminates is a delicate operation
because the two layers should be closely contacted. Otherwise any space between the

two layers may cause a significant loss of the membrane performance.

A promising alternative approach to composite membrane is the reverse of Mon-
santo’s leak—stopping technique. In this attractive case membrance support is highly
porous, and a thin selective coating (about 1000 to 25004 thick) is forted on the top
of the porous support by means of interfacial polymerization (Conover, 1986). The
coating layer, which can be formed from a wide range of monomers, is respousible
for the separation, while the highly porous substrate acts only as a support. Such
membrancs are known as thin- or ultrathin—film composites, or unintegrally-skinned
composites in order to distinguish from skinned membrane composites. For this type
of composite membrane that consists of a skinless porous substrate and a dense layer,
permeability and selectivity may be solely determined by the permeation resistance
of the dense layer. Different polymers may be used as the barrier layer and the porous
support, which permits a combination of properties that are not available in a single
material. Though this approach has been the basis of reverse osmosis membranes

commercialized by Film Tech and UOP, it has not been launched to market for gas



separation because of the problem that swelling stresses might dislodge the coating

layer. Nevertheless it is likely to see more emphasis in the future.

Van der Schieer and Werner (1987) patented a technique for the preparation of
a three-layer membrane composite by means of plasma polymerization for the pro-
duction of the selective ultrathin top layer. The membrane comprises (a) a porous
support (low pressure side), (b) a highly permeable, not necessarily selective, in-
termediate layer (c.g. silicone rubber) and (c) an ultrathin selective top layer (high
pressure side). If the intermediate layer is not used, the top layer must have suffi-
cicnt mechanical strength to bridge the pores of the support layer at large pressure
difference. It is the intermediate layer that provides mechanical stability without in-
creasing much permcation resistance so that the selective top layer can be ultrathin

without any mechanical strength requirement.

2.5 Transport Mechanism

A proper understanding of the membrane scparation mechanism may provide with
directive information on the research and development of an appropriate membrane.
It is essential to specify membrane and membrane systems, interpret the available
performance data from laboratory and pilot plants, and predict the membrane per-
formance under given conditions, which are fundamental to engineering design and
opcration. Because of the complicated penetrants-membrane interactions it is difi-

cult to formulate a single explanation to the complex transport process.

There are several approaches towards understanding of vapor and gas transport
through membranes. It seems that most of the approaches can be categorized on the

basis of considering the membrane as porous or nonporous. From the mechanismic
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point of view, the free voluue model (Stern, 1976) and the dual sorption model {Vieth
et al., 1976) are very cffective in the analysis of sorption, unsteady and steady- state

permeation through the so-called nonporous membrines.

Recognizing that the permeation process is governed by botl: the chemieal nature
of the membrane material and the physical structure of the membrae., the sucace
force - pore flow model ( Agrawal and Sourirajan. 1970) takes inco account the porous
structure of membranes and the phsicochemieal propertics of penetrant molecules,
and offers detailed information of the transport process on a molecular basis. This
model can be used to characterize a membrane and predict its performance for the
permeation of any gas from the reference gas permeation data (Rongaranjan ct al,,
1984). Moreover, the basic idea of pore flow model has been successfully applied to re-
verse osmosis, ultrafiltration and, more recently, pervaporation separation {Matsuura

and Sourirajan, 1989; Sourirajan, 1939).

2.5.1 Surface Force — Pore Flow Model

This model assumes the presence of pores in the surface layer of an asymmetric
membrane, wiaich are equivalent to capillary tubes. The diameter of such a pore may
be any distance, however small, greater than zero. Also assumed is that there exists
an equilibrium adsorption of gas molecules on the wall of pores, and the adsorbed
gas molecules are mobile. Thus the surface flow takes place under a concentration

gradient, and contributes to the overall permeation.

For an individual pore, in addition to the surface flow, one of the three mech-
anisms, namely, (1) Knudsen flow, (2) slip flow, and (3) viscous flow may occur,

depending on the ratio of the pore radius r and the mean free path of gas molecules



A. Knudsen flow occurs in the range of (/) between 0 and 0.03; slip flow oceurs in

the range of (r/X) = 0.03 to 30: viscous flow occurs when (r/A) is greater than 50.

In the case of a membrane with a distribution of the pore size, all the four mech-
anisms may occur simultancously. depending on the operation conditions. Therefore
the total transport of gas is given by sunmuming up the transport of gas through each
pore, applying the relevant flow mechanism. Assuming a normal distribution of the
pore size on the membrane surface. Rangarajan et al. (1984) derived a mathematical
expression of the total flux of gas permeation. However, when it is used to fit exper-
imental data, negative values of the average pore size sometimes occur. To prevent
this unrcasonability, Fouda et al. (1987) use a normal pore size distribution in log-
arithmic scale in their derivation of transport equations, which appear to be fairly

good to describe the permeation process through an asymmetric membrane.

Assuming a uniform pore size distribution on the membrane surface and the
wonolayer adsorption of gases on the wall of pores, Chen et al. (1989) developed re-
cently a similar model for the permeation of pure gases through asymmetric cellulose
acetate membranes. The concept of surface viscosity was introduced to describe the
surface flow based on Gilliland’s work with some modification. Consider a thin film
(thickness ) of adsorbed gas molecules on the surface of a cylindrical pore (radius
r) moving in the axjal direction at an average velocity u, whose velocity gradient is
(2u/t) if a lincar velocity profile occurs in the direction vertical to the movement of
the film (see Figure 2.1(b)). The shear stress and spreading pressure working on the
film must be balanced when a steady state movement of the film is reached, which
requires

2u
- ,u? dz =d¢ : (2.4)

Starting with this equation the mass flow rate of gas through one pore by surface
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Figure 2.1: Schematic representation of adsorbed monolayer moving
in a cylindrical pore.



flow wechanism was derived as

~t2r = t)* RT ., A(p? o=
BTN -
h ‘U.

The derivation is biiefly presented in Appendix A.

Surface flow is usually considered as an anomalous flow that deviates from the
expected free molecular flow. It appears to be related to the adsorption of gases on
the surface of porous materials. Since the adsorption changes the size of its flow
channel, the measurement is quite complicated. For this reason, surface flow has
not been well described except in a few particularly simple cases (Fain, 198S). The
approach of Chen et al. in which surface viscosity was proposed analogously to the
viscosity of fluid flow, provides a easier way of understanding surface flow. Because
of the presence of adsorbed gas layer (thickness t) in the pores of radius r, only the
circular arca with radius being (» — ¢} permits Knudsen, slip or viscous fiow to take
place (sce Figure 2.1(c)). Similarly, summing up all the transport in each pore gives
the total transport, whose expressions arc summarized as follows,

f Qs when t < r < 1.5¢

Qs+ Qx  when 1.5t < » € 0.05)
Q=3 (2.6)
Qs+ Qstip when 0.05) < r < 50X

| Qs+ Qv  when r > 350\

where @'s are the permeation fluxes in different mechanisms; X is the mean free path

of gas molecules:

_ .'\'.t 7rt3(2r b .t):! RT 2 , 2 9=
Qs = T Sr P k; A(p°) (2.7)
N 328 g 3 5
Ql\ - l (9.'1'J[RT) (r t) Ap (""8)
_Nya(r—t)® o
Qbhp - 1 Mz (—-9)
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Surface flow always exists if the monolayer can be formed on the pore surface,
which requires r > t. However Knudsen. slip and viscous flow may or may not
occur, depending on the pore size and the mean free path of gas wolecules under the

permcation conditions.

2.5.2 Other Models

Solution-Diffusion Model. It is assumed that gas molecules dissolve in membrane
on the high pressure side, then diffuse through the membrane under o concentration
gradient to the low pressure side where they desorb into the gas phase. This mech-
anism, regarding the membrane as a homogencous solvent, applies mainly to the
defect~free, dense, rubbery membranes but not to the ir’ egrally-skinned or thin flm

composite type of membranes because membrane structures are not considered.

Dual Mode Sorption and Diffusion (Viceth et al., 1976). This mechanism
divides gas molecules adsorbed in a glassy polymer into two distinct populations:
one is dissolved in the bulk of glassy polymer according to Henry's law, the other
is adsorbed in the microveids of polymer matrix obeying the Langmmuir isotherm.
The two populations of gas molecules diffuse through the mecmbrane at different
mobilities. Many experimental studies appear to have confirmed its applicability to
simple gas permeation through glassy polymeric membranes, but it has been argued
that carbon-13 rotating—frame relaxation rate measurement indicates only a single

population of gas molecules in a gas/glassy polymer system (Raucher and Sefcik,

1983).



Free Volume Model (Stern. 197G). The model basically assumes that the
transport rates of componeuts of a mixture in a polymer depend on the free volume
of the system, and that the cffect of components on the free volume is additive. To

predict the permeation flux requires the knowledge of free volume parameters.

Irreversible Thermodynamics (Krishna, 198G). The irreversible thermody-
namics theory, in particular the generalized Maxwell-Stefan relations are used to
describe the relative motion of species in a mixture. This model gives consideration
to various driving forces which may result in relative motion of components across a
membrane, and provides relationships between the driving forces and the mass trans-
fer velocities of species. However, this approach does not take the physicochemical

propertics of gas/membrance system into account.

Several investigators have described the applicability and limitations of the mod-
cls now in use. The development of the models has been reviewed by Matson et al.

(1983).

2.6 Membrane Modules

Esscntially, there are four basic configurations (plus numerous variants within each)
which have been proposed and developed: hollow fiber, tubular, spiral wound and
flat. All of them have strong and weak points. For technical and economic reasons,
hollow fiber and spiral wound clements dominate the major plant business for gas
separation because they have successfully provided with the most viable approaches
of incorporating a large amount of membrane area into a compact module volume to
increase the membrane area density, which is a crucial parameter in determining the

ultimate size of a gas scparation system. It is the coupling of high membrane area
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density resulting from these approaches with the low permeation resistance resulting
from the asymmetric membrane approach that produces fuxes of several orders of

magnitude higher than those of the carly membranes in the 1960s (Stern, 1986).

Flat configuration is one of the oldest used historically. It is very popular for sim-
plicity in studying membrane performance and a variety of applications. Flat-plate
designs provide a very uscful and simple tool in developmental work and labora-
tory research though they are impractical for industrial applications because of low

membrane packing density.

In module design, a number of factors affect the separation performance, such as
the pressure drop due to the gas flow on both sides of a membrane, concentration
polarization near the membrane surface. aud the gas flow distribution along the
membrane. They are sometimes related to cach other. Consideration of only the
transport process inside the membrane will, in general, leads to oversiplifieation of
the membrane process since the overall separation cfficiency is influenced by all the

imperfections of 2 module.

A well designed membrane separator should have a uniform velocity distribution
of gas flow over the entire membrane surface, but this ideal is impractical because the
feed entrance and product exit will always introduce stagnation points and obstruc-
tions to flow, which will influence the local velocities. More: uniform velocities may
be obtained at higher pressure drops, but the available pressure difference across the
membrane, i.e. the driving force, is sacrificed. A computation on the module perfor-
mance shows that the extent of scparation and the membrane arca required depend
on flow patterns. The perfect mixing is the least efficient, whereas the countercurrent

flow requires the smallest membrane arca (Stern, 198G).

Concentration polarization is a common phenomenon in membrane scparation



processes. In the case of gas mixture permeation. the slow component will be retained
to some extent. Therefore, a concentration gradient is built up near the membrane
surface. As a result, the concentration of the fast gas is lower on membrane surface
than that in the bulk gas phase, while the opposite: is true for the slow gas. Concen-
tratior. polarization results in a lower flux and a less extent of scparation. In many
eXisting membrane gas separation processes. the effect of concentration polarization
is not significant. However, the cffect may become predominant for highly permeable

and highly sclective membranes.

In the case of hollow fiber membranes, higher membrane arca densities can be
achicved by using smaller diameter fibers and higher packing densities. However, the
former will causc a higher pressure buildup in the bore, while the latter will cause a
higher pressure loss in the shell side (In most cases feed outside and permeate inside
scheme is used). These two together result in a loss of the driving force. This problem
can, to some extent, be minimized by optimizing hollow fiber size and packing density,
and by arranging the exit and entrance of streams properly. This consideration has
obviously been used by Dow Co. in their Generon system design where short length
of hollow fiber s used, and feed is introduced through a centrally located distribution
tube, while permeate is removed from both ends of the bores. This design allows one

to use smaller diameter fibers without serious pressure drop problem.

2.7 Innovative Concepts

The research and development aimed at exploiting membrane technology for gas sep-
aration are conducted actively. Attempts have been made to (1) enhance separation

extent by using the membrane currently available and (2) develop novel membrane
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processes of better performance.

Continuous Membrane Columm (Hwang sud Thorman, 1980). It consists of
an enriching section and a stripping section which function similarly to those in a
distillation column. Tlis is an ingenious way of improving separation officiency of a
membrane without any alteration of membrane propertics. In principle, it is possible
to scparate a binary mixture to any desired extent at the operating condition of

sufficiently high recycle fraction and low stage cut.

Two—Membrane Permeator (Perrin and Stern, 1985; Sirkar. 1980). The basis
of the process is the simultancous use of two different types of membranes which are
chosex to be selective toward different components of the mixture to be separated.
The feed is separated into three streams: both of the permeate are enriched in dif-
ferent species, while the residue stream will be enriched in the slowest component if

ternary gas mixture is to be separated.

Permeators With Sweeping Stream (Pan and Habgood, 1978a). Sweeping
a stream of gas on the permeate side will decrease partial pressure of the permeated
components, accordingly increase their driving force for permeation. With suitable

sweeping agent and proper amount of sweeping, the membrane area requirement can

be reduced while the permeate stream is insignificantly diluted.

Facilitated Transport Membrane (Gottschlich et al., 1988). This new ap-
proach uses a specific carrier incorporated within the membrane to improve the
permselectivity. In some cases carrier reacts with target species reversibly and shut-

tles forth and back across the membrane so that the transport is facilitated.

Plasma Polymerized Membrane {Lonsdale, 1984). This kind of membranc
is produced by depositing a polymer, which is formed in the vapor state from a

monomer gas, onto & suitable substrate. The propertics of plasma polymers are quite
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different from those polymers by free radical polymerization. Plasma polymerization
upens new possibilities to prepare and modify membranes, however, the problem of

reproductivity in membrane propertics has not been solved yet.
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Chapter 3

Data Analysis of CO,/CH,
Mixture Permeation Through

Cellulose Acetate Membranes

Cellulose acctate membranes have been commercially applied to gas separation be-
cause of their good propertics and commercial availabilitics. Since the cellulose ac-
etate membranes for reverse osmosis are generally produced in a water-wet condition,
in order for such a membrane to be useful for gas scparation, it is necessary to dry the

membrane without damaging its structure because the membrane structure governs

the separation properties.

Solvent exchange method is one of the techniques of removing the water within
membranes. Chen et al. (1989) studied the permeation of He, CO; and CH, through
this type of membranes, and established transport equations for pure gas permeation
on the basis of the surface force ~ pore flow mechanism. In this thesis the trans-

port equations are to be extended to analyze gas mixture permeation data. The
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experiments were performed by Chen' at the National Rescarch Council of Canada,
Ottawa. All the experimental data analyzed in the work were provided by Chen and

given in Appendix B,

3.1 Experimental

Membrane preparation. Mcembranes were cast on glass plates at 30°C, and at 65%
relative humidity from a casting solution whose composition was (wt%): cellulose
acctate 17, acctone G9.2, magnesium perchlorate 1.45, and water 12.35. After 60
seconds of cvaporation, the membranes were gelled in ice cold water and then heat—
treated using hot water at temperatures ranging from 60°C to S0°C. To dry the
membrane multiple solvent exchange technique was used. The water in the membrane
was successively replaced by solutions of the first solvent and water. In the latter
solvent replacement process, the solutions of progressively higher concentrations in
the first solvent were used. The first solvent was then replaced by a volatile second
solvent which was subsequently air evaporated to obtain the dry membranes. In this
study ethanol or isopropanol was used as the first solvent, and hexane as the second

solvent.

Membrane testing. Carbon dioxide and methane mixtures were used as feed
gases, in which the mole fraction of carbon dioxide varied from 0.1 to 0.9. The
permeate side was kept at atmospheric pressure, while the feed pressure was in the
range of 50psig (446kPa abs.) to 300psig (216SkPa abs.). The experiments were

performed at room temperature. The permeation fiuxes of individual components

! Present address: Dalian Institute of Chemical Physics, Chinese Academy of Sciences, 120th Street,

Dalian, China.
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were determined by the overall permeation rate. measured by a bubble How meter,

and the perineate composition measured by a gas chromatograph.

3.2 Data Analysis

According to Chen ct al.. the radius of a cylindrical channel for porous fow. (r=1).is
less than 0.05\ for both carbon dioxide and methane for all the membranes over the
entire pressure range under study. This suggests that the gas permeation is controlled
by both Knudsen flow and surface flow, or surface flow alone, depending on the pore

size of the membrane.

In the analysis of pure CO, and CH; permeation through the membrancs, the

following assumptions have been made (Chen et al., 1989):

s CO2 molecules are cylindrical when they arc adsorbed on the surface of a pore.
They lie on the swrface with their axes parallel to the axis of cylindrical pore
channel, and form a monolayer. The thickness of the monolayer, t, is equal to

the diameter of the cylindrical molecule, which is 3.3 x 10~

® Though CH, molecules are tetrahedral, they arc considered as spheres. The
thickness of the adsorbed molecule monolayer, ¢, is equal to the diameter of the

sphere, which is 3.84 x 10~ 1°m,

» The concentration of gas molecules in the adsorbed monolayer is in equilibrium
with the pressure of thé gas phase, and the monolayer adsorption can be de-
scribed by Henry's law. The Henry’s constant, ky. has been caleulated to be
1.972x107% and 2.316x 10~ mol/m®.Pa respectively for the adsorption of CO,

and CH; on cellulose acctate material.
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¢ Helium adsorption on polymer materials is negligible. Therefore, helium perme-

ation through the membranes is controlled by Knudsen flow mechanism alone.

In practice, it 1s jmpossible to know the nmunber of pores per unit membrane area,
N, and the cffective thickness of the membrane, I. However, the ratio (Ve /1) for a
reference membrane (membrane of the smallest pore size) could be caleulated from
the data of helium permeation as 3.68 x 10" m™3. It was further assumed that (V,/{)
was identical for all the membranes under study. Using this value, the average pore
size on the membrane surface was obtained. The pore radius so calculated for all
the membranes under study was in the ranges of 3.84 x 10~°m to 11.69 x 10-°m.

Literature (9] (Chen et al., 1989) has to be referred for more detailed information.
To describe gas mixture permeation through the membrane, the following as-

sumptions arc made:

¢ Monolayer adsorption remains valid for the adsorption of the gas mixture.

» The thickness of the adsorbed gas layer is equal to the diameter of the larger

molecules when a binary gas mixture system is considered.

¢ The concentration of a component in the adsorption monolayer is proportional
to its partial pressure in the gas phase, and the proportionality constant is

independent of the presence of the other component.

e Surface viscosity is affected by the interaction between gas molecules in the

adsorbed layer.

Following Eqs.(2.7) and (2.8), and on the basis of the above assumptions, the

total permeation flux of a component in a gas mixture by surface flow and Knudsen



flow can be written as

_ =t 3r - #)°RT ™
Qt.: == I [T i Li!t(!’hl P“)+(911PT

YR = Y P -rmdl (8

where py; and pr; are the partial pressure of component ¢ on feed side and permeate

side, respectively.

By definition the permeability can be expressed as

K -‘\‘ T3 (2r ~ ty RT ., 3-!1 .
J" = ‘Qh_t = T[—% I‘Hll D + ( )I/'(T - f)J] (32)

where Ap; = pii — pri, is the difference in the partial pressure of componcent ¢ across
the membrane; pm: = (pai + pui)/2, the average partial pressure of componcent &
within the membrane.

For the case where the pore size is sufficiently small so that Knudsen flow can be

neglected, Egs.(3.1) and (3.2) will be reduced to Egs.(3.3) and (3.4), respectively.

" ta( 71‘ - t)2 RT

Qui = : Sr TAH.(I’A. Pis) (3.3)
i Nywt3(2r -ty RT ..,
Ji = % = T_("'ir_'l 1 l‘lhpml (3'4)

The following steps are used to test the validity of the above expressions:

1. Calculate the surface viscosity for each component and for different membranes

at different operating pressures and compositions;

2. Corrclate surface viscosity with the pore size of the membrane and the average

partial pressure of the component concerned within the membrane;

3. Compare experimental values of permeation flux with those calculated by Eq.(3.1)

or Eq.(3.3) as the case may be, using corrclations obtained in step 2;
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4. If they are in agrecment, predict membrane performance and interpret perme-

ation behavior.

The analytical results are presented afterwards.

3.2.1 Correlation of surface viscosity

The average pore radii on the membrane surface were calculated as 3.84, 4.77, 4.92,
7.76, 8.87, 10.56, and 11.694 for the seven membrancs under study (Chen et al.,
1989). For a given membrane, all numerical values of the parameters in Eq.(3.1)
or Eq.(3.3) arc known except the surface viscosity. From COQ,/CH; gas mixture
permeation data, surface viscosities were calculated for all the membranes having
different pore sizes as functions of average partial pressures. Figure 3.1 represents the
results of the membrane with a pore radius of 7.76 X 10~'°m. For other membranes of
different pore sizes similar results were genecrated. The figure shows that the surface
viscosity increasecs rapidly with an increase in average partial pressure, pn, when it

is low, and levels off at high p,, values.

Considering log i versus p,, plots, an asymptotic equation

kpm
Inp= T, (3.5)

can be used as an empirical expression to characterize the surface viscosity. The
cocfficients & and K in Eq.(3.5) can be determined using the least-square technique.
Rearrangement of Eq.(3.5) vields

1 1 K

Ty _kp_m+ T (3.6)

Eq.(3.6) suggests a linear relationship between 1/Iny and 1/p,,. Figure 3.2 shows

that Eq.(3.5) is a fair approximation to represent the surface viscosity data given
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Figure 3.1: Surface viscosity as a function of the average partial

pressure. (8),Xco, = 0.1016, (®),Xco. = 0.2180, (O),Xco, =
0.5010, (A),Xco, = 0.7870, (*),Xco, = 0.8998. r = 7.76 x 10~%m,
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in Figure 3.1. Correlation cocfficients above 0.98 were obtained for both methane

and carbon dioxide. According to Eq.(3.6). =& and £ are obtained from the slope

and the intercept of the —pl versus - plot. Figure 3.3 shows the & and K data
m

as a function of ¢ for different membranes, where (= d/2r} is an mdication of the

relative magnitude of the gas molecule size with respect to the pore size,

Surface viscosity increases when the average partial pressure inereases.  This
means that increasing the packing density of adsorbed gas molecules in the pore
produces a higher viscosity. In view of the fact that for polymeric membranes gas
permeation can take place to some extent. however small the fluxes may be, and that
the membranes having 100% rejection have never been achieved, there are always
some pores on membranes which are larger than gas molecules. Gas molecules can
not be adsorbed on a polymer so strongly that they stay there for ever. Therefore,
surface viscosity can never be an infinite value. From Eq.(3.5) it can be scen that
when the pressure is so high that Kp, > 1. swface viscosity approaches a limiting
value

oo = exp(—k/R) (3.7)

When pressure is higher than that required for the closest packing of adsorbed gas
molecules on the surface of pores, the assumption of monolayer adsorption is no
longer valid. In this casc the limiting value of the surface viscosity given by Eq.(3.7)

is not necessarily true.

Using the data presented in Firure 3.3, surface viscosities of both CO, and CH,
can be calculated from Eq.(3.3) if the pore size on the membrane surface and the
average partial pressure within the membrane arc known. Figure 3.4 shows the
viscosity data at p,, co, = Pm.cn, = 400kPa as a function of 1. The surface viscosity

of CO, is greater than tbat of CH,. In the range of small 1 values, CO; viscosity
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Figure 3.3: Plots of I and % versus 3. I{ and & are constants defined
in Eq.(3.3). % is the ratio of collision diameter of gas molecules to

the diameter of pore on the membrane.
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is nearly one to two orders of magnitude higher than the methane viscosity, which
reflects that carbon dioxide molecules have stronger interaction with the polymer
surface than methane molecules do. This point is supported by the experiment in

which the interaction between gas molecules and polymer materials was investigated

(Long ct al.. 1988).

The swrface viscoxity increases with an incrcase in ¢* or a decrease in the pore
radius r. When the pore size is small, the friction against the movement of gas
moleccules along the pore is high, resulting in a high surface viscosity. Because carbon
dioxide molectdes have a smaller size and a higher affinity to cellulose acetate than
methane molecules, more COa molecules than methane molecules are accommodated
in the pore of the same size under the same operating pressure. As a result the
surface viscosity of methane changes rapidly as the pore size changes, while CO.
surface viscosity undergoces a slight change. These results are in agreement with

those observations obtained for pure gas permeation (Chen et al., 1989).

3.2.2 Comparison of experimental data and model calcula-

tions

Using the data represented by solid lines in Figure 3.2, the fluxes of individual com-
poncnts can be calculated using Eq.(3.1) or Eq.(3.3) as the case may be under the
given operating conditions. Though the data analysis is based on seven membranes
with different pore radii ranging from 3.84 x 10-°m to 11.69 x 10™°m, only three
membranes, which have large, middle and small pore sizes, respectively, are chosen to
present the comparison results to see whether the results of the model calculation are

in agreement with experimental data. In gas mixture permeation experiments, the
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composition and the pressure of the foed gas are two variables which change in the
range of 0.1 to 0.9 (€O, mole fraction) and J0psig (446kDa abs.) to 300psig (2168kPa
abs.), respectively. The comparison is made for different feed pressures at a foed con.
centration of about 0.3 (CO, mole fi action). and for different feed compositions under
a feed pressure of 200psig (1479kPa abs.). as shown in Figure 3.5, 3.6 and 3.7, It ix
clear that the model  enleulation results wre inagreement with the experinental
data over the range of experimental conditions. However, the permeation rates cal-
culated by the model are slightly higher than the experimental data in the low foed
pressure range, while the opposite is often true when the foed pressure is high. The
reason for the deviation may be due to the adsorption hysteresis or the plasticization
of the membrane. It has been reported (Chen et al., 1989) that permeation rates are
influenced by the sequence of the change in the operating pressure. The permeation
rates measured in an experiment starting from a lower operating pressure and cnding
at a higher operating pressure. which is called the pressure increasing experiment,
are slightly different from those obtained in the pressure decreasing experiment, re-
flecting a pressurc hysteresis of the permeation rate. Although the model is far from
perfect, it provides with an approach of predicting membrane performance for gas

permeation on a molecular basis with an aceeptable accuracy.

3.3 Prediction of membrane performance

The permeabilities of CO,, CH; and the separation factor expressed as the perme-
ability ratio can be predicted asing the model developed in the preceding section,
provided average pore size of the membrane is known. Since the permeability of a

component is related to its average partial pressurc across the membrane, while its
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Figure 3.5(a): Effect of feed pressure on gas permeation through the
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concentration on permeate side is determined by the relative permeation rates of the
components, an iteration method is used for the prediction of membrane performance

with the aid of a computer. The caleulation steps are as follows:

1. Assume a munerical value for CO; mole fraction in the permeate, Yco,. Then,

Yeou, =1 =Yoo,

o

Calculate transmembrane average partial pressures and then surface viscosities
of CO; and CH, using the following equations
Pmi = {pnXi + pi}7)/2
tti = explkpn /(1 = Kpm,)]
i =C0,,CH,

3. Calculate permeation fluxes Q; using Eq.(3.1) or Eq.(3.3) as the case may be;
4. Calculate permeate composition ¥; = Q,;/ T Qu:

5. Using the }; value calculated in step 4 go back to step 2. Repeat step 2, 3 and

4 uatil two consecutive ¥} values become equal;

6. Calculate permeability and scparation factor
Ji = Qui/ Op:

a = Jeo,/Jen,

Figure 3.8 and 3.9 show the performance of a membrane having a pore radius
of 5 x 107"°m as a function of the feed pressure and the feed composition, respec-
tively. The permeability of CO; tends tc increase with an increase in the feed CO,
concentration and the feed pressure. It is understandable because the increase in
the average density of CO, molecules within the pore leads to an increase in the

permeation flux under unit transmembrane pressure difference. It can be seen from
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Eq.(3.2) that the overall permeability is involved in two terms: Knudsen ow per-
meability and the surface fow permeability. The former is independent of the feed
pressure and the feed concentration. while the latter is velated to p,, /g, the ratio
of the average partial pressure across the membrane to the surface viscosity, Sinee
the surface viscosity tends to inerease as the average partial pressure inereases. the
change in swrface flow permeability depends on the relative rate of the change in g
with respect to p,. When the rate of increase in p is not as fast as p,,. the surface
flow penneability increases as p, increases. In this ease. the inerease in the aver-
age partial pressure of CO, within the membrane p, co; resulting from either the
increase in the feed pressure py. or the increase in the feed CO. concentration Xco;

will causc an increase in the surface flow permeability of CO.. and hence the overall

CO. permeability.

On the other hand. the ideal separation factor expressed in terms of permeability
ratio may increase or decrease depending on the relative maguitude of the changes in
the permeabilitics of CO» and CH;. When the CO, and CH, permeabilities change at
the same rate. the separation factor remains constant. The increase in the separation
factor with the increases in p, and Xeo, shown in Figure 3.8 and 3.9 suggests that

the CO, permeability increases faster than the CH, permeability.

The cffect of permeate pressure pr on the membrane performance is shown in
Figure 3.10. When the permcate pressure increascs, the permeabilities of both CO.
and CH; increase. while the separation factor increases to a maximum and then
tends to decrease because the percentage increase of permeabilities for CO, and CH,
is different, as shown in Figure 3.11. When p; is low, CO, permeability increases
faster than CH, as p; increases, causing an increase in the scparation factor; When

pu is high, the CO, permeability increase is not as fast as CH,, causing a decrease in
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the separation factor, The point at which the pereentage inerease in permeabilitics
of CO, and CH, is identical. corresponds to the maximmm separation factor. It is
interesting to note that an inecrease in permeate pressure up to 720kPa can increase
both permeability and separation factor. However. it should be noted that it is not
necessarily a good policy to seck & high permeability or sclectivity by raising the
permeate pressure. because it is at the expense of sacrificing the available driving

force for the permeation. Figure 3.12 shows that the permceation flux of CO. and the

concentration of CO, in the permeate decrease with an increase in permeate pressure.

The pore radius has a significant influence on the membrane performance, as
shown in Figure 3.13. Since CH, surface viscosity decreases much more rapidly than
CO; as the pore size increases (refer to Figure 3.4). the separation factor diminishes
rapidly as the pore size increases. In the range of pore size for which the calculation
was performed. slip and viscous flows are not achieved. It is expected for pores of
larger radii, slip flow or viscous flow becomes gradually more important. These two
flow mechanisms lower the separation factor. Therefore, to achieve a high separation,
the pore size on the membrane surface has to be sufficiently small so that surface flow

is permitted and Knudsen flow is limited. while slip and viscous flows are eliminated.

It is well known that the permeabilitics of individual components are usually
different from those of pure components under the same transmembrane driving
pressure. The possible reason is considered by some rescarchers as the concentra-
tion polarization or the competitive adsorption of permeating components on the
membrane (Zhu and Liu, 1988). According to the pore flow model, the difference in
permeability is attributed to the interaction between the permeating gas molecules.
Figure 3.14 indicates that under the given opcrating conditions, the presence ¢f CH,

slows down CQO2 permeation. As a result the permeability ratio obtained from gas
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mixture differs from that obtained from pure gases. Though the pure gas perme-
ability ratio is a convenient measure of the permeation seleetivity, the interaction
between the permeating components. particularly when it is strong. should be con-

sidered properly in the design of a membrane separation system.

3.4 Conclusions

The pore flow model initially used to describe the pure gas permeation process was
extended to the transport of gas mixtures. The surface viscosity for the gas mix-
ture permeation was calculated and correlated to the average partial pressure of the
component gas across the membrane and the pore size of the membrane. The fol-
lowing conclusions can be drawn for the permeation of CO,/CH; mixture through

asymmetric ccllulose acetate membrancs:

1. The extended version of pore flow model is valid for the description of the gas

mixture permeation:

2. The surface viscosity of a component in a gas mixture can be described by

Eq.(3.3) empirically:

3. The membrane performance is affected by operating parameters including feed

pressure, feed composition and permeate pressure;

4. The size of pores on membrane surface is crucial to the membrane performance.
To get a high separation, the pore size has to be sufficiently small so that surface
flow is permitted and Knudsen flow is limited, while slip and viscous flows are

eliminated;
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5. The permeabilities of individual components in a gas mixture ditfer from pure

gas permeabilitics under the sume trar-membrane driving pressure.

3.5 Recommendation

The dependence of the surface viscosity on the pressure was enpirically given by
Eq.(3.3). The physical meanings of the cquation .:md the parameters involved Liave
to be clarificd. For obtaining a more complete understanding of surface viscosities.
studies with different membrane/gas systes are required. Several predicted results

in this study have to be experimentally confirmed.



Chapter 4

Organic Vapor Separation from

Air by Polyimide Membranes

The industries producing cxhaust air streams contaminated by organic solvents have
been under increasingly economic and regulatory pressure. In spite of various sources
of organic emission, naphtha, toluene, xylene, perchloroethyliene, trichloroethane,
acetone, ethanol and methanol together r(;present almost eighty percent of the total
cmissions (Baker et al., 1987). The separation and recovery of organic vapors from
waste air using membrane technology seems to be an attractive alternative to the

conventional processes.

4.1 Background

Vapor-gas separation by means of membrane is different from gas-gus separation.
Besides permeability and selectivity requirements, the ability of the polymer mem-

brane to withstand organic vapor attack is also important. Although there is a great
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amount of data in the literature concerning gas permeation through membranes.

there are much fewer data on the permeation of organic vapors.

According to Baker ot al. (1987). the appropriate membrane materials will be
different for different organic vapors since a munber of factors enter into material
selection. However, most of experimental work reported were done using silicone
rubber membranes. Kimmerle ot al, (1988) and Paul et al. (1988) tested silicone
rubber membrane coated on a porous polysulfone substrate. Behling (1986) chose
polyetherimide as a support material because it is much more stable against organic
vapors than polysulfone. To reduce the resistance of nonselective support to va-
por permeation, the substrate has to be highly porous. However the pores nust be
sufficicntly small so that they can be bridged by the coating material, The experi-
mental data of Pinnau et al. (1988) indicate that the resistance of support layer is
not negligible, and sometimes it is of the same order of maguitude as the resistunce
of the selective silicone rubber layer. Therefore the reported performance data of
silicone rubber thin film composite membrancs are quite different, depending on the

properties of the support layer.

Although the silicone rubber membranes coated on a porous support were tested
in laboratories and pilot plants, nothing was disclosed about the membrane prepa-
ration, perhaps for technical reasons. Referring to the Chemical Abstracts, no work
has been reported up to now concerning vapor-gas scparation using glassy polymer
membranes, despite the fact that their excellent chemical and mechanical properties
have been well known and that they have been widely used in commercial gas—gas
mixture separations. In fact, it is because of these good propertics that they are used

as a support to silicone rubber membranes.

In this study, asymmetric polyimide membranes are to be explored for the sep-
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aration of organic vapor from air. Attcmnpts have been made to study the effects of
parameters involved in the membrane preparation and develop membranes suitable
for specific separation tasks. It might be expected that the permeability of air in
the presence of an organic vapor would be different from the permeability obtained
in the absence of the organic vapor. However, Hterature source (Baker et al., 1987)
indicates that the cffect of organic vapors on N; and O; permeabilities is very small.
For convenicnce, membrane sclectivities will be characterized in terms of the ratio
of organic vapor permeability, which is obtained in the presence of air, and ar per-
meability, which is obtained through a separate test run in the absence of organic
vapors. The permcabilitics of the membrane to hydrogen and nitrogen will also be
tested. Their permeability ratio gives, to some extent, an indication of the size of

pores on the membrane.

4.2 Experimental

Materials. Polyimide (PI 2080) was supplied by Upjohn Company. The polymer
powder was dried at 120°C for 16 hours before use. A reagent grade N,N-dimethyl
acetamide (DMAc), supplied by BDH Chemicals, served as solvent for the preparation
of membrane casting solution. Lithium chloride (LiCl) from Fisher Scientific was

dried at 140°C for 4 hours before used as an additive.

The following solvents were chosen to generate the simulated organic vapor streams
in the permeation measurement: ethanol, acetone, p-xylene, 1,2-dichloroethane, ben-
zene, chloroform and carbon tetrachloride from BDH Chemicals; methanol, hexane
from Fisher Scientific; 1,2-dichloropropane from Matheson & Bell; and m-xylene
from Phillips Petroleum Company.



Hydrogen, nitrogen and air gases were supplied by Air Products. The purities
of hydrogen and nitrogen were specified as 99.95% and 99.997%. respectively. The
total content of hydrocarbon impuritics in the air was stated by the supplier to be

less than 25ppm. All the gases were used without further purification.

Membrane Preparation. LiCl was dissolved in DMAc and then mixed with
polyimide powder at a specified composition. The slurry was stirred at 40°C for about
30 hours to form a homogencous casting solution. The polymier solution was cast on
a clean Pyrex glass platc to a thickness of 250pm. The casting temperature and
atmosphere was ambicnt (21.5°C, relative humidity < 60%). The cast film, together
with the glass plate, was placed in an oven at a specific temperature for a specific
period of time to partially evaporate the solvent on the il surface. Then, the film,
still on a glass plate, was immersed into ice cold water for 20min, during which time
gelation took place and the film pecled off the plate. In order to prevent degradation
of the polymer in water, the film was removed to an ethanol bath so that the water
in the film was replaced by cthanol. After 24 hours of the solvent exchange, the film
was air dried.

Apparatus and Procedures. The experimental setup shown schematically in
Figure 4.1 was used to mcasure the organic vapor permecabilitics. The permeation
cell consisted of two detachable stainless steel parts. A porous stainless steel plate
was embedded in one of the parts to support the membrane. The two parts of the cell
were set in proper alignment with two rubber O-rings which were larger in diameter
than the porous plate. A pressure tight scal was obtained by clamping the two parts

tightly between two end plates. The effective area of the ccll for permeation was

22.06cm?.

Air went into a sintered stone ball immersed in an organic liquid to produce fine
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Figure 4.1: Test cell and flow diagram for organic vapor permeation
measurement.



air bubbles that rose through the liguid. A mixture of mr and organie vapor was
obtained and then introduced nto the permeation cell at a sutficiently high flow rate
so that both concentration polarization in the direction vertical to the membrane
surface and the change in concentration along the membrane surface were negligtble,

This means that the primary test data are local properties of the membrane.

A vacuum pump was applicd on the permente side to provide the necessary
driving force for the permeation and to withdraw the permeated sample to a cold
trap immersed in liquid nitrogen. The permeatior rate of an organic vapor was
determined by weighing the sample condensed and collected in a cold trap over a
known period of time. The study was concerned with steady state permeation and
separation. Approach to the steady state was monitored by measuring the permeation

rate. Approximately 2 to 3 hours were required to reach the steady state.

Gas permeability measurcment was performed in a traditional permeation cell,
whose structure and the test diagram were shown in Figure 4.2, The permeate side
was open to atmosphere and the permeation rate was determined by measuring the

permeated gas flow rate using a bubble flow meter. The effective permeation arca

was 9.6cm?”.
All the tests were carried out at laboratory temperature (22.5 £ 0.53°C).

Determination of permeabilities. The permeability of pure air through the

membrane is easily obtained

1% 273.15 1
A Ap 273.15 + 22.5 22400 x 60

Jair = (4-1)

where V is the volumetric permeation rate of air measured by a bubble flow meter,

It is reported that the effect of organic vapors on the nitrogen and oxygen perine-
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abilitics is very small {Baker ot al. 1087). Assuming that the peteability of air is
independent of the presence of organic vapors. the organic vapor penmneability, J

can be obtained by solving the following set of equations

Ql-up = Jt'up““h-\.mp - I'l}.rup) ("12)
Qr:ir = Jm'r[]’h(l - -\-rup) - Pl(l - }:-.;p)] [4.3)
)-t-up = Ql'ttp/(Ql'u[‘ + Q-u'r) ('1‘4)

where py, pr, X, and Quap are known quantitics from the organie vapor permeation

experiment.

4.3 Results and discussion

4.3.1 Visual observations in membrane making procedure

When preparing the membrane casting solution, it is important to completely dis-
solve LiCl (additive) in DM Ac (solvent) first, and then add polyimide powder slowly
under stirring condition. Otherwise a block of polymer and salt would form, and the

polymer was difficult to dissolve. The yecllow suspension became dark brown when

the polymer was dissolved in DA Ac.

When the polymer content was less than 20wt% and the salt content ranged
from zero to 6.2wt%, the resultant membranes were net-like and fragile. It is well
known that in the wet process of membrane preparation, polymer concentration
must be relatively high so that it can retain integrity during gelation. However,
when polymer content was beyond 30wt% and salt content is 4.4wt%, the membranc

broke into pieces during either the evaporation step or the gelation step. Fortunately,
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25wt of the polymer content conld be used to obtain useful membranes. The latter
polymer content wis used throughout this study to test the effects of the membrane

preparation parameters.

4.3.2 Effects of parameters involved in the procedure for

membrane preparation

In order to test the cffects of individual parameters involved in the procedure for
membrane preparation on the resultant membrane performance, one of the param-
cters is changed while keeping the others constant. The test results are prescnted
in Appendix C. Although the permeability for each organic vapor varies to different

extents for different membranes, a common pattern in the permeability was observed,

Le.,
toluene benzene
m = rylene acetone \ cCl .
> metheno! > CHaCICHCL > > . > air
p = rylenc herane CHCly

cthano! CH3CHCICHC!

Acctone and m-xylene are to be chosen in this study to test the effects of membrane
preparation variables. It has to be noted that acctone and m-xylene represent a
more permeable and a less permeable organic vapor, respectively, among the organic

vapors under study. Morcover, they are two of the cight organic solvents producing

most of the organic emissions into atmosphere.

Effect of salt content. Addition of salt to a casting solution has been studied
for the preparation of reverse osmosis membranes. As shown in Figure 4.3, the con-
centration of LiCl in gelation bath was a function of gelation period, which was moni-
tored using a CDMS0 conductivity meter supplied by Radiometer A /S, Denmark. As

gelation went on, the rate of salt leaving the film decreased. It is reasonable because
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Figure 4.3: The rate curve for LiCl leaching out of the film in gelation
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Cast film thickness: 250pum
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the salt within cast film Las to diffuse through the gelled polymer layer at the inter-
face between the polymer and the gelation medium. The gelled polymer layer acts
as a barrier to the salt leaching. and the rate of salt leaching gives some information
conceruing the thickness and porosity of the gelled polymer layer which is mainly
responsible for the selective permeability of a membrane. It is shown that after 20
minutes of gelation, most of the salt has come out of the cast film for the particular
case. Figures 4.4(a) and 4.4(b) show that the ratio of salt and polymer content in
the casting solution has a significant cffect on the permeability and selectivity of the
membrane ultimately obtained. The detailed membrane making conditions are given
in Table 4.1. As the salt concentration increases, the size and the effective number of
pores on membrane surface increase. Consequently, permeabilities of the membrane

to organic vapors increase,

The organic vapor permeability changes smoothly with the salt/polymer weight
ratio, but the data for the permeability of air scatters. Therefore, the selectivity
data scatters. The above results may be explained from the difference between gases
and organic vapors. In comparison with organic vapors, the interaction between
gas molccules and polymer material is weaker. Compared to sw.face flow, Knudsen,
siip and viscous flows are not negligible. Because the gas molecular size is smaller
than organic vapors, a small space in the membrane that can not accommodate an
organic vapor molecule may be large enough to house gas molecules. Therefore, the
gas permeability is more sensitive to a minor change in membrane structure than

organic vapor.

Membrane selectivity depends on both organic vapor and air permeabilities.
Though the selectivity data in Figures 4.4(a) and 4.4(b) are scattered, there is a

tendency that a higher salt concentration in casting solution leads to a less selective
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to acetone. Membrane making conditions are given in Table 4.1.
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Table 4.1: Details on membrane preparation

Casting solution composition

Polymer: polyimide, 25wt%

Additive: LiCl*

Solvent: DMAc*
Temperature of casting solution: 40°C
Thickness of cast film: 250um
Film casting atmosphere: air
Temperature of casting atmosphere: 22.5°C
Solvent evaporation temperature: 85°C
Solvent evaporation period: 20min
Gelation medium: ice cold water, 2°C
Gelation period: 20min
Solvent for replacing water in the film: ethanol
Solvent exchange period: 24hr
Drying of membrane: air dried

“LiCl wt% + DMAc wt% =75

76



membrane. When the polymer content is kept a. 23wt % and the salt/polymer weight
ratio in the casting solution nereases from 0.03 to 0.23. permeabilities of acetone and
m-xylene inerease by about tenfold, but the permeability ratio of organte vapor rel-
ative to air decreases by nearly one order of magnitude. This means that as the salt

coutent increases. the air permeability increases ten times faster than orgauic vapor.

The salt COI.ltCut is a very cffective parameter to control the membrane perfor-
mance. But, when the polymer content is kept as 25wt% and the salt /polymer weight
ratio is above 0.25. it is difficult to make the casting solution homogeneous. On the
other hand, if no salt is added. it is necessary to use a relatively high concentration
of polymer in preparing the casting solution. Otherwise, the casting solution is too
fluid to form a membrane by the phase inversion process. A high polymer concen-
tration will significantly reduce permeability, Therefore permeability, selectivity and
the ability to form a membrane must be considered simultaneously before deciding

the amount of salt added to the casting solution.

Effect of evaporation temperature. Figure 4.5(a) and 4.5(b) show the effect
of evaporation temperature during membrane formation on the performance of the
resulting membranes. Increasing cvaporation temperature results in a decrease in the
permeability. Selectivity data are more scattered, but there is a definite tendency for

the selectivity to decrease with an increase in the evaporation temperature.

The solvent cvaporation temperaturs has a complex influence on the transport
resistance of the membrane to a permeating component. Consider the three compo-
nents in the casting solution: polymer, solvent and salt. (a) In the evaporation step,
the local polymer concentration on the surface of the cast polymer flm increases
due to the loss of solvent, which tends to cause a low porosity of the membrane and

hence a high permcation resistance. (b) Because of the solvent evaporation, the salt
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Figure 4.5(a): Effect of solvent evaporation temperature on the per-
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concentration on the cast fil surface inereases, which tewds to inerease porosity. (¢)
The higher the temperature is, the faster the evaporation takes place. When the
temperature is very high. solvent evaporation rapidly rises to a level that solvent loss
on the surface of the cast film can not be compensated by solvent ditfusion from the
interior to the film surface. The polymer soon comes out of the “asting solution and
forms a skin layer on the surface. Therefore, for a given period of evaporation, the
cffective thickness of a membrane will increase as temperature increases. resulting
in a increase of permeation resistance. The overall cffects determine the nature and
magnitude of the change in permeability with evaporation temperature. If the com-
bined effect is to increase the permention resistance of the membrine. permeability

will be reduced or vice versa.

The data presented in Figures 4.5(2) and 4.5(b) indicate that for the particular
cases under study, an increase in solvent evaporation temperature significantly re-
duces the permeability of orgaaic vapor, but the permeability ratio of organic vapor
relative to air is less affected. When the evaporation temperature changes from 53°C
to 140°C, the permeability of organic vapor undergoes a decrease of nemly two or-
ders of magnitude. However, the vapor/air permeability ratio decreases by only 40%
for acetone and 10% for m-xylene. It is obvious that the air permeability is also
significantly reduced by a high evaporation temperature. The above results suggest
that a lower evaporation temperature is preferable to prepare 2 membrane of high
permeability and high sclectivity. But, because of the relatively high beiling point
of solvent DMAc, a low evaporation temperature leads to 2 high porosity on the

membrane, resulting in insufficient mechanical strength of the membrane.

Effect of evaporation time. As indicated in Figure 4.6(a) and 4.6(b), the

membrane performance is influenced by sclvent evaporation period. Increasing evap-
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oration time prior to immersion of the cast film in the gelation bath causes a decrense
in permeability. This result is consistent to the observation of Kesting (1985), who
tested water permeation rate through cellulose acetate membranes. It is unnderstand-
able in view of the fact that the permeability depends mainly on the thickness of skin
layer, the size and the number of pores on the membrane surface. As evaporation
period increasces, the skin layer becomes thicker and the possibility of existence of big

pores on the membranc surface is small.

When the permeability of a membrane to organic vapors varies due to the vari-
ation of the membrane porous structure, the permcability to air also undergoes a
similar change. Hence the permeation sclectivity to an organic vapor and air, char-
acterized ir terms of their permeability ratio, changes to a lesser extent. The change
may be necgative or positive, depending on the relative rate of changes in the per-
meabilities of the organic vapor and air. The increase in the vapor/air permeability
ratio, as shown in Figure 4.6(a) and 4.6(b), indicates air permeability is more signif-

icantly affected by evaporation period than the organic vapor permeability.

Comparing Figure 4.5 and 4.6, the solvent cvaporation temperature and the evap-
oration period have similar but not the same influence on the membrane performance.
The former determines the solvent evaporation rate, and they two together determine
the amount of solvent evaporated during the evaporation step. Both of them are
important to control the membrane morphology and hence the performance of the

membrane.
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4.3.3 Correlation between permeability and sclubility pa-

rameter

For all the membranes tested, the permeability ratio of hydrogen to nitrogen is in the
range of 1.5 to 1.8, less than the one calculated by Knudsen flow mechanism, which is
3.74. This indicates that some pores cxist on the membrane surface which permit slip
flow and/or viscous flow. However, organic vapor permeability is much higher than
the gas permeability. The reason may be that organic vapor has a strong interaction
with the membrane material, and the surface flow of the adsorbed organic vapor
molecules on the wall of pores dominates. Because of the adsorption layer, transport

arca within the pore for other flow mechanisms is reduced.

According to the surface force and pore flow model, for a given membrane, perme-
ability is affected by the size of penetrant and the interaction between the membrane
and the permeating molecules. Generally speaking, as the size of 2 penetrant in-
creascs, the sorption on a polymer material increases and the mobility through the
pores within a membrane decreases. Either preferential sorption on membrane sur-
face or fast transport through membrane may contribute to the high permeability.
It has been observed that polymer morphology is affected by the sorption of an or-
ganic vapor, causing an incrcase in both the sorptive capacity of the polymer and
the mobility of the organic vapor within the polymer (Blackadder and Keniry, 1972;
Laine and Osburn, 1671). It is well known that the sorption of liquids by polymer
shows a maximum where the solubility parameters of the liquid and the polymer are
identical. Pilato et al. (1975) observed a maximum in CO, permeability through dif-
ferent polymer membranes where solubility parameter of CQO, is close to that of the
polymer. It scems that the sorption property is more important to the permeability

of a condensable component. It is therefore desirable to observe the relationship be-
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tween the organic vapor permeability and its solubility parameter, which is shown i

Figure 1.7.

Because the repeat unit of the polyimide material used in the study is not known.
it is difficult to obtain the solubility paramecter of the polymer. Now that N.N
dimethyl acetamide (DMAc) serves as solvent to the polymer in this study. the
solubility paramecter of DA Ac should be close to that of the polyimide material.
Referring to Figure 4.7, there scems a tendency that the permeability of an organic
vapor through the polymer membrane depends on the solubility parameter differcnce
between the organic vapor and the polymer. However. more and further work should

be done to test the correlation before a universal conelusion can be made.
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Membrane making conditions are the same as given in Table 4.1
except the salt/polymer weight ratio is 0.144.
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4.4 Conclusions

The dry asymmetric membranes prepared by the phase inversion technique are stud-
ied for the scparation of organic vapors from air. It is concluded from the work

that:

1. The dry asymmetric polyimide membrane is preferentially permeable to organic

vapors when feed air-organic vapor mixtures are tested:

2. The membrane performance is affected strongly by the conditions of membrane
preparation. Increasing the content of salt or reducing the temperature and

period for solvent evaporation will increase organic vapor permeability:

3. For a given membrane the permeability of organic vapor increases with 2 de-
creasc in the difference of solubility parameter between the organic compound

and the membrane material.

4.5 Recommendation

The effects of operating parameters such as feed concentration, permeate pressure
(vacuum), and operation temperature on the membrane performance should be stud-
ied to get a complete understanding of the process. A simulated mixture of organic
vapor and air has to be tested so as to evaluate the economics of the process. A

theoretical description of organic vapor permeation through the membrane is to be

developed.
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Appendix A

Derivation of Surface Flow Expression (Chen et al.. 1959)

Consider a thin film of adsorbed gas layer (thickness ?) moving on the surface of

a cylindrical pore (radius r) in the axial direction at an average velocity of u.

Assuming a lincar velocity profile in the direction vertical to the movement of the

film (see Figure 2.1), the velocity gradient is =%=. Then. the shear stress working on

{e/2)°
the flm is
u
(t/2)
The spreading pressure working on the film = —27r d¢

—u (2=r)dl

Both forces have to be balanced to achieve a steady state movement of the film

uw
_#(t/2) 2ar)dl ~2xrdd =0 (1)
Rearranging
dé = —p-——adl 2
= —Hrim (2)

From isothermal equilibrium equation

RT = 4, dp 3)
r
where An, the surface area per mole of adsorbed gas, is given by

27r 2r
A = Cailer? —w(r —t)2]dl ~ Cai(2r — i)t

(4)
where C,;; is the average concentration of gas A at the interfacial adsorption layer.

Then, Eq.(3) becomes

RTd— =—"—do (3)
P



Combining Eq.(2) and Eq.(3)

dp 2r u

RT—= = —= di 6
2 Cai2r—t)t" (1/2) ©)
Rearranging
__(2r—t) RTC.; 1dp @
“= 4r g pdl
Therefore, the mole flow rate of the gas through one pore is
g = [7rf—a(r Ty
#(2r — £ RTCy,; 1d
- - ( ) Ad = _.p_ (S)

4r p  pdl

Assume EA'.- is proportional to p and the proportionality constant is ky (the

Henry’s constant)
EA.:' =kyp (9)

Eq.(8) becomes
_ _®(2r =) RTkE d.'_;g:f2

= 1
Approximating the derivative by —A(p?)/!
17(2r—-t%*RT ., ., ,
== : 11
o= T A (1)
where [ is the length of the pore channel.
The gas permeation flux is therefore
. New(2r—t)%*RT , ., ,
= s = =0 v 12
Q= N, = PRI A0 (12)

where N, is the number of pores per unit membrane surface area.
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Appendix B

Experimental Data of CO,/CH; Mixtures Perme-
ation Through Cellulose Acetate Membranes
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Table B.1: Permecation Rates of CO,/CH, Through Cellulose Acetate Membranes®

Operating Condition [PR]™ Operating Condition [PR]™
Composition Pressure Film #1 Composition  Pressure Film #2
mole% CO, kPa CO, CHy || mole% CO2 kPa CO, CHy

9.73 345 0.005 0.011 9.51 345 0.294 1.125
689 0.012 0.024 689 0.624 23U
1034 0.030 0.024 1034 1.045 4.652
1379 0.053 0.029 1379 1.419 5.989
1724 0.081 0.039 1724 1.915 7.808
2068 0.110 0.050 2068 2,213 9.970
20.30 345 0.012 0.010 21.30 345 0.585 0.941
639 0.038 0.009 639 1.305 2.011
1034 0.068 0.014 1034 2.110 3.508
1379 0.112 0.022 1379 2.754 4.965
1724 0.160 0.030 1724 3.542 6.672
2068 0.185 0.033 2068 4.329 8471
53.90 345 0.064 0.003 | 50.01 345 1.455 0.630
689 0.147 0.006 6389 3445 1313
1034 0.349 0.014 1034 5724 2331
1379 0.584 0.024 1379 7.249 3.452
1724 0.839 0.033 1724 - -
2068 0911 0.031 2068 - -
73.93 345 0.234 0.003 78.70 345 2.805 0.271
689 1.137 0.015 689 5.990 0.577
1034 1910 0.025 1034 9.599 0.989
1379 2.525 0.035 1379 1491 1.528
1724 3.180 0.043 1724 20.80 2.181
2068 3.250 0.039 2068 2746 2.721
89.89 345 0.447 0.002 $9.98 345 3.984 0.143
689 1.518 0.008 689 8.381 0.299
1034 2.555 0.013 1034 13.13 0.533
1379 3.608 0.020 1379 18.87 0.758
1724 4255 0.025 1724 25.03 1.758
2068 4.517 0.027 2068 - -

*Pore radii on membrane surface: #1, 3.84A; #2, 8.874;
**In 10~3mol/m?.s
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Table B.2: Penmneation Rates of CO./CH, Through
Cellulose Acetate Membranes®

Operating Condition Permeation Rate X 10°, mol/m*.s
Composition Pressure Film #3 Film #4 Film #5
mole% CO2 kPa CO» CH; | CO: CHy | COx Cll

10.16 345 0.8302 3.548 | 0441  1.063 - -
689 1.201 ¥.516 | 0.526 1.649 | 1.Y02 1215
1034 1.802 11.95| 0.765 2.663 | 2.511 19.31
1379 2207  16.69 | 0.99% 3.846 | 3.234 .3.51
1724 2903 2161 | 1.186 5.506 | 4.344 4547
2068 3481 26.26 1 1375 6.285 | 5.339  56.95
21.80 345 1.100 3.136 | 0.427 0.699 - -
639 2411 6344 | 0.883 1428 | 4456 1.L18
1034 3.605 9.789 | 1409 2218 | 6.661 21.43
1379 4.608 13.69 ! 1908 3.148| 5964 3131
1724 6.33¢ 17.69 | 2.418 4.268 | 11.86 38.44
2063 7.571 2261 | 2,890 5.433| 15.05 51.92
50.10 M5 2.657 1982 | 1.014 0410 - -
639 5317 4.003 | 2.067 0.843 | 9.224 8.210
1034 8.045 6.197 | 3.265 1.321 | 14.02 12.95
1379 11.46 8.762 | 4.639 1.899 | 19.41 18.05
1724 15.14 10.95 | 6.137 2.469 | 2449 2254
2068 18.98 14.18 | 7.702 2.998 | 34.87 28.92
78.70 345 4482 0.897 | 1.940 0.202 - -
689 9.462 1836} 4.183 0.403 | 8.179 1.315
1034 15.74 2987 | 6.951 0.681 | 13.25 2.185
1379 22,40 4.387 | 9.509 0.964 | 32.10 4.270
1724 30.24 6.131 | 13.66 1.435 | 35.25 4.485
2068 37.58 7971 (1794 1984 | 4546 11.04
89.98 35 5.711 0.399 | 2.557 0.087 - -
689 11.42 0.835 | 5.189 0.175] 16.02 1.493
1034 17.74 1.340 | 7.991 0.264 | 27.54 2.648
1379 25.99 2102 | 12.23 0.407 | 43.01 4.661
1724 36.23 2.666 | 16.15 0.560 | 53.50 4.952
2068 44.80 3.584 | 2041 0.762 | 6542 6.296

*Pore radii on membrane surface:

#3, 10.56A; #4, 7.764; #5, 11.69A.
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Table B.3: Permeation Rates of CO;/CH,y Through
Cellulose Acetate Membranes™

Operating Condition

Permeation Rate x10°, mol/m*.s

Composition Pressure
mole% CO2 kPx

Film #6 Film #7

COz CHy | CO2 CH,

9.51 345
639

1034

1379

724

2068

20.90 345
689
1034
1379
1724
2068

56.90 345
639
1034
1379
1724
2068

76.80 345
689
1034
1379
1724
2068

88.80 345
689
1034
1379
1724
2068

0.032 0.043 | 0.012 0.03s
0.058 0.068 | 0.064 0.063
0.131 0.134 | 0.124 0.108
0.193 0.189 | 0.273 0.148
0.266 0.243 | 0.325 0.266
0277 0.262 | 0.417 0.365

0.075 0.034 } 0.065 0.026
0.190 0.072 | 0.17¢ 0.055
0.343 0.119 | 0.298 0.089
0.524 0.176 | 0.106 0.062
0.661 0.223 | 0.413 0.127
0.773 0.258 | 0.680 0.214

0.178 0.013 | 0.051 0.004
0.420 0.027 | 0.330 0.015
0.736 0.045 | 0.378 0.020
1.045 0.063 | 0.656 0.035
1.378 0.082 | 0.918 0.051
1.775 0.107 | 1,160 0.065

0.583 0.012 - -
1.284 0.025 - -
2.560 0.049 - -
3.558 0.070 - -
4481 0.090 - -
4.981 0.107 - -

0.880 0.007 | 0.047 0.004
2.531 0.021 | 1.269 0.014
3.6907 0.031 | 1.392 0.023
5.012 0.044 | 1.695 0.025
6.346 0.054 | 2.756 0.0628
7.593 0.068 | 3.054 0.039

"Pore radii on membrane surface: #6, 4.774; #7, 4.924.
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Appendix C

Experimental Results for Permselectivity
of Polyimide Membranes
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Table C.1: Permeabilities of organic vapors and air
through a polyimide membrane at 22.5°C

Organic Vapor Permeability, Juap | Selectivity
mol/m?s.Pa Jvapd Jair
Methanol 1.32 x 1078 378.5
Ethanol 1.81 x 10-8 S1%.7
Acetone 4.89 x 10~* 141.1
Benzene 5.46 x 10~° 156.2
Toluene 1.95 x 108 558.9
p-Xylene 4.65 x 1078 1336.0
m~Xylene 5.22 x 10~% 1498.1
1,2-Dichloroethane 4.95 x 10~° 121.9
1,2-Dichloropropane 8.14 x 1079 233.4
Chloroform 2,15 x 10~° 61.6
Carbon tetrachloride 2.30 x 10~° 65.7
Hexane 1.93 x 10~° 55.2

Air permeability Jui = 3.49 x 107! mol/m?s.Pa

Membrane making conditions

Casting solution: PI 25wt% + LiCl 2.5wt% + DMAc 72.5wt%

Evaporation temperature: 85°C

Evaporation period: 20min
Gelation medium: ice cold water

Gelation period: 20min
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Table C.2: Permeabilities of organic vapors and air

through a polyimide membrane at 22.53°C

Organic Vapor Permeability. J,, | Selectivity
mol/m*.s.Pa Jeap/Jair
Methanol 5.02 x 10°% 221.2
Ethanol 6.73 x 10~ 296.9
Acetone 1.07 x 10°3 47.4
Benzene 1.15 % 10~% 50.5
Toluene 4.09 x 103 179.9
p—Xylene 1.04 x 10°® 460.2
m-Xylene 1.16 x 10~° 513.3
1,2-Dichloroethane 1.18 x 10~% 52.1
1,2-Dichloropropane 1.30 x 10~3 57.2
Chloroform 4.79 x 107° 21.1
Carbon tetrachloride 5.56 x 10-° 24.4
Hexane 7.33 x 1079 324

Air permeability Jg;, = 2.27 x 1071° mol/m?s.Pa

Membrane making conditions

Casting solution: PI 25wt% + LiCl 3.6wt% + DMAc T1.4wt%

Evaporation temperature: 85°C

Evaporation period: 20min

Gelation medium: ice cold water

Gelation period: 20min
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Table C.3: Permeabilities of organic vapors and air

through a polyimide membrane at 22.5°C

Organic Vapor Permeability, Joqp | Selectivity
mol/m?.s.Pa Jvap/ Jair

Methanol 1.21 x 10~7 268.6
Ethanol 1.52 x 10~ 338.5
Acetone 3.31 x10°8 73.8
Benzene 3.89 x 10— 86.2
Toluene 1.37T x 10~ 304.7

| p~Xylene 3.87 x 10°° 860.1
m-Xylene 3.97 x 10~7 881.2
1,2-Dichloroethane 4,52 x 10~% 100.7
1,2-Dichloropropane 6.68 x 10~8 149.1
Chloroform 1.35 x 10~ 30.0
Carbon tetrachloride 1.88 x 108 41.8
Hexane 2.61 x 108 58.0

Air permeability J,;, = 4.50 % 1071 mol/m?.s.Pa

Membrane making conditions

Casting solution: PI 25wt% + LiCl 5wt% + DMAc 70wt%
Evaporation temperature: 85°C
Evaporation period: 20min
Gelation medium: ice cold water

Gelation period: 20min
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Table C.4: Permeabilities of organic vapors and air

through a polyimide membrane at 22.5°C

Organic Vapor Permeability, Jyq, | Selectivity
mol/m?.s.Pa Jvapd Jair
Methanol 1.49 x 10~° 139.1
Ethanol 288 x 1077 270.0
Acetone 4,72 x 1078 442
Benzene 7.53 x 10°% 70.5
Toluene 263 x 10~ 245.1
p-Xylene 4.35 x 10~° 407.6
m-Xylene 4.99 x 1077 4674
1,2-Dichloroethane 5.66 x 10~% 53.0
1,2-Dichloropropane 747 x 1078 69.9
Chloroform 230 x 1073 21.6
Carbon tetrachloride 2.23 x 108 20.8
Hexane 5.46 x 1073 51.1

Ajr permeability Jqr = 1.07 x 107 mol/m?®.s.Pa

Membrane making conditions

Casting solution: PI 25wt% + LiCl 3.6wt% + DMAc 71.4wt%

Evaporation temperature: 55°C
Evaporation period: 20min
Gelation medium: ice cold water

Gelation period: 20min




Table C.5: Permeabilities of organic vapors and air

through a polyimide membrane at 22.5°C

Organic Vapor Permeability, J,qp | Selectivity
mol/m?*.s.Pa Joap/Jair
Methanol 9.54 x 10°8 207.2
Ethanol 1.35 x 10~° 284.7
Acetone 1.77 x 1073 37.2
Benzene 3.04 x 10~8 63.9
Toluene 1.23 x 10~ 259.3
p-Xylene 224 x 10~ 472.2
m-Xylene 2.40 x 10~° 506.0
1,2-Dichloroethane 3.75%x 10°8 8.9
1,2-Dichloropropane 4.66 x 10~8 98.5
Chloroform 1.88 x 10~8 39.7
Carbon tetrachloride 1.96 x 1078 41.3
Hexane 2.38 x 103 50.2

Ajr permeability J,; = 4.74 x 1071° mol/m?s.Pa

Membrane making conditions

Casting solution: PI 25wt% + LiCl 3.6wt% 4+ DMAc T1.4wt%

Evaporation temperature: 65°C

Evaporation period: 20min

Gelation medium: ice cold water

Gelation period: 20min
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Table C.6: Permeabilities of organic vapors and air

through a polyimide membrane at 22.5°C

Organic Vapor Permeability, J,q, | Selectivity
mol/m®.s.Pa Joap/dair

Methanol 1.31 x 10°® 193.7
Ethanol 1.44 x 1078 213.6
Acetone 2.25 x 10~° 33.3
Benzene 3.01 x 10°° 44.6
Toluene 1.97 x 10~% 202.8
p-Xylene 3.19 x 1073 473.4
m-Xylene 3.28 x 1078 487.3
1,2-Dichloroethane 3.98 x 10~% 59.4
1,2-Dichloropropane 3.97 x 107 59.1
Chioroform 1.67 x 10-9 24.9
Carbon tetrachloride 2,31 x 107 34.3
Hexane 2.39 x 107° 35.4
Air permeability Jqir = 6.74 x 107! mol/m?*.s.Pa

Membrane making conditions

Casting solution: PI 25wt% + LiCl 3.6wt% + DMAc T1.4wt%
Evaporation temperature: 110°C

Evaporation period: 20min

Gelation medium: ice cold water

Gelation period: 20min
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Table C.7: Permeabilities of organic vapors and air
through a polyimide membrane at 22.5°C

Organic Vapor Permeability, Juqp | Selectivity
_ mol/m?.s.Pa Jvap/Jair
Methanol 1.16 x 10~ 152.6
Ethanol 1.32 x 10~° 173.9
Acetone 263 x10°% 34.7
Benzene 5.32 x 1078 70.3
Toluene 1.13 x 10~° 148.7
p-Xylene 3.24 x 1077 427.8
m~Xylene 3.79 x 10~ 501.2
1,2-Dichloroethane 4.55 x 1078 60.1
1,2-Dichloropropane 6.50 x 10— 85.8
Chloroform 1.64 x 10°8 21.7
Carbon tetrachloride 2.40 x 10°8 31.6
Hexane 2.66 x 10~® 35.1

Air permeability J,; = 7.59 x 10~1° mol/m?5.Pa

Membrane making conditions

Casting solution: PI 25wt% + LiCl 3.6wt% + DMAc T1.6wt%

Evaporation temperature: 85°C

Evaporation period: Smin

Gelation medium: ice cold water

Gelation period: 20min
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Table C.8: Permeabilities of organic vapors and air
through a polyimide membrane at 22.5°C

Organic Vapor Permeability, J,,, | Selectivity
mol/m?.s.Pa Joapd Jair
Methanol 730 x 10°% 107.4
Ethanol 1.28 x 10~ 188.6
Acetone 229 x 108 33.7
Benzene 3.52x 1078 51.7
Toluene 9.44 x 1078 138.9
p-Xylene 265 x 10°7 339.6
m~Xylene 2.86 x 10~7 421.2
1,2-Dichloroethane 3.05 x 10°% 44.8
1,2-Dichloropropane 355x10°® 52.2
Chloroform 1.18 x 1078 17.4
Carbon tetrachloride 1.58 x 10~8 23.2
Hexane 232 x10°8 34.1

Air permeability J,;, = 6.79 x 107% mol/m?.5.Pa

Membrane making conditions

Casting solution: PI 25wt% + LiCl 3.6wt% + DMAc 71.6wt%

Evaporation temperature: 85°C
Evaporation period: 10min
Gelation medium: ice cold water

Gelation period: 20min
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Table C.9: Permeabilities of organic vapors and air
through a polyimide membrane at 22.5°C

Organic Vapor Permeability, J.q, | Selectivity
mol/m?.s.Pa Jvap/ Jair
Methanol 1.95 x 10~ 131.1
Ethanol 2.85 x 1078 191.8
Acetone 5.46 x 10° 36.8
Benzene 1.17 x 10~3 79.0
Toluene 2.57 x 10~8 173.6
p—-Xylene 7.84 x 10~8 528.2
m-Xylene 9.11 x 10~% 614.1
1,2-Dichloroethane 8.57 x 10-° 57.8
1,2-Dichloropropane 1.21 x 103 81.5
Chloroform 3.28 x 10~° 22.1
Carbon tetrachloride 4.75 % 10™° 32.1
Hexane 5.16 x 10~° 34.5

Air permeability Jgi = 1.48 x 1073° mol/m?s.Pa

Membrane making conditions

Casting solution: PI 25wt% + LiCl 3.6wt% + DMAc 714wt%

Evaporation temperature: §5°C
Evaporation period: 30min

Gelation medium: ice cold water

Gelation period: 20min




Table C.10: Permeabilities of organic vapors and air

through a polyimide membrane at 22.5°C

Organic Vapor | Permeability, Jyap Sclectivity
mol/m?s.Pa Jvap/ Jair
Acetone 2.50 x 1079 145
m-Xylene 233 x 107% 1350
Air permeability Jair = 1.72 x 107! mol/m?.5.Pa

Membrane making conditions
Casting solution: PI25wt% 4 LiCl 1.25wt% + DMAc 73.75wt%
Evaporation temperature: 85°C

Evaporation period: 20min
Gelation medium: ice cold water
Gelation period: 20min

Table C.11: Permeabilities of organic vapors and air
through a polyimide membrane at 22.5°C

Organic Vapor | Permeability, Juq, Selectivity
' mol/m?.s.Pa Jvapf Jair

Acetone 422 x 108 7.1

m-Xylene 6.20 x 10~7 96.0

Air permeability Jo; = 6.40 x 10™° mol/m?.s.Pa

Membrane making conditions
Casting solution: PI 25wt% + LiCl 5.75wt% + DMAc 69.25wt%
Evaporation temperature: 85°C

Evaporation period: 20min
Gelation medium: ice cold water
Gelation period: 20min
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Table C.12: Permeabilities of organic vapors and air
through a polyimide membrane at 22.5°C

Organic Vapor | Permeability. Juqp Selectivity
mol/m?.s.Pa Jvap/Jair
Acetone 1.51 x 10°1° 32.0
m-Xylene 2,15 x 10~° 458.1
Air permeability Jo;r = 4.71 x 1072 mol/m?s.Pa

Membrane making conditions
Casting solution: PI 25wt% + LiCl 3.6wt% + DMAc 71.4wt%
Evaporation temperature: 140°C

Evaporation period: 20min
Gelation medium: ice cold water
Gelation period: 20min

Table C.13: Permeabilities of organic vapors and air
through a polyimide membrane at 22.5°C

Organic Vapor | Permeability, Jyop Selectivity
mol/m?.s.Pa Joap/ Jair

Acetone 4.18 x 10~° 43.4

m-Xylene 6.02 x 10-8 624.1

Air permeability Jg;r = 9.65 x 107! mol/m?s.Pa

Membrane making conditions
Casting solution: PI 25wt% + LiCl 3.6wt% + DMAc 71.4wt%
Evaporation temperature: 85°C

Evaporation period: 40min
Gelation medium: ice coid water
Gelation period: 20min
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Table C.14: Permeabilities of organic vapors and air
through a polyimide membrane at 22.5°C

Organic Vapor | Permeability. J,,, Selectivity
mol/m?.s.Pa Jeap/ Jair
Acetone 2.35 x 107% 45
| m—Xylene 3.3¢ x 10~ 642

[ Air permeability Jgir = 5.23 x 107! mol/m®.s.Pa

Membrane making conditions

Casting solution: PI 25wt% <+ LiCl 3.6wt% + DMAc T14wt%
Evaporation temperature: 85°C

Evaporation period: 50min

Gelation medium: ice cold water

Gelation period: 20min





