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Chapter 1

Introduction

This thesis is about gas separation using dry cellulose acetate membrancs.
Gas separation membranes are generally prepared in a water-wet condition
and various techniques have been tested for the removal of water to dryness.
It is necessary to keep the asymmetric cellulose acetate membrane struc-
ture intact in order to yield a dry membrane suitable for gas separation.
The solvent exchange technique is used in this study. The effects of shrink-
age témperatures, various solvents, feed gas compositions and operating
pressures are investigated. The gas system that was studied was methane—
carbon dioxide. The separation factors and permeation coefficients arc used
as a measure of performance.

1.1 Separation Membranes

Prior to thirty years ago, although known and understood, membrane scp-
arations were not used due to marginal efficiency, limited durability, and
high costs. The major problems were poor selectivities and/or permeabili-
ties of early membrane materials. Separation using these membrane mate-
rials was not practical, because the process with these handicaps was too
uneconcomical. A low permeation rate makes the process so slow that very
large membrane areas would be necessary to get any appreciable amounts
of permeate, thus creating high capital costs. Selectivity is also very impor-
tant. To cite an example, the enrichment of U®® was expensive because the-
barriers used had very low selectivities, thus requiring many energy- inten-
sive stages. As a consequence, very large’surface areas, often in multistage
configurations, were required to provide acceptable levels of enrichment at
acceptable flow rates. Multistage configurations created an extra expense

=1



CHAPTER 1. INTRODUCTION ] : 8

of interstage compression that was required to raise the pressure of the
. permeate stream before it entered the subsequent stage of the separation
unit. In addition, it was necessary to find a good physical support for a
large surface area of a thin membrane. From basic theory, the permeation
rate (the rate at which a gas permeates through the membrane) increases
- with pressure {the driving force for the separation process). It is important
to have a thin membrane, since a thick one requires a higher pressur. for a

reasonable permeation rate, since permeation rate is inversely proportional -

to the thickness.

Major breakthroughs in membrane research occurred in the 1950°s and
1960’s. Charles Reid et al. [68] found that cellulose acetate-acetone solu-
tions produced a membrane that would allow a separation of fresh water
from seawater with a relatively good selectivity. However, reasonable per-
meation rates were only achicved at high pressures, due to the thickness
of the membrane. Loeb and Sourirajan developed an asymmetric cellulose
acetate membrane [36,71] 500 times more permeable to water than Reid’s
membrane. These high flux membranes consisted of two layers, a thin sep-
arating or rejecting laver and a larger porous supporting laver. They were
the beginning of the reverse osmosis industry. '

1.2 Applications of Membranes

In the last three decades, there have been many companies active in mem-
brane development. Companies such as Filmtec {Dov j, UOP, Hydranau-
tics, Toray, Tovobo, DuPont and Monsanto have been manufacturing mem-
branes for a varicty of applications [94]. Until recently, most of thesc ap-
plications were in the liquid separation field. ‘In the last decade, it has

been shown that gas separation using membranes is both practical and

cconomical [33]. '

Membranes have been used in many areas. They have been applicd to
toxic waste filtration, salt and chlorine production, and seawater desali-
nation. More recently, membrane -applications include gas extraction and
reclamation (separation), metals recovery, the design of controlled-release
drug capsules, protein harvesting, monoclonal antibody production, food
and beverage purification, and ionic transport in battery cells [65]. *

4 o
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CHAPTER 1. INTRODUCTION . . 9

1.3 Gas Separation Membranes

Observations of transport of gases and vapors in polymeric membrancs
date back to the early 1800’s [79]. Thomas Graham was the first to report
a partial separation of gases in 1866. This gas separation was performed by
means of different permeation velocities of various gases through a mem-
brane [25]. M . |

In the early 1940’s, gas diffusion through membranes was used to enrich
the isotope U** in uranium from 0.71 % to about 3.0 % by weight. This was
done using large gaseous diffusion facilities for the isotopic enrichment of
UFg [28]. It was extremely expensive, but there were no practical alterna-
tives [95]. Membrane separations discussed in this thesis are different from
barrier separations used in the uranium enrichment plant at Oak Ridge,
Tennessee. In barrier separation, gases of differing molecular weights are
separated by differing gaseous diffusion rates within the porous media.

The separation of gases was one of the first applications conceived for
membranes. However, the same problem of poor selectivity and low per-
meation rates occurred. Also, once a good wet membrane with a good
permselectivity (permeability and selectivity) towards salt was found, they
often resulted in poor dried membranes. Liquid separation membranes are
designed with respect to salt rejection (i.e. a good/practical membrane for
the liquid case is where salt rejections high). These wet membranes usually
have a high water content, with water remaining within the pore structure.
_ To make a dry membrare for gas scparation (a wet membrane cannot be
used for this application) the water must be removed. A good method of
drying the wet membrane was necessary, where the pore structure would
be retainéd. If the wet membrane was left to air-dry, the water would
cvaporate, leaving a collapsed pore structure. The pore structure must be
retained since that is what allows permeation as well as the selectivity. This
will be discussed to a greater extent later. .

Gas separation membranes are expected to be considerably improved
in the future as membranes specifically designed for gas separation become
available, as opposed to membranes adapted from liquid reverse osmosis
membranes [3]. ~

1.4 Advantages c?f Membrane Separation

Unti recently, gas separation using membranes was not ready for competi-
tion with other processes such as distillation, physical adsorption, chemical
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absorption, and direct conversion processes [33]. Nevertheless, the above
techniques can be quite expensive to maintain and operate, since they usu-
ally require large and complex process plants. Thus, much effort was ex-

pended to improve alternate separation techniques, the area of membrancs

being one of them. Although gas separation is still considered as a rela-
tively new field of membrane technology and much research is devoted to
this area, it now ranks as one of the most important membrarie applications

[65]. Research has made membrane processes competitive with other gas -

separation methods. It is now a method of choice.

Henis and Tripodi [27] point out some reasons why it is often the method
of choice. The strongest advantages of membrane systems are compactness,
flexibility and simplicity. They are no more likely to fail mechanically than
a heat exchanger (they are similar in many ways) and have no moving
parts, thus they require minimal operator attention. They are modular [40]
offering more flexibility in design and operation. Units can be replaced, if
they fail, without much change to the overall process output. Membrane
systems are able to handle changing capacity requirements easily by turning
sections on or off as needed. This fact is important economically as a plant
can be enlarged as necessary by adding new units. This arrangement also
is attractive for plant retrofitting. Since they are usually smaller in size
and more modular than the old equipment, they fit into existing plant
structures, not requiring new construction: [94]. Start-up and shutdown
time is also very short. They are less energy intensive and more economical
to operate. ' '

1.5 Requirements for Gas Separation

Heris and Tripodi [27] discuss improvements to membrane systems since
the 1950’s. Membrane systems had to fulfill the following requirements in
order to become competitive:

e Membranes had to exhibit a higher gas flux of three to four orders of
magnititde over those existing at the time.

e A reasonably high selectivity was needed (at least > 20).

¢ Membranes had to be able to operate at pressures around 2000 to
3000 ps:(13.800 and 20.684 MPa).

o~
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e Membranes had to maintain their properties and function in the pres-

ence of a variety of contaminants, at varying conceatrations and over
a reasonable range of temperatures (between 0 to 100 °C).

Membranes had to be compatible with large scale modules and seals,
have systems with optimized flow and distribution of gases to the
membrane, and remain stable in process environments.

These goals have been met in the last 30 years.
* According to Baldus and Tillman [4], membrane technology might be
most advantageously employed:

1.6 Applications of Gas Membranes

when only moderate purity-and recovery rates are sufficient.

when large concentrations of the components to be separated arc in
the feed gas.~

when the feed gas is available at the needed pressure*or when the
retentate is needed at high pressure.

when the components of the feed gas do not alter or destroy the
membrane. - e
-’—"-/

when a membrane is available with a sufficient sclectivity towards
gases to be separated.

Stockey et al. [82] list how membranes have been applied to many com-
mercial gas separation processes. Among the most important are CO,
separations:

o Cerbon Diozide for EQR Flood: Carbon dioxide is recovered from

gases produced in EOR (enhanced oil recovery) floods for recycle.

e Pipeline Natural Gas: Moisture and-carbon dioxide are removed

from natural gases té upgrade them to pipeline or fuel specification
[14]. )

o Landfill Gas: Salable methane is recovered by removing carbon diox-

ide and water from. biogas generated by anaerobic decomposition of
wastes in samtary landfills. '

FJ
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o Digester Gas: As with landfill gas processing, digester off-gas can
be upgraded to salable or usable fuel by carbon dioxide removal. :

Studies have shown that membranec technology can separate effectively
at both high and low carbon dioxide concentrations {24,12]. It has also been
suggested that a membrane separation unit could be used in conjunction
‘with another type of separation unit. Using 2 membrane separation unit as
. apretreatment stage to remove bulk carbon dioxide from a gas stream could
allow a smaller, cheaper absorption unit (Benfleld type) [T4] to carry out the
final carbon dioxide réfmoval. Since only half to two-thirds of the carbon
dioxide content need be removed by a membrane unit in the combined
case, a small membrane unit would be sufficient. Estimates of cost usually
indicate that the combined systems would be more economical than cither
an absorption or a membrane unit alone [33].

Laverty and O’Hair [35] discuss using. membrane technology for the
removal of carbon dioxide, specifically in the area of offshore removal of
carbon dioxide from natural gas. This illustrates many of the advantages
of mewnbrane processes. Carbon dioxide occurs in natural gas and many
of the North Sea fields possess appreciable amounts of it (e.g. the Sleipner
field in the Norwegian sector). Methane is lost when the carbon dioxide
i1s tented. To reduce operating costs, a separation system is required to
minimize the amount of methane lost.

There are various reasons for removing the carbon dioxade oftshore at
the well heads. Meeting the transmission standards is one reason, another
is that carbon dioxide can be corrosive in the presence of water. By sepa-
rating the carbon dioxide at the well head, the bulk of gas that needs to be
transported is reduced, thus reducing the amount of compression power re-
quired to land the gas. This would also result in a reduction in the pipeline
size for natural gas-with extremely high carbon dioxide content.

Separation of carbon dioxide from the associated hydrocarbon gascs
from oil fields using EOR techniques is another offshore use. Carbon dioxide
s mnjected at high pressures and depths into oil reservoirs to stimulate the
recovery of oil. After some time, carbon dioxide begins to emerge with
the hydrocarbon gases typically recovered with the oil. The carbon dioxide
must be rélatively pure to be effective in this application [27]. Recovery
and recompression of the carbon dioxide for reinjection greatly reduces the
cost of applying EOR offshore. Bulk removal is especially important where
EOR techniques are used.

Another reason for using a membrane process offshore is that the area
available for a purification plant is limited and membranes are ideal for
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these situations. The constraints of the platform construction also Limit the

weight of the plant. Membrane separation units are modular in design and
arc more compact than absorption plants. Membrane systems can easily
accommodate additional units in parallel or series to adapt to changing
feed composition and flow rate of the associated gas from the field {72].
They also have negligible start up times and require little maintenance,

thus making the use of membrane separation units not only suitable but

competitive for offshore deployment.

1.7 FEconomics

Among the reasons membranes have been used for gas separations are sim-

licrty and reduced operating costs. Thus, economics are very much another
consideration in the design. Reverse osmosis consumes much less energy
than otHer processes, only about a third to one half as much energy com-
pared to multistage flash distillation [65]. The capital costs are comparable
with other plants, membranes being generally better for small scale appli-
cations. The economics are especially attractive when the gas is already at
high pressure.

The two most important economic factors are feed (or permeate) com-
pression power and the membrane area. These two factors are inverscly
proportional since for a larger membrane area a lower operating pressure
is required to obtain the same flux. Thus there is an optimal operating
scheme for a given set of conditions for a particular separation [72].

The potential sales of membrane products, technologies and systems
in 1985 were about $500 million. They are projected to total $2 billion by
1995. Similacly, membrane gas separation systems is expected to grow from
$25 million ir 1985 to $500 million in-1995. There are two basic applications
for the separation of carbon dioxide (sweetening natural gas and reuse in
tertiary oil recovery) and if commercialized to their full potential they could
have a dollar value of more than 150 million a year [94].

1.8 Solvent Exchange Technique

-The term solvent exchange refers to exchanging water within the pores with
solvents. Various solvents can be used and the number of different solvents

used for this process can also vary. Most often one, two or three solvents
are used for this process. The objective of solvent exchange is to keep the
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pores of the membrane intact while changing the medium within from a
polar to 2 non-polar'substance. The membrane is then allowed to air dry.
When the substance within the pore is polar, the pores would collapse upon
evaporation of the substance.

Research in the area of solvent exchanging is necessary. Although the
solvent exchange technique has Been known for many years, the actual
solvents which give the best results are still unknown. The actual method
needs optimization as to the number of steps each solvent should be replaced
in, how many solvents are needed, solvents with what properties yicld the
best results, and how long should. the merfibranes be immersed in cach
solvent beforc the system reaches equilibrium. In this thesis, v»orl\ has
been done towards answering these questions.



Chapter 2

Literature Review

2.3x Areas of Research

Research for gas'separation has been concentrated in several areas. One is
to find the adequate materials which the membrane can be made, since sep-
aration technology tends to be very site or application specific [94] There
are hundreds of materials available, each with its own structural and chem-
ical characteristics. The key is to find a material with _good selectivity,
productivity and durability. Usually, polymers are used. -\mong the most
promising are cellulose acetate, poly. sulfones with 2 silicone rubber coating
and some polyamides. However, cellulose acetate still remains the standard
to which “best” membrane performance is compared [§]. Inorganic mate-
riads such as ceramics, steel and carbon are also being looked at to handle
some rigorous mdustnal environpments [83]. :
Research is also done to determine the type of membrane which per-
forms best. The types vary in the way they were made. The types most
widely used are cellulose acetate Loeb-Sourirajan membranes, silicone rub-
ber coated Loeb-Sourirajan polysulfone membranes or Ward-Riley compos-
ite membranes [3]. For gas separation there is the additional problem of
finding an opt:mum method for drying the membrane.: Simple air drying re-
sults in very poor gas separation membranes. The solvent exchange drying
technique is being investigated in.this thesis. 4 '
The configuration of the separation module is important. Membranes in
the form of flst sheets provide a very low surface area to permeator volume
ratio, so they are not acceptable. In the past, plate and frame or tube
in shell modules were used but were found to be quite expensive. Hollow
fiber and flat sheet spiral wound membranes are the chief competitors in

15
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industry at present. Sufficient surface area is necessary to provide a high
permeation rate [79]. Both of the above meet this criterion. Hollow fibers
are sald to have three times more surface area. The spiral wound types can
be mounted vertically or horizontally. Essentially, both do the same job
and the one used depends on the application [64], the goal being to find a
configuration that compactly and inexpensively support the large surface
area of a thin membrane. Presently, both of these configurations arc used
in gas separations. -
Practical applicability of reverse osmosis has been greatly lumtcd by the
availability of a membrane ‘suitable for 2 particular purpose. The appro-
priate membrane could, however, be:formulated on a rational basis if the
mechanism of transport through the membrane was properly understood.
This understanding is also important for membrane and system specifica-
tions and predictability of their performances, which are fundamental to
reverse osmosis engineering (48], A firm cause and effect relationship must
therefore be known. The number of ways in whick a permeant gas can in-
teract with a membrane are mw therefore it is difficult to formulate
a single ,expla.natio.n of the complex. transport processes. Researchers have
developed a number of phenomenological and physicochemical models for
. membrane transport. There are two major competing theories, pore flow
20d diffusive flow. The first is-called the Surface-Force-Pore-Flow mecha-
nism and the second is the Solution-Diffusion model.

A major problem with membrane technology is the reproducibility of
results. The rejection rate in membrane production can be as high as
fifty percent. Statistical work and optimization using factorial design has
bcen done to identify areas of large variation. - If these variations could
be reduced, then membranes would not be wasted when they dé not meet
requirements [9,26].. Many authors have designed their experiments sta-
tistically to minimize the number of experimental fests required and to
facilitate data analysis [8,9]. ‘

~ One of the goals of current research and development is to develop mem-

-branes that can operate in harsh environments (i.e. higher temperatures or

‘concentrated chemical environments). Other goals still remain to be higher
. permeability (productivity) and selectivity (purity) [64).

A major area of research is making and drying membranes. Cellu-
lose acetate membranes for water desalination must be stored in water to
maintain their permeation performance. However, for gas permeation, the
membranes must be dried properly; otherwise they will lose their perme-
ation properties due to plastic creep of the soft material under pressure.

~r
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Also, they lose these properties when the microporous sublayer collapses
and thus increases the thickness of the skin layer. Gas separation mem-
branes are generally still prepared in a water-wet condition, and various
techniques have been tested for the removal of water to dryness {41]. Care-
fully controlled direct-drying techniques were tried but were found to be
quite unsatisfactory. It resulted in the destruction of the membrane struc-
ture, which is critical for gas scparation. In the next few sections these
various areas will be discussed in furfther detail.

2.2 Models

2.2.1 Various Models Suggested

As mentioned above, there are several approaches towards understanding
the basic mechanisms, several papers exist in this area. Irreversible thermo-
dynamics and the Finely-Porous are two of the approaches. However, most
of the approaches fall into two categonies, porous and non-porous. “ In the
first case, the membrane is considered as a bundle of capillaries where the
flow is determined by the application of Poiseuille’s equation. The other
case involves dissolution of the components in the membrane followed by
diffusion through the membrane.” [48]. These principle approaches and
the extent of their usefulness are discussed further.

Irreversible Thermodynamics The first practical model was devel-
oped by Kedem and Katchalsky [31]. This model was for transfer of non-
electrolytes through membranes and was extended to electrolytes. It is
an elegant model and works well when the structure of the membrane is
not known and the molecular mechanisms of transport processes within
the membrane are not fully understood. However, the parameters are not
related to any physical characteristics, since this approach treats the mem-

brane as a “ black box ”. NG /N

Solution-Diffusion This model was developed by Lonsdale et al. (38] in
1965. It only uses two parameters. The solute and the solvent dissolve
in the membrane material and then permeate through the membrane by
diffusion through the homogenesus nonporous surface layer.The solubili-
ties and diffusivities of solvent and solute are the important parameters in
this model. The problem with this model is that it does not consider the
structure of the membrane. It also breaks down for high concentrations of

N o
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solute. It is the most used model in module design due to the simplicity of
the calculations necessary. And it gives a reasonable estimation.

Finely-Porous This model is based on a porous membrane structtre.
It combines diffusion with viscous flow through the pores. It is somewhat
more complicated than the Solution Diffusion model since it uses three
parameters. Using this model an average pore size can be calculated [29).

Surface Force-Pore Flow The Surface Force-Pore Flow model follows
the basic framework of the Finely-Porous model. This model considers both
the nature of the solution as well as that of the surface in contact. Reverse
osmosis is the combined result of preferential sorptior of one of the con-
stituents of the feed solution at the membrane- solution interface, and mass
transport by fluid permeation under pressure through the capillaries of the
microporous membrane. An appropriate chemical nature of the membrane
surface and the physical structure in terms of the appropriate number and
size of pores are needed for a practical separation process. Because this
model explains the mechanism more fully than the above, it is also more

claborate and complicated. It requires more parameters to describe the
mechanism,

2.2.2 Surface Force Pore Flow Model

The surface force pore flow mechanism is used to represent the gas scpa-
‘ration by permeation under pressure through asymmetric reverse osmosis
membranes. In this mechanism, transport equations are dev eloped for flow
through a porous structure of the membrane surface. Pore size distribution
on the membrane surface is represented by a normal distribution function.
This model can predict the permeability coefficient of pure gases through
verlous asymmetric membranes satisfactorily [66).

A similar transport model is applied to the membrane for the separation
of gas mixtures, assuming tl:at the component of the mixture permeate
through the membrane independently of one another. The comparison of
experimental and predicted values of the total permeation rate and the
separa.txon factor show fairly good agreement [47). However, disagreements
exist in some cases, indicating the need for modification to the model.

Gas Transport Through Porous Membianes Using this Model
Symbols in this section are defined in the nomenclature. For the devel-
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opment of transport equations, it is assumed that pores on the surface of
‘an asymmetric porous mémbrane are equivalent to capillary tubes. The
gaseous flow through these capillaries is governed by four flow mechanisms
Knudsen, slip, viscous and surface flows. The first three mechanisms are
considered as pore flow, which does not involve interaction forces between
the gas and the membrane material. It is assumed that Knudsen flow oc-
curs in the pores of radii >0 to 0.05 A, slip flow occurs in the pores of radii
0.05 A to 50 A, and the viscous flow occurs in the pores of radii larger than
50 A. Where the mean free path of a gas is,

RT
A = | ———— 2.1
( _,.J’NP) (2.1)

Surface Hlow does involve interaction forces and is applicable to all pore
sizes. The variation in pore sizes is represented by a single equivalent
normal distribution,

N(R) = (\/,;_ia) ezp (-% (R ; R)z) (2.2)

A transport equation reported by Rangarajan et al. [66] is used to cal-
culate the gas permeability coefficient based on the above.

e

*7,

Ag = (G + Goly + G3I;) + A, =P (2.3)

where (for each component ¢}

1 0.05A12 1 /R—R\?
(i = (_“)1/,0'/ R’exp [——5( R‘) } dR  (2.4)

R=0 e
(L); = -.‘)1/-0 fo Mu}?exp {-% (R; N dR  (25)
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0 - e ren (5 an

1 Renas 1 (R-R\*
(B = Gy fR " Rexp {—5( ) ] dR (2.8)
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- \1/2
(G} = %) (2.9)

(G2} = Va . (2.10)

and

(Ga); = =— | - 2.
\G3)\ SU12RT ( 11)

Where G’s are physicochemical constants and I's are defined quantities of
integrals dependent on the porous structure. -
The i’s stand for gas component i and the second subscripts indicate

the phase. 1 is the bulk or feed condition, 2 1s the sufface condition and
represents the permeate condition. Additionally, '

N XoP + XiaPy

B o= Xeld (2.12)
1
h SRT\*
= _ (SRL o
“ ( M ) : (2.13)

According to this development, a membrane can be characterized by the
average pore radius, R, the standard deviation, ¢, and by two additional

parameters A; and A;. Setting the parameters A, and A as -
N,
A = — 2.14
= (214)
) RT popok?
A, = ——Fappn 2.15
* T 2000rCRé%s (2.13)

The quantity A, isrelated to the efective membrane thickness and the total
number of pores, and therefore should remain constant irrespective of the
gas for any given membrane. The quantity A, is related to the adsorption
equilibrivm, the mobility of the sorbed gas species and the membrane pore

structure. The value of A; for various gases are related to that of a reference
gas, | -

'-(-'1‘2)£ = (-42/):':,(.9';' (216)

The parameéter ¢;, is the relative suﬂﬁ'é transport coefficient and can be
found listed in past literature for various gases [66]. The effective mean
pore radius R is found by adding a radius correction factor, §;, which is
also found in past literature.,

-

0
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The deviation, ¢, remains constant for a given membrane.

Thege four characteristic parameters are used to calculate the perme-
ation rate and the separation factor of a gas mixture with respect to the
characterized membrane. Here are steps using equation 2.3 to calculate Ag
for any gas in the membranes characterized by helium data.

e Calculate A using equation 2.1.
o Evaluate integrals I; through to Is.
¢ Evaluate G;, G, and Gs.

e Substitute A,, G'g, I’s and A, into equation 2.3 to obtain the value
of .4@.

~ .
‘The product permeation rate can be calculated from the fluxes, J; of cach
- component of the gas mixture.

Ji = (Ach(P2Xi2 — P3Xy) (2.18)
J2 = (Ag)e(PeXa — P3X) (2.19)
(PR] = S - (2.20)

The separation factor, S;, defined as:
Xia/Xas  Xia/Xos

Sia ——— = 2.21)
%2 = X Xn X/ X (

X1a = mole fraction of gas 1 in the permeate

X23 = mole fraction of gas 2 in the permeate

Xas = (1= Xi3) for a binary situation

These terms have been defined for 2ll calculations as:

Xz =,mole fraction of CO; in product gas
X2z = mole fraction of CH, in product gas
X2 = mole fraction of CO, in feed gas
X22 = mole fraction of CH, in feed gas
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The separation factor can be calculated from X3 and tﬁe feed composi-
tion. X3 is obtained by solving a complicated cubic equation demived from
the individual flows. Further details of the equations are in papers by Mazid
et al. and Rangarajan et al. [47,66). Thus to predict the separation factor

and the permeation rate, first R, &, 4; and Az using the permeability of

a reference gas through the membrane must be obtained. These reference
parameters are then used to evaluate the characteristic parameters with
respect to each component of the gas mixture. These evaluated parameters
are subsequently used o predict the separation factor and the permeation
rate for a gas mixture for the characterized membrane.

2.3 Materials Selection
For a particular membrane gas separation, the selection of a polymer in-
volves a compromise betwsen permeability and selectivity. Generally the
most permeable polymers are the least selective ones. Good membranes
should have hish surface porosity with minimal pore diameters, but the
pore diameter generally increases with increasing porosity [90f. There arc
a large number of permeability data reported in the literature confirming
this *averse correlation between selectivity and’permeation rate [37].
As..xlentioned above, the application of membrane separation is very site
or material specific. Membranes with widely differing properties and char-
acteristics are therefore needed for various applications. Principle consider-
ations leading to the selection of the appropriate membrane for a particular
process [90] are: i

1. the mechanism of separation:

—

o based on large differences in the permeating molecular sizes
(sieve cffect). "

’ o based on charges of the separating substances {electrochemical
effect). .

o based on diffcrences in solubilities of materials in the membrane
phase because of the physicochemical nature of the substances
(e.g. polarity, H-bonding).

[

membrane.

S.J

. the permeation properties (flux and rejection of substances) of the -

mechanical and chemical stability of the membrane. -

I
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.
4. compatibility of the materiil;;a‘rbeing processed with the membranc
{c.g. membrane fouling or scaling).

Once a polymer is chosen, inherent membrane productivity and its se-
lectivity can be altered by varying the polymer structure. Usually there ‘
1s an interaction of permeability and sclectivity, and thus both parameters
must be considered when altering the structure.

Another consideration is whether the polymer should be rubbery or
glassy. The term rubbery refers to a material that’is above its glass tran-
sitional state. Glassy refers to the same material when it is below its glass
transitional state. Cellulose acetate and polysulfone are glassy materials
at room temperature. Their glass transition temperatures are 60 °C and
180, °C respectively [19]. Notice that glassy polymers do not exist in equi-
ibrium, and thus prior history, such as fabrication techniques determines
their properties [10]. Glassy materials have a higher selectivity and, with
the invention of asymmetric membranes, can be produced thin eno@\‘.‘of/
produce a relatively high permeation rate; Some glassy polymers actually
have permeation rates exceeding the high permeabilities previously asso-
ciated only with rubbery pqlymers. However, these same glassy materials
exhibit low selectivities. This suggests that within the domain of glassy ma-
terials, there may exist some with both high selectivity and permeability or
that glassy polymers can be tailored to a larger extent. Simple structural
variation gives a broad range of permeability and selectivity properties of
glassy materials. This makes glassy polymers extremely attractive and they
will likely be the materials of choice in the future generation [34].

Currently most membrane products are based on highly selective glassy
polymers in the form of asymmetric membranes. (If not made in this form,
the glassy materials would not be as permeable as rubbery materials.) Cel-
lulose acetate membranes in either spiral wound or hollow fiber forms arc
considered as “simple” membrane structures. These membranes require
careful drying methods to prevent damage to the thin skin layer during
removal of the water. Water is present due to gelation in the membranc
formation process. Drying methods have been investigated and have been
evaluated using gas separation (Hp-CO, H,-CH,, H2-N,, CO.-CH,) [11,13].

These drying methods will be discussed further in the next section.

Caulking, silicone rubber occlusion of pore defects, can be used to elim-

inate some of the requirements of solvent exchange. Caulking is used ba-

-~

-

‘sically for polysulfone membranes which are applied to the same types of

systems as the cellulose acetate ones [27,6].
These two asymmetric membrane systems are the major competitors
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for gas separation systems. The two basic materials widely used therefore
are, cellulose acetate and polysulfone. Cellulose acetate membranes arc
used in certain argas because of the ease and costs to manufacture them.
They also have resistivity against common concentrations of chlorine pre-
trcatment. QOther areas-preclude their use becausesof their susceptibility to
hydrolysis and biological degradation [90]. Pan reported excellent perfor-
mance of cellulose acetate membranes in obtaining hydrogen recovery and
acid gas separation (§0,). At 25 °C, the membrane has a H,-CH, selcctiv-
ity of about 100. At 10 °C, the cellulose acetate membrane has an effective
CO.-CH, selectivity of 36 [61,60]. Polysulfone is able to withstand-higher
temperatures. It can operate in temperatures of at least 100 °C {64]. It
also has good chemical resistivity [90].

The determination of gas separation on a polymeric membrane mate-
rial can be done using gas chromatography. The retention volume is the
strength of gas adsorption. Experiments done at the University of Ottawa
showed that cellulose acetate (CA-398) is 2 good membrane material for
the separation of carbon dioxide-methane mixtures [96]. This finding was
confirmed by experiments done by Ellig et al. [16]. He showed that separa-
tion factors were good for polyethersulfone, polysulfone, sulfolene, cellulose
acetate and 3-methyisulfolene. Out of all these, only cellulose acetate gave
high flux rates.

2_.4 Making and Drying

2.4.1 Non-cellulosic Membranes

As mentioned in the materials selection section, classes of polymers other
than cellulose acetate have also been used for gas membranes. Rubbery
polymers used to make membranes resulted in high permeation rates with
low selectivities. They did not have the problem of drying since there was
no pore structure to retain. However, they had 2 tendency to distend (dis-
tort mechanically) under higher pressure differences. Ward et al. [92,93],
used block copolymers (using two polymers) for gas permeation mem-
branes. They combined a rubbery polymer such as silicone with 2 glassy
poiymer, polycarbonate. They were able to produce an ultrathin sili-
conz/polycarbonate membrane by spreading the solution on a water surface
between two plastic blocks and then moving the blocks apart. A nitrogen
permeation rate of 8.6 x1072 cm?*(STP)/cm®-s-cmHg and an O, /N; selee-
tivity of 2.3 was reported for a 1000 Athin film.
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In 1979, Henis and Tripodi {27] used polysulfone as a polymer mate-
rial. They found difficulty in producing reproducible hollow fibers frec of
imperfections. “Skin layer fine pores with diameters larger than those of
the penetrant gas molecules effect a viscous or pore flow through the mem-
branes, which reduces drastically their separation capabilities.”[19}. They

. found that the control of surface porosity is possible by changing casting

and coagulation conditions or by post-treatment of the membrane accord-
ing to Henis and Tripodi [27].. They also separated the problem of surface
porosity and the actual preparation of the polysulfone fibers by applying a
thin layer of silicone rubber inside the fiber pores using vacuum coating.

However, it has been shown that the separation factor of a He/Kr mix-
ture is higher for a cellulose acetate membrane than a silicore rubber mem-
brane. Also, the preference to the permeation of these gases can be reversed
completely [55]. .

Other methods of membrane preparation include compression molding
at high temperatures [10]. It is possible to create pores in 2 polymer film by
after treatment, i.e. mono or biaxially stretching the film (Celgard, Goretex
Poreflon) or bombarding the film with neutron-induced nuclear fragments
(Nucleopore) [90].

+2.4.2 Cellulosic Membranes

The first asymmetric membrane for gas separation was produced by Gantzel

" and Merten {22). They dried cellulose acetate membranes with an acetyl

content of 39.4 % by quick-freezing and vacuum sublimation at —10°C.
They obtained high N, permeation rates of 3.1x107¢ cm®*(STP)/cm®-s-
cmHg and a He-N; separation factor of 34.

Vos and Burris [89] used a surface active agert to dry cellulose acctate
membranes. The membrane was first soaked in an aqueous surfactant solu-
tion, which reduced the surface tensions of the water polymer and was'then
left in atmosphere to be air dried. They were able to keep the pores in-
tact. Stern et al. [81], using this method of preparation, was able to obtain
4.7x1077 cm®(STP)/cm?-s-cmHg at 30 °C for nitrogen permeation.

Using successive solvent exchange steps and air-drying an integral asym-
metric cellulose acetate blend, Schell [73] obtained a permeation rate for mi-

- trogen of 4.8%107° cm*(STP)/cm®-s-cmHg at 25 °C. The separation factor

. obtained foe He-N, separation was 68.
Agrawal [78] investigated the effects of operating pressure and temper-
ature, nature of gas and the pore size on membrane surface using frecze
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dried porous cellulose acetate membranes. He studied the permeation of
helium, hydrogen, methane, ethylene, nitrogen and argon. The membrane
was immersed in —80°C isopentane followed by vacuum drying overnight
at the same temperature, then at —10°C. He found the freeze drying tech-
nique preserves the porous structure of the membraae to 2 certain extent
but not completely. Ve

According 40 Manos [41], solvent exchange methods were costly and
time consuming due to the multiple steps necessary. Polymers with high
surface tensions also reacted poorly to this drying process. This showed
that although the method had the ability to dry the membranes, it still
needed much improvement.

Manos [41,42], applied for a U.S. patent in 1978 for an improved method
of solvent exchange. This method was used to dry any semi-permeable 2
membrane which relies mostly on its physical structure for its performance,
including asymmetric membranes. Basically, it consisted of contacting the
water-wet membrane with at least one replacement liquid and then remov-
ing it from the membrane. The term water-wet in this case was understood
to mean that a2 major part, that is, at least 50 weight percent, of the lig-
uid with which the membrane is wet is water. The invention worked best
when the liquid in the membrane was pure water. “The replacement liquid
consisted of a homogencous solution of {a) a major portion of at least one
organic solvent substantially immiscible with water and (b) a minor portion
of at least one organic solvent substantially miscible with water.”[41]. This
replacement liquid was inert to the membrane and to the components of the
wetting liquid to avold depreciation of membrane properties. Also, it was
capable of penetrating the membrane, had a low viscosity and a small mo-
lar volume. Contacting was continued until water was completely removed.
This was done by repeatedly contacting with different batches of the same
replacement liquid. Manos claims that this can also be done by further.con-
tacts with a water miscible solvent alone. (Note: it is believed that Manos
meant “imnmiscible” here.) Water could be removed from a replacement
iquid by simple decanting or centrifuging. The replacement liquid was re-
moved by contacting the liquid-wet membrane with another organic solvent
or a series of solvents. This was to obtain a membrane wet with a liquid
which could be evaporated without significant effect on the permselective
properties of the resulting dry membrane. Specifically, this last solvent had
a Jow surface tension, had to be non-polar and water-immiscible, and had
to be capable of penetrating the membrane.

Rangarajan used a procedure described by Pageau and Sourirajan {59]
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to make gas membranes. He obtained different porosities by either shrink-
ing them at different temperatures or by varying the composition of the
casting solution and the conditions of membrane making. Polysulfone mem-
branes were then dried in air while cellulose acetate membranes were either
freeze dried or solvent exchanged and then air dried. For the solvent ex-
change process he used a combination of ethylene glycol and methanol or
used methanol alone. Although he felt that the solvent exchange proce-
dure still needed to be established he realized that the mechanical stability
of the membranes obtained by different solvent(/qxchange procedures were
affected. He studied the performance of the dried membranes by mecasur-
ing the permeation rates of hydrogen, helium, methane, nitrogen, ethylene
and argon through asymmetric membranes made of cellulose acetate, hy-
drolyzed cellulose acetate propionate, and polysulfone. These experiments
were conducted at room temperature for various operating pressures. This
work led to the development of a model for the permeation of single gases
- through porous membranes [66]. His model characterized 2 membrane in
view of pore structure and the surface transport of nitrogen. This charac-
terization was then used to predict the performance of permeability with
any gas.

Mazid et al. [47] used the same treatment and extended the model fur-
ther to deduce expressions for Suxes of component gases in a mixture of
two gases and relationships between separation factors and membrane char-
acterization are derived. He used the same method as above to produce
a cellulose acetate membrane. He measured the permeation rates of pure
helium as a function of operating pressure as reference gas for membrane
characterization. Helium was used instead of nitrogen because there is less
interaction with the membrane material and higher reliability of the he-,
Hum permeation data due to its higher permeability. The permeation and/
separation data of H,-CH, mixtures were obtained at different operating
pressures with different feed compositions.

Minhas et al. [49] investigated the effect of various solvents used in the
solvent exchange drying process on its performance in the separation of
H,-CH, gas mixtures. The separation factor and the product permeation
rate were also shown to be affected by process variables such as operating
pressure and the hydrogen mole fraction in the feed gas mixture. Again,
Minhas used helium as a reference gas for characterization. He found a wide
variation in both separation factors and permeation rates and contributed
the variation to different solvents used. The membrane dried with the
combination of isopropyl alcohol and hexane in the solvent exchange process
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performed the best. He also found that the number of stages involved.in the
drying process significantly affected the performance. It was found that for
membranes dried using the combination of isopropyl alcohol and hexane,
the two stage process worked best. He reported a separation factor of 28.0
and a permeation rate of 0.150 x10~* kmol/m?s for two stage isopropyl
alcohol-hexane at 2224.9 kPa. The feed gas mixture contained 0.883 mole
fraction of hydrogen. o
Many variables involved in the formation of membranes have been iden-
. tified. Evaporation period as well as conditions like room temperature and
relative humidity during the evaporation period need to be carefully con-
trolled, since they were found to affect membrane performance. Asymmet-
ric cellulose acetate membranes must be treated in hot water {tempering
or shrinking) in order to close imperfections in the active layer or to change
the structure of the polymer matrix, thus improving the selectivity [67].
. The shrinkage temperature is an important variable. Finally, the mem-
brane drying method is an extremely important variable. The solvents
used and the number of stages used can result in wide variations, as shown

by Minhas.
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Experimental

This section describes the preparation and drying of cellulose acetate mem-
branes. A polymer solution is mixed, cast on a glass plate and gelled in
cold water. The membrane is then immersed in a water bath at various
shrinkage temperatures. The solvent exchange technique involved immer-
sion of the membrane in two solvents. The membrane is then air dried to
produce a gas separation membrane which is placed in a testing cell. A gas
mixture is fed into the cell. The flux of the retentate and the composition
determined using a gas chromatograph is monitored and is used to evalu-
ate the membranes. The membranes used in this study were made by the
National Research Council.

3.1 Membrane Preparation

A solution was made of the following components (weight%): cellulose
acetate (Eastman 398-3) 17%, acetone (A.C.S. standard) 69.2%, magne-
sium perchlorate (Anachemia, A.C.S. standard) 1.45%, and distilled water
12.35% [59]. The solution was cooled and stored at a constant temperature
of 10 °C. The casting room was kept at a constant temperature of 30 °C.
The relative humidity of the room was maintained at 65%. This was to
keep the rate of acetone evaporation constant.

The solution was then cast with a metal bar (doctor blade) onto a glass
plate to produce a thin uniform film. The metal bar left a gap between the
glass plate and the blade. The film, still on the glass plate, was gelled in
distilled ice water after sixty seconds of solvent evaporation time. The film
was left in the gelation bath for one hour after which time it was either
stored in fresh distilled water or cut into coupons immediately. This step is

29
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Figure 3.1: Schematic Diagram for the Preparation of Dry Cellulose Acetate
Memkt.ranes by the Solvent Exchange Technique. '
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called casting and is represented by stage I of Figure'3.1. At this stage, the
membranes were very stable and could be kept immersed in water for up to
a year without adverse effects [87]. The pores result from water displacing
solvent and/or additive held within the polymer solution as it solidifies. A
network of pores through the membrane was formed by the solvent being
replaced by the water in the bath. Membranes made in this way become
asymmetric in structure. The cross-section may be divided into two distinct
regions: a thin, dense skin layer on the one side which gives the membrane
its selectivity (ability to separate); underneath the skin a porous support
layer exists to give mechanical strength to the membrane.

The wet membranes were cut into circles of 3 inch diameter, called
coupons. Usually, 6 to 25 coupons were cut from each membrane sheet.
The circles were cut so that pin holes, air bubbles, rips, tears and any
other kinds of irreégularities were avoided. The membranes produced were
approximately 0.15 mm thick.

Stage II (Figure 3.1) is shrinking and was accomplished in the follo“. ing
manner. The coupons were shrunk by immersion into a water bath at differ-
ent temperatures (70-90 °C) for ten minutes. They were shrunk at various
temperatures in order to obtain different average pore sizes and pore size
distributions. The coupons were selected randomly for each temperature
so that the differences due to location of the coupon and differences from
different membrane sheets were masked.

The coupons were then dried using a multiple-stage solvent exchange
drying technique. The shrunken coupons were selected randomly and di-
vided so that two coupons from each temperature would be allocated for
cach solvent combination. The remaining coupons were left to be wet tested
(see Section 3.2).

In this drying.technique, water in the membrane is first replaced by a
water miscible solvent (called the “first solwent”) which is 2 non-solvent for
the membrane magerial. This is seen as stage III of Figure 3.1. The first
solvent is then replaced by a second solvent which is volatile, stage IV in
Figure 3.1. The second solvent is subsequently air evaporated to obtain the
dry membrane. A number of different solvents were used. First solvents
used were methanol and ethanol, and second solvents were hexane, carbon
disulfide, triethyl amine and isopropyl ether (to provide a variation in boil-
ing points and solvent molecular size). Thus, eight solvent combinations
were employed. All solvents were from BDH Chemicals, and met A.C.S.
specifications under the category of analytical reagents.

The replacement of water in the membrane by the first solvent was

~

/

-



CHAPTER 3. EXPERIMENTAL ‘ 32

done by successive immersion, for twenty four hours, in first solvent-water
solutions which were progressively more concentrated in the first solvent.
Four stage replacement was used, with 25, 50, 75 and 100 volume% aqueous
solutions of the first solvent. On-~e the water was completely replaced by
the first solvent, the coupons were immersed in 100% second solvent for a
period of twenty four hours. The coupons were removed from the second
solvent in a fume hood. Each coupon was taken out of the solvent, placed
between two filter papers, and then placed.in a dessicator with silica gel.
Handling of coupons was minimized to avoid damage. Gloves or tongs were
used as protective measures for harmful solvents. All the solvent exchanges
were done at room temperature.

Coupons were léit to be dried at room temperature for at least two

weeks, seen as the last part of Figure 3.1. This was stmply a set period.

and no actual tests were done to check that the solvents were completely

“evaporated or not. The use of different solvents in the drying procedure
resulted in membranes with a further difference in average pore sizes and
pore size distributions.

3.2 Wet Membrane Testing'

Wet membrane testing involved obtaining pure tvater permeation rates and
salt (NaCl) separation data for coupons that were shrunk at different trm-
neratures, before they were solvent exchanged. The testing was donc us-
ing liquid reverse osmosis cells. The standard for pure water permeation
rates and salt separation cellulose acetate membranes was established at
NRC laboratories {S8] by taking an average of several results for a partic-
ular salt concentration (3500 ppm) in the feed at a particular operating
pressure (1724 kPa). Pure water permeation rate versus separation fac-
tor was plotted and compared to the standard curve. The purpose of wet
membrane testing is to show whether there is any significant deviation of
permeation rate or separation factor of membranes from standard cellulose
acetate membranes. ~

3.3. Gas Testing Equipment

The e juipment and the experimental procedure have been reperted previ-
ously [A6]. A detailed diagram of the flat sheet (coupon) gas testing ccll is
shown i1 Figure 3.2. The characteristic dimensipns were as follows: The
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upper part of the cell, part (A), consisted of 2 1 1 in. standard pipe size of
# 18-8 stainless steel. This basic chamber had a helght of 12  in. and was
connected to an inlet and outlet, each being § in. stainless steel tubes 2 in.
long. The lower part of the cell, part (E), was basically a stainless steel disc
of 4 in. diameter attached to an outlet. Also a small stainless steel porous
disc, part (D), from Pall (Canada) ltd. was necessary to give support to
the coupons. Within the gas system. eight of these gas cells were used as
shown in Figure 3.3. They weze all connected using 316 stainless steel § in.
piping and stainless steel swagelok valves and fittings.

3.4 Installation of Coupons

The gas cells were detached from the system at the inlet of part (A). Each
cell was disassembled by removing the six bolts on the bottom of part (E).
The surface of part (E) and the lower surface of part (A) was clezned with
acetone. The two O rings were removed from the lower surface of part
(A) and were also cleaned with acetone. Using three small pieces of tape,
a Tem diameter filter paper was attached to parts (D) and (E). A coupon
was selected randomly for testing: coupons with visible pinholes or rips were
discarded. The coupon was placed on top of the attached filter paper with
the skin layer facing up. Using a second filter paper to hold the coupon in
place, the coupon wa.s\attachcq using six small pieces of tape. Note that
the second filter paper was not attached. Part (A) with the O rings in place
was put on top of the lower part. This was done so that the direction of the
inlet on part (A) faced away from the direction of the outlet on part (E).
Once the upper part of the cell was placed on the coupon, it'was not moved
again to prevent tearing of the coupon. Bolts were replaced and tightened.
‘The cell was reconnected into the gas system. This was done for seven of
the eight cells (One cell was left empty so that gas fowing through it was
considered as feed gas.) Helium was passed through the apparatus at 345
kPa. and all fittings were checked for leaks using a leak detection solution.
Flowrates were checked to ensure that none of the coupons were broken.
A broken coupon was obvious due to extremely high permeation flows, not
measurable with the bubble meters. If a broken coupon was found, that
particular cell was removed and the coupon replaced. Once no leaks were
found at 345 kPa., the pressure was increased to 689 kPa. and again tested
for ieaks and broken coupons. This was also done at 1034, 1379, 1724 and
2068 kPa. At 2068 kPa., the helium gas was allowed to flow through for
approximately 2-3 hours. The flow to the feed line was then shut off. The
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gas was released from the cells and the coupous were left to relax overnight
at atmc(uspheric pressure.

3.5 Test Pro cedurL

All the cells were isolated from the feed gas line. The gas cylinder was
opened to 345 kPa and all cells were fliushed with the feed gas mixture
of carbon dioxide and methane, or the pure components. This was done
by opening the inlet valve to allow feed gas into the cell, and then closing
it. The outlet valve was opened to allow gas to escape. When the gas
stopped flowing out, this valve was closed so that air would not fiow back
into the cell. This procedure was repeated once more before the feed gas
was allowed to satyrate the cell. The mole fraction of carbon dioxide in
the feed gas was varied from 0.9 to 0.1. Pure carbon dioxide, methane and
helium gases were measured for permeation rate only. All the experiments
were conducted at roommtemperature and the feed pressure was varied in
the range of 345 to 2088 kPa. This is considered to be the operating
pressure. At each pressure, the fecd gas mixture or pure component was
allowed to flow until the system reached steady state, approximately 30 to
45 minutes. The permeate flow was measured by soap bubble meters and
analyzed using a Spectra-Physics SP7100 gas chromatograph equipped with
a Porapak Q column. The gas chromatograph was connected to a Spectra-
Physics SP4290 integrator which was connected to a terminal, usimg—the
Labnet software package (Figure 3.3). The accuracy of the analysis of the
same sample from the gas chromatograph was &= <1.0%. All of the gases -
(pure and mixed by vendor) were obtained from Mathesor Canada with 2
specific purity of 99.9%. .



Chapter 4

Results and Discussion

The resités are presented and discussed in the following manner. The ex-
perime test conditions and variables are given. General trends derived
from average results are qualitatively discussed. These trénds are discussed
and are shown in the specific case of the membrane shrunk at 70 °C with a
solvent combination of methanol~IPE. A pore formation mechanism is pro-
posed and experimental evidence is presented to support this hypothesis.

4.1 Experimental Data

All of the experimental variables studied are listed below.

The membrane formation variables are:
- Temperature: 70, 75, 80, 85, 90°C
First Solvent: methanol, ethanol .
ond solvent: carbon disulfide (CS,), isopropyl ether (IPE),
' triethyl amire (TEA), hexane :

When the coupons were tested, they were each given a coupon number.
The first number stands for the set number. Six sets of experiments were
conducted. ‘Each set was tested with three pure gases, five gas mixtures
at six different operating pressures. The second number stands for the
cell number. In Table 4.1, it is shown how the coupon number is related
to the membrane formation variebles (shrinkage temperature, first solvent
and second solvent).

The operating variables used are:
Pure Gases: helium, methane, carbon dioxide

37
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Gas Mixtures: 10, 20, 50, 80, 90 % CH,{remaining is CO-2)
Pressure: 235, 345, 689, 1034, 1379, 1724, 2068 kPa
(37, 80, 100, 150, 200, 250, 300 psia}

The ‘results are shown in Thbles B.1 to B.24 in the appendix. The
purpose of the study was to explore soivent drving, to detect Yeends and
to identify arcas of promise for future studics. From the data, permeation
cocfficients and separation factors were calculated as measures of membrane
performance. The permeation cocfficient is defined as the flux divided by
the area of the membrane and operating pressure. The separation factor is
calculated using Equation 2.21.

Runs with pure gases comprising of helium, methane and carbon dioxide
at six different pressufes were used to evaluate the membrane character-
istics. Results using helium gas at six different pressures were used to
determine the four characteristic paramecters needed to use the Surface-
Force-Pore-Flow model. Results using the other two gases were used to
reveal that the two gases have different transport mechanisms. They were
also used as an indication of the two possible extremes for this particular
gas system.

Runs with gas mixtures of methane and carbon dioxide at six different
pressures were used to measire scparation factors and permeation coef-
ficients tor evaluate the effects of solvent exchange with various solvents.
These values were also compared to the values predicted using ti:» Surface-
Force-Pore-Flow model.

4.2 Collective Membrane Results

The average results generally indicate that the separation factor increases
vith a decrease in permeation coefficient; the relationship is shown in Fig-
ure 4.1. Because separation is related to the pore size of the membrane, one
can assume that at lower permeation cocfficient values pore size is small
and contributes to gas separation. It is because of this that one can discard
the methanol-CS; membranes (1-5 and 5-7); they have unusually high per-
meation coefficients and low separation factors. A separation factor of one
indicates no separation, thus one can conclude that these two membrancs
do not have a suitable pore size.

Because of the large amount of data and its inherent scatter, it was
deciled to evaluate the main variables using average values obtained in the
expe.iments. Preliminary examination indicated that it was best to con-
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sider each membrane separately and determine its average response (l.e.
separation factor and permeation coefficient). This reduction in data is
summarized on twelve figures, Figufrcs 4.3 through 4.13, six for each first
solvent system. Separation factors and permeation coefficients were plotted
for each solvent system as a function of temperature, pressure and compo-
sition. The average valucs of permeation coefficient do not include results
from pure gas runs. This approach was useful in identifying trends within
each first-second solvent membrane.

For the methanol-hexane combination, all permeation coefficients for
the membranes shrunk at a particular shrinkage temperature were summed
and divided by the total number of points to give the average permecation
. cocfficient. This was plotted in Figure 4.2 and is represented by the square
symbol. Similarly, the other curves would be averages at each particular
temperature for the other solvent combinations. Averages of all the data
were taken in this way and are presented-in Figures 4.2 through 4.13. The
curves within the figures are there only to connect the points to make them
more visible, and are not in any way a model or a fit.

‘The major variables in the experimental design were shrinkage temper-
ature and drying solvent combination. This is confirmed if one examincs
Figures 4.2 through 4.7 for the methanol system and Figures 4.8 through
4.13 for the ethanol system. The important observation from these figurcs
is the order of the curves on the figure. If one excludes the methanol-CS.
membranes in Figures 4.2 to 4.7, the remaining results indicate that the
higher the boiling point of the second solvent the greater the permeation
coeficient and the less the separation factor. This is observed for both
first~solvent systerms. This observation will be discussed later.

Figure 4.2 shows that the shrinkage temperature is an important vari-
able, especially for the solvent combinations methanol-IPE and methanol-
TEA. At the lower shrinkage temperature, the solvent combination methanol-
TEA gave a very low permeation value which then increased with the
shrinkage temperature. The corresponding separation factor decreased with
an increase in shrinkage temperature, Figure 4.3. There is 2 steep drop in
the permeation coefficient for methanol-IPE at 90°C. This may be due to
that the shrinkage temperature being too high, which leads to a collapse in
the pore structure. The pore radius that is left is small and non-functional,
hence 2 low flowrate and a low separation factor was observed. The other
two second solvents had similar but weaker trends.

In Figure 4.4, it is seen that there is only a slight increase in permeation
coefficicnt with pressure. All average values of permeation coefficient were



- CHAPTER ¢. RESULTS AND DISCUSSION | a4

10 >
0 ———— \Mecthanol-hexane (68.8)

9 -
Q — Methanol~IPE (88.0)

‘afb & ==-===-- Methanol—TEA (88.5) F
oL LRELEEREESEEE Methanol-CS, (46.5)

- L

8 -

+

Permeation Coefficient, kmol/s.m?.Pa
[+]
T

Shrinkage Temperature, °C

Figure 4.2: Average Permeation Coefficient x10'! versus Shrinkage Tem-
perature for Methanol Solvent Membranes. The numbers within the brack-
ets indicate the second solvent boiling point.
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approximately the same, around 1.0x10™!" kmol/s.m?.Pa. The separation
factor decreased with an increase in pressure, Figure 4.5.

Figures 4.6 and 4.7, show that both permeation coefficient and sepa-
ration factor decrease slightly with an increase in mole percent methane.
This small change may be due to the plasticization of the membrane by
carbon dioxide [51] (more plasticization occurs with a higher concentration
of carbon dioxide gas iu the feed gas, CO.-membrane interaction).

Figures 4.§ through 4.13 gontain experimental results for ethanol as the
first solvent. Comparing Figures 4.8 and 4.9, the trend of a high permeation
cocfficient with a low separation factor and vice-versa is apparent for the
combinations with hexane and TEA as the second solvents. The permcation
coefficient increased and the separation factor decreased with shrinkage
‘temperat;ge

The permeation coefficients increased slightly and the scpa.ra.tlon factors
decreased with an increase in pressure shown in Figures 4.10 and 4.11.

In Figures 4.12-and 4,13, both permeation coefficients and separation
factors decreased with the Tacrease in mole percent methane, the exception
being the ethanol-TEA membrane where they increased.

Figures 4.2 and 4.3 for methanol and Figures 4.8 and 4.9 for ethanol
indicate the extent of the variation of separation factor and permeation
coefficient with shrinkage temperature. Generally, as the temperatire is
increased the permeation coefficient increases and the separation factor
decreases. This indicates an increase in pore size. This observation is
consistent for the methanol membranes but may not be true for the ethanol
membranes. For example, the ethanol-CS, membranes may go through a
maximum at 80 °C and the ethanol-IPE membranes may exhibit an increase
in separation factor and decrease in permeatien coefﬁcient as the shrinkage
temperature increases.

Two solvent combinations produced the best membranes with respect to
permeation coefficient and separation factor; methanol-IPE and ethanol-
hexane. Membranes shrunk at 70 °C were the best in each series. The trend

of results indicate that a lower shrinkage temperature might even produce
a better membrane.

4.3 Single Membrane Results

The individual membrane resuits of the specific case of membrane 1-1
{methanol-IPE, 70°C) are discussed below. This membrane was one of
the best membranes produced in the study. The variation with pressurc

-

ot
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and composition of separation factors and permeation coefficients are shown
in Figures 4.14 through 4.17. The other solvent combinations show similar
trends with higher degrees of variability. In Figure 4.14, the permeation
cocflicient either increased or stayed constant with increasing pressure. It is
observed that the permeation coefficient of carbon dioxide is greater than
that of methane and jncreases with increasing pressure. Methane has a
much lower permeation coefficient which does not increase with pressure.
Permeation coefficients for mixtures of the pure gases fall between the pure
component curves. These results indicate that the mechamsm for carbon
dioxide transport through the membrane is different from that of methane.

In Figure 4.15, the variation of the permeation coefficient is large for
pure CO; (i.e. 0 % CH,). The permeation coefficient is very close to zero
for pure CH,. _ '

The results plotted in Figure 4.16 indicate that the separation factor
decreases with increasing pressure. The results plotted in Figure 4.17 the
separation factor is independent of gas composition.

Minhas et al. {52] studied the separation of the same gases using sol-
vent dried cellulose acetate membranes and did similar experiments. He
found that the permeabilities of both pure carbon dioxide and methane
increased with increasing feed pressure. The rate of increase in the carbon
dioxide case was greater due to carbon dioxide interaction (plasticization)
with cellulose acetate. The membrane is not damaged and this effect is
reversible. Due to the above, the separation factor, defined as the ratio
of carbon dioxide to methane permeabilities at a particular pressure, will
increase with an increase in pressure. The permeabilities of individual com-
ponents in the mixtures were found to be different from those of the pure
components. The fact that the presence of one component will infiluence
‘the other components must be taken into account. ,

Another possible explanation of the decrease in separation factor with
an increase in pressure is that the pressure exerted on the membrane resulis
in a stretching of the pores or a loosening of the polymer matrix. This in
turn allows more gas to flow through (higher permeation coefficients) and
a loss in separation (lower separation factors).
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4.4 Pore Formation Mechanism

4.4.1 Theory

" It is conjectured that the pores on the membrane surface changes during

shrinking and the solvent exchange process. The term pore size refers to
the size of the pore on the surface of the membrane. Figure 4.18 shows
four stages with their corresponding pore sizes. It is assumed that pore
sizes are identical (i.e. there is little or no variation of pore size in mak-
ing the membrane sheets) on coupons before they are shrunk. By varving
the temperature of the water bath in which the coupons are shrunk, dif-
ferent water-wet membrane pore sizes are created. The higher the bath
temperature the smaller the resulting pore size.

¢ Pore size (I) corresponds to the pore size on the water wet membranes
that have been shrunk at various temperatures.

o Pore size (II) corresponds to the pore size of the membranes after the
replacement of water by the first solvent.

e Pore size (III) corresponds to the pore size of the membrane after the

replacement of the first solvent by the second solvent.
\

o Pore size (IV) corresponds to the pore size of the evaporated and dry
membrane.

Lui [39] describes the pore formation mechanism using the following five
basic assumptions.

1. The separation factor increases with a decrease in pore size (IV) (pore
size on the surface of the dry membrane).

o

The pore size on the water-wet membrane (pore size (1)) decreases
with an increase in the shrinkage temperature.

3. The pore size on the membrane after first solvent replacement, (pore
size (II}), increases with an increase in the molecular size of the alco-
bol.

4. There 1s a critical value of pore size (II) from which the smallest pore
size (IV) is produced. Pore size (IV) becomes larger as the deviation
from this critical pore size (II) gets large.
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Figure 4.18: Four Stages Affecting Pore Sizes.
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5. The critical value of pore size (II) ¥gpends on and is unique to the
- second solvent and this vaiue increases with an increase in the boiling
point of the se¢pnd solvent. '

In Figure 4.19, seven membranes are shown with different pore sizes. As
shrinkage temperature increases, pore size (II) decreases. For a particular
first solvent, pore size (I) has the same relative sizes as pore size (IT). Also
seen is membrane 4 which corresponds to the membrane with the smallest
pore size (IV). This is-where the highest separation factors were observed.
For a particular second solvent, there is a unique critical pore size (II).
These critical pore sizes increase with an increase in boiling point of the
second solvent. Any deviation from the critical value leads to a larger pore
size (IV). Also, the ranges of pore size (IV) are classified into four patterns,
a, 3, v and 4.

The pore size on-the membrane surface (active layer) is responsible
for selecting the flow mechanism of gas transport. It is the surface fow
mechanism that is significantly responsible for the separation of gases [47].
This mechanism takes place in all pore sizes however, when the pore size
becomes smaller, the surface flow contribution becomes greater. Thus sep-
‘aration increases as the size of the pores decrease. Nguyen et al. [44] found
that cellulose acetate materials formed small agregate pores in unshrunk
membranes and that the pore size determined using the Surface-Force-Pore-
Flow model indicated a decrease of pore size with shrinkage temperature
mncrease, explaining the second assumption. Farnand et al. (17,18] has re-
ported that for'a given membrane, separation in a water system was greater
than that of a methanol system, which in turn was greater than that in an
ethanol system. These results can be interpreted in terms of pore radius
as Fethanol > Rmethanol > Ruwater. Essentially, a small increase in the pore
size was found when water was replaced by methanol and a larger increasc
when replaced by ethanol. '

The presence of a critical pore size (II) implies that there are two oppos-
ing effects on the final pore size. At the critical pore size (II) the resulting
pore size (IV) is the minimum attainable with a specific second solvent. For
the pore size (II} greater or less than the critical, the resulting pore size -
(IV) is greater. This first effect can be explained as follows. Pores within
the membrane shrink proportionally when the same second solvent is evap-
orated thus, a decrease in pore size (II) will result in 2 decrease in pore size
(IV). The other effect is explained in the following. It is known that when
a capillary pore of 2 small diameter is filled by a liquid a negative pressure
prevails in the pore and a force is exerted on the capillary wall to decrease
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. the pore size [33]. This is particularly true when the liquid can wet the
* membrane surface effectively. When the liquid is taken away rapidly under
these circumstances, the pore size is reduced, and the pore may completely
collapse. When the liquid is removed slowly, on the other hand, the pore
size may retain the initial value. Briefly, the degree of the reduction in
the pore size depends on the speed of removing the liquid from inside the
pore. This speed further depends on the diffusion rate of the liquid through
the pore which is governed by the size of the pore. When the pore size is
large, the liquid diffusion rate in the poreis rapid and the degree of pore
size reduction is greater. The pore filling liquid corresponds to the second
solvent and is removed by evaporation in this work. Thus we may expect
a larger degree of pore size reduction resulted from a larger pore size (II)
according to the above mechanism.

Furthermore, when the boiling point of the second solvent increases, the
driving force applied on the second solvent to be removed from the pore is
lowered. Therefore, in order to obtain a sufficiently high diffusion rate, the
pore size must be larger. As a consequence, the same degree of pore size
reduction can be achieved only for a greater pore size (II). This results in
the shift of the critical value in the pore size (II) to a greater value.

As 2 consequence, of this mechanism one would expect the separation
factor to exhibit ammaximum and the permeation coefficient to exhibit a
minimum. with respect to shrinkage temperature. The location of these
curves on a plot would depend on the molecular size of the first solvent and
the boiling point of the second solvent. For a given first solvent the maxi-
mum separation factor would shift to the left with inereasing boiling points
of the second solvent. Different first solvents for the same second solvent
would shift the maximum to the right going from methanol to ethanol.

4.4.2 Experimental Evidence of Theory

In the following section, the results will be discussed in terms of the above
mechanism proposed by Lui. It is proposed that second solvents with low
boiling points gave smaller pores and hence a lower permeation coefficient
(as stated in assumption 5) [39]. Noting that the IPE and hexarie solvents
have similar boiling points, seen in Figure 4.6, the hexane and IPE curves
have a lower permeation coefficient than the TEA curve. In Figure 4.7,
higher separation factors occur with lower second solvent boiling points
(i.e. IPE (68.0 °C) has a higher value thar TEA (89.5 °C)). This also
follows the general rule that permeation is low for a high separation factor.
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“ The orders of the second solvents were the same as in Figures 4.4 and 4.5.
\F'figure 4.9 shows the separation factor results obtained for etharol as the
st solvent. According to assumption 2, a shrinkage temperature increase
can be represented by a decreasing scale of pore size (I). Since only one
first solvent was used this scale can also be represented by a decreasing
pore size (II). Also from Figure 4.9, the critical pore size (II) of CS; which
. results in the highest separation factor, and hence the smallest pore size
(IV), according to assumption one, occurs around 80°C. CS. has 2 boiling
point of 46.5°C. The boiling point is 65.8°C for hexane, and the shrinkage
temperature at which the highest separation factor occurred was below
. T0°C. Extrapolating further, the highest separation factor for TEA ocenrred
1 below 70°C, and TEA boiling point is §9.5°C. The exception is ethanol-IPE
with a boiling point of 68.0°C. The highest separation should occur at a
shrinkage temperature kelow or around 70°C. This appears not to be the
case for ethanol-FE. Ad analysis of variance in the Appendix Errors, was
performed showing that shrinkage temperature was a significant variable in
spite of scatter in the data. The trend is that the shrinkage temperature at
which the highest separation factor is obtained shifts from a higher value
to a lower one as the boiling point of the second solvent is increased. This

is consistent with assumptions 4 and 3.

As postulated above, the lower second solvent boiling po!‘q_g vield lower
permeation coefficients. This is shown very eflectively in Figure 4.10. This
order is inverted for separation factor and follows the general rule, as shov-n
in Figlre 4.11.

The'third assumption can be tested by ‘plotting separation factors versus
pore size (II) for both first solvents, for the same second solvents. Figures
4.20 to 4.22 are actual data where the operating conditions are 10 mole per-
cent methane in feed at an operating pressure of 345 kPa absolute. Data
from Minhas et al. [52], using isopropanol as the first solvent, has been
added to these graphs to further show the effect of first solvent molecu-
lar size. This data was collected with an operating pressure of 2200 kPa
absolute. Isopropanol is the largest molecule, then the ethanol molecule
is larger than.methanol, and in the same way, pore size (II) is larger for
the Tsopropanol case then ethanol and methanol, in that order. This is
illustrated in Figure 4.20, which_shows separation factors for isopropanol,
ethanol and methanol for the second solvent CS;. A range of pore size
(I1) exists for each first solvent, since a range of shrinkage temperatures
are used. The critical pore size (II) which leads to the highest separation
factor is produced at z shrinkage temperature around 80°C for isoprépanol
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as the first solvent. The critical pore size (II) which leads to the highest
separation factor when the membrane is dried, is in the middle of the range
covered by ethanol, see Figure 4.20. The constant separation factors ob-
tained for methanol as the first solvent is understandable when the pore
size (II) of these membranes are s1gmﬁcant1} less than tuhose of ethanol.
Similarly Figures 4.21 through 4.22 refer to different second solvents and
show similar trends.

The shapes of separation factor for metharol and ethanol are repre-
sented in Figure 4.23. These shapes are classified inito four patterns a, 3, v
and ¢ which were illustrated in Figure 4.19. The combinations of solvents
determine the shape of the curves. The patterns are defined as:

1. Pattern a:-(Methanol-CS;) The membrane pore size (11) is the smadl-
est. However, there is little pore size reduction during the solvent

evaporation process and as a result the largest pore size (IV) is pro-
duced.

Pattern 8: (Methanol- IPE and Ethanol-Hexane) The pore sizes (IIj
are on the nght side of the critical pore size. The pore size (IV)
decreases as the shrinkage temperature decreases.

1o

3. Pattern v: (Ethanol-CS,) The pore sizes (II) passes the critical pore
- size. The pore size.(IV) decreases as the shrinkage temperature de-
creases.

4. Pattern §: (Ethanol-IPE) The pore size (II) is on the left side of the
critical pore size. The pore size Increases as shrinkage temperature
decreases.
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Table 4.1: Coupon Numbers

First Shrinkage Second Solvents
Solvents  Temperature Coupon Numbers
Used *C [ IPE TEA hexane
Methanol 70 - 1-1 i-4 2-8
75 15 12 - 6-7
80 - 4-6 1-3 5-3
85 . 0T 4-7 4-3 2-4
90 - 4-4 45 5-6
Ethanol 70 6-3 2-3. 66 2-6
5 5-5,6-2 25 6-8 1-6,4-1
80 27 - - 5-1
35 G-4 -3 61 -
90 -4 2-2 52  6-54-2

[ ]

-



Chapter 5
Conclusions

Over the range of variables tested, the following conclusions can be drawn. .
Average responses of separation factor and permeation coefficient of each
membrane revealed trends adequately. Shrinkage temperature, first and
second solvents were major variables. The results indicated that separa-
tion factor varies inversely with the permeation coefficient. Methanol-IPE
and ethanol-hexane are the solvent combinations that produced the best
membranes. Generally, as shrinkage temperature increased, permeation
coefficient increased and separation factor decreased.

The membrane methanol-IPE with a shrinkage temperature of 70 °C
was one of the best membranes. Results show that permeation of CQ, is
greater than CHy and increases much more as pressure is mncreased. Sepa-
ration factor decreased with increased pressure.

The results seem to support the proposed mechanism. A critical value
of pore size (II) on the surface of the first solvent membrane exists. This
critical value is achieved through shrinking and first solvent replacement.
It also results in the smallest pore size (IV) on the surface of the final dry
membrane which gives the highest separation factor. The critical pore size
depends mainly on the boiling point of the second solvent, and to a lesser
extent on the molecular size of the first solvent.



Chépi}er 6
Recommendations

The experiments should be done in a2 more defined manner. Perhaps a
factorial design could be used to determine the amount of error. Shrinkage
temperatures at a lower range should be investigated (i.e. at a temperature
lower than 70 °C). Other solvents, using the solvent exchange technique,
could be used to further confirm the theory proposed. A specific solvent
composition such as metharol-IPE should be thoroughly investigated so as
to eliminate the solvent exchange as a variable and to understand fully the
effects of shrinkage temperature and to confirm the theory proposed.

-1
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Nomenclature

A

Aa
Ae
Cr

N(R)

)

constant for a given membrane related to porous structure,
-3
m”.

constant related to surface transport, kmol/m3s Pa®.
gas permeability coecfficient, kmol/m?®sPa.

coefficient of resistance for transport of adsorbed molecules,
kmol/s m>.

mean speed of gas molecules, m/s.
coliision diameter, m.

a physicochemical constant.

a physicochemical constant.

a physicochemical constant.
quantities defined in thesis, 7 = 1. 5.

flux of gas i, kmol/m?s.

constant representing gas adsorption equilibrium.
molecular weight of gas 7, kg/kmol.

Avogadro number.

number of pores having a radius R, m™.

total number of pores.

mean pressure across the membrane, Pa.
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Nomenclature

[PR]

&

83

total permeation rate of the gas mixture, kmol/m?s.
pore radius, m.

mean pore radius, m.

gas constant, m® Pa/I kmol.

membrane area, m-.

separation factor for mixture of gas 1 and 2.
absolute temperature, K.

mole fraction of gas 1.

Greek symbols:

&

Pepp

-3

&

radius correction factor. a costant for gas 7 for a given
membrane material, m.

equivalent thickness of the membrane.

mean free path of gas. m.

apparent density of the membrane, kg/m?>.
standard deviation for the pore size distribution, m.
tortuosity factor for the pores.

characteristic parameter, called the relative surface trans-
port coefficient(= (A2);/(A2)ret), related to gas—membrane
interaction.



Appendix A

Errors

A.1 Discussion of Error

A.1.1 Errors in Membrane Testing

Once the coupons were placed within the system, the gas testing was done.
If the outlet gas was injected by hand into the gas chromatograph, there
would be human error involved. The autosampler eliminated most of this.
The average of two readings were used to make this error even smaller.
There would be a very small amount of error due to the variation in the
feed gas composition. The feed gas mixtures were analyzed by Mathelgm
to a two decimal accuracy. Any variation in the gas compositions would
affect the separation factor, and is the most sensitive source of error.

The flowrates were found using soap bubble meters. There would be a
small variation due to.the uniformity in the diameter of the meters. Also,
the shorter the time to take the flowrate reading, the less accurate it would
be. More error was involved when reading low flowrates. To reduce the
error involved in reading the flowrates, an accurate stop watch was used, the
readings were thirty seconds or longer, and an average of three readings were
used. A variation in the flowrates would affect the permeatxon coefficient
directly.

Since high pressure regulators were often used, the pressure was hard to
regulate. Slow leaks would also lead to minor errors. This variation would
affect the permeation coefficient d1rcct1'v The pressure could be read from
the regulator with an error of 3.4 kPa (5 psi).

A small amount of error would also be introduced due to variation of
the ambient temperature and’ pressure. These would affect the study of
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gases; however it was felt to be a minor variation.

Sensitivity of Separation Factor to Gas Analysis

The analysis of separation factor is more sensitive for higher mole fractions
of carbon dioxide in the feed. The following calculations illustrate the
sensitivity.

g (Neoy/Xendr 1 [Keo /(1= Xco,)le
[(Xco./Xeulr  [Xco,/(1—Xeo)le ¢
_ |1 =Xco, Xeo, '
- [ Xco L{l -’Lc&] i (+1)
ol e
dXco. p Xco, 1—Xco|p
Conditions one are when:
Xco., = 0.90 (A.3)
Xco., = 0.99 o (A.4)
171142
dsS = 5(5) =1,111d.¥co=‘p (.5;5)

Conditions two are when:

-YCO”- = 0.10 ‘ (A.0)
Xco,, = 0.50 | (A7)
S = 9(%)’:3(3&.3{00,_;, (A.8)

-0

The ratio of the first to the second conditions is 36 times more sensitive.

This indicates more variation of separation factors at low % CH; (high
% COz2) in the feed gas. This scatter can be seen in Figure 4.16. The 10
and 20 % CH, curves, denoted by the square and circle, have more scatter
than the other three-curves. Also, the points on the left hand side of Figure
4.17 contains more scatter than the points on the right hand side.

A.1.2 Errors in Wet Membrane Manufacture

There was a certain amount of error due to making the cellulose acetate
casting solution. However, error was limited to the accuracy of measuring

-
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out the chemicals. Variations can occur simply due to the way the mem-
brane sheet was cast. Casting must be done as uniformly as possible (i.e.
spreading the solution at a constant rate across the glass plate}. Even when
this is done, variations from one sheet to another will occur due to changes
in the solution temperature and equipment (glass plate and doctor’s blade)
and the room temperature and humidity. These variations can be reduced
by making a whole batch at one time. Variations can also be reduced if the
evaporation time before gelation, the temperature of the gelation bath and
the amount of time in the gelation bath were kept identical for cach sheet
(i.e. use of accurate stop watches).

The sheet was then cut into coupons. At this point, the coupons with
obvious pinholes or bubbles were rejected. This was done with the naked eye
on top of a light board. Each of the coupons were then randomly selected
and placed in a water bath at five different temperatures. Experimental |
error arose here due to reading the bath temperature within 1°C. The
duration of immersion was ten minutes and again, it is important to be
accurate, : .

A wet test can be performed to ensure that the pure water permeation
(i.c. the pore size) of cach coupon was comparable to standards. This
wet test was done on a few of the coupons and was then considered to be
repgesentative of 2 homogenous batch. I

A.1.3 Errors in Drying Membranes

The shrunk coupons were put into separate jars for solvent exchange at
room temperature. Each particular solvent combiration would be done
as a batch, thus eliminating error within any solvent combination. Each
solvent exchange or step took one day to reach equilibrium. The coupons
were then left in a dessicator to be air dried. Variations due to the reagents,
time or temperature in this stage would be small.

A.2 Estimation of Coupon Variation

The experimental design consisted of a possible 40 sequences of five shrizk-
ing temperatures, two first solvents and four second solvents (5 x 2 x /#).
Because of the nature of the experiment, a membrane coupon could énly
be tested in one sequence. Not all sequences were included in this work and
only three were duplicated, and then only in the sense that two coupons
were procclssed in parallel through three sequences. The duplicates were
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membranes 5-5 and 6-2, Tables B.T and B.23, and membranss 1-6 and 4-1
plus 6-5 and 4-2 in Tables B.8 and B.24. These results are the only di-
rect evidence of the variation of observations due to wet-membrane coupon
variation. A statistical analysis on some of these results yielded a coupon
standard variation of about 1.5 and 0.8 x10~!! for the separation factor
and the permeation coeficient respectively. The corresponding error stan-
dard variation was lower and estimated to be about 0.32 and 0.15 x10-11,
An estimate of the residual error of the methanol-IPE series of membrane
gives a residual standar@ deviation of 0.84 for the separation factor and
0.42 x107" for the permeation cocflicient. These estimates include the
deviation due to the coupon. These two sources give order-of-magnitude
agreement and support the interpretation of the trends in Figures 4.20, 4.21
and 4.22 concerning the pore formation mechanism.

Fa
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Analysis of variance for ethanol-CS. separation factor at 75°C '

and 345 kPa.

.ERRORS

,%paration factors
s

. coupon
_% CH; | 3-5 6-2
10 2.716 1.640

20 3.000 1.204
50 2.026 1.301
S0 2.347 1.360

Analysis of variance

source sum square  degrees  varance | ratio 1% 5% |
residual  of freedom
coupon 2.626 1 2626 | 248 34 10.1
composition 0.333 3 0.111 1.05 -
residual 0.317 3 0.106
global 3.276 7 0.463

Ccoupon = 1.0

Cerror = 0.33
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Analysis of variance for ethanol-CS, permeation coefficient,

x10Mat 75°C and 345 kPa.

Permeation coefficients

coupon
%CH; | 55 6-2
10 0.994 1.530
20, | 0.874 1.330
S0 0.575 1.230
S0 0.427 1.140

Analysis of variance .

source sum square  degrees  variance

o residual  of freedom

coupon 0.7081 1 0.7081 | 23.5
composition 0.2035 3 0.0678 | 2.44

residual 0.0833 3 0.0278

global 0.9949 7 0.143

Terror = U.17
Teoupon = 0.84

[
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Analysis of variance for ethanol-hexane separation factor at 75°C’
and 345 kPa. »
Separation factors
coupon
%CH, | 1-6 4-1
10 2.904 41.138

£
20 2.042 3.503
) 30 2.784 3.375
S0 11957 2.498
Analvsis of variance
source sum square  degrees  variance |ratio 1% . 5%
residual  of freedom
coupon - 1.828 1 1.828 172 34 10.1
composition 1.772 3 0.591 5.6
restdual 0.317 3 0.106
. global 3.7 T 0.560
Cerror = 0.32
Teoupon = 1.35
{
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Analysis:of variance for ethanol-hexane permeation coefficient
x10"at 75°C and 345 kPa.

Permeation coefficients

coupon

% CHy-| 1-6 4-1
10 0.725 0.242
20 0.862 0.187
50 0.832 0.143
80 0.436 0.105

Analvsis of variance

source sum square  degrees  variance | ratio 1%
residual of freedom
‘ cqupclrbg 0.5929 1 0.5929 | 409 34
COmposItion 0.0800 3 0.0267 1.8 25
residual 0.0436 3 0.0145 { 1
" global 0.7165 T 0.1024
. g Cerror = 0.12

Analysis of variance for methanol-IPE separation factors Results
from Table B.2 were used.

Analysis of variance

source sum square  degrees  variance |
of freedom
temperature | 1026.391 4 256.598
pressure 22.094 4 5.524
composition 4.412 3 1.471
residual 62.655 88 0.7120
global -1115.552 99 11.268

Cerror = 0.84

<a



APPENDIX A. ERRORS

Analysis of variance for methanol-IPE permeation

x10'". Results ,f(‘om Table B.18 were used.
Analysis of variance
source sum square  degrees  variance
of freedom

temperature 134.482 4 33.621

- pressure ~0.774 4 0.193
composition 13.224 3 4.408
residual 15.828 88 0.1799

"global 164.308 99 1.66

Terror = 0.42

coeflicient
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s

Table B.1: Separat:on Factors for Methanol-Triethyl Amine Membranes

/

N

on Methane-Carbon Dioxide Gas Mixtures

-

Composition  Pressure Shrinkage
Mole Percent Temperature
Methane kPa °C
70 BO . 85 90
Coupon Number
_ 1-4 1-3 4-3 45
10 255 14130 1307 - _ -
345 4.546 1626 2047 1.492
689 - - 1723 1310
. 1034 3.772 1431 1.182 1.039
1379 3.008 1318 1.755 1.262
1724 3.468 1.130 1.392 -l.111
2068 | 3.179 0908 - -
.20 345 | 4464 1174 Y1749 1.358
~ 689 4.655 1174 1491 1.195
1034 | 3.618 1371 1.350 1.108
1379 3.139  1.296 1.223 1.037
1724 2,821 1.267 1.212 1.010
2068 3.424 1312 1.117  0.967
30 345 5.7538 1.540 1479 1.203
689 3.011 1.196 1.432 1.178
1034 [ 3.063 1.183 1.257 1.064
1379 2.641 1168 1.070 0.965
1724 2430 1.125 1.339 1.071
2068 2.131 1.136 1.148 0.978
80 345 3419 1240 1468 1.132
689 2.807 1.125 1.261 1.014
1034 2.610 1.160 1.100 0.937
1379 2464 1.117 1.056 0.938
1724 2.286 1.151 1217 1.017
2068 | 2.143 1.097 1.060 0.958
90 345 4.017 1.321 - -
689 2.731 1118 - -
1034 2.354 1.074 - -
1379 2.081 1.034 - -
1724 1.891 1.078 - -
2068 2.006 1.056 - -
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Table B.2: Separation Factors for \Iethanol—lsopropxl Ether Membranes

on Methane-Carbon Dioxide Gas Mixtures

Composition  Pressure Shrinkage
Mole Pereent Temperature
Methane kPa °C
70 5 30 89 90
Coupon Number
1-1 1-2 4-6 4-7 4-4
10 345 - | 10530 1.640 5.130 1.185 1.766
689 10.716 2932 4313 1.176 1.542
1034 10.5397 2.071 - 2.511 1.046 1.400
1379 8.724 1677 3.911 1.226 144l
1724 10.665 1.880 3.106 1.123 1.356
2068 5.160 2442 - - -
20 345 141153 2230 4.434 1.051 1.706
689 9.674 1.670 3.767 1..02¢ 1.529
1034 12,130 2.615 3.182 1.026 1.426
1379 8.634 1.871 2.5389 1020 1.341
1724 7.004 1761 2347 1.004 1.318
2068 10.781 2.691 2,110 1.003 1.003
30 345 11,534 3.315 3.358 1.045 1.666
< 689- | 10323 2.958 3.173 1.142 1397
1034 8.450 2.291 2.669 1.092 1.335
1379 7.975 2,168 1.945 1020 1.247
1724 7.880 1.900 2.780 1.015 1.239
2068 5723  1.661 2.237 0.986 1.206
80 345 12,192 2,343, 2987 1.013 1.720
689 10.237 2.095 2.572 0.989 1479
1034 8.232 2246 2.104 0982 1.342
1379 8.151 2036 1.883 0.974 1.263
1724 7.279 2086 1.883 1.020 1.229
. 2068 6.070 1.752 1.882 0.978 1.168
.
90 345 10.752 2.506 - - -
. 689 $5.848 2,123 - - -
N 1034 7.174  1.881 - - -
N 1379 5.698 1.715 - - -
‘ 1724 | 5.162 1647 - - ~
J'\ 2068 6.242 1.856 - - -
/
L

1;{(
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“Table B.3: Separation Factors for Methanol-Carbon Disulfide Membranes ——

on Methane—Carbon Dioxide Gas Mixtures

Composition  Pressure Shrinkage
Mole percent Temperature
Methane kPa °C
75 35
N Coupon Number
1-5 5-7
10 345 0.936 0.985
639 0.870 0.918
1034 1.048 0.871
1379 1.009 0.920
1724 1.012 0.894
2068 1.037 0.886
20 345 1.002 0.995
689 1.157 0.967
1034 1.039 0.964
L1379 1.078 0.974
1724 1.011 .= 0.996
2068 1.023 -
30 345 - | 0.969 0.773
689 1.026 0.373
1034 1.043 0.763
1379 | 0.995 0.767
1724 1.059 0.757
2068 1.032 0.769
30 345 1.019 0.992
G589 1.013 0.955
1034 1.031 0.981
1379 1.015 0.958
1724 1.007 0.959
= 2068 0.596 0.977
90 345 1.037 1.004
639 0.985 1.028
1034 0.9% 0.977
1379 0.956 1.018
1724 0.954 0.921
2068 0.977 0.971
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" Table B.4: Sep'ara.ﬁion Factors for Methanol-Hexane Membranes
on Mecthane-Carbon Dioxide Gas Mixtures -

+

Composition  Pressure Shrinkage
Mole Percent Temperature
Methane kPa °C

. 70 73 50 85 40
Coupon Numbers

2-8 6-7 53 2-4 5-6

- 10 345 3.854 2,957 2102 3.843 3.152
689 3.199 3.107 2430 3.181 3.445

1034 2,398 2483 2460 2.722 2.920
1379 2.683 2908 2796 2.502 3.261
1724 - 2424 2.859 - 2.930
2068 2.38¢ 1735 2591 2120 2291

20 3435 3360 2391 2285 3.360 -
639 2.840 2554 2201 2.760 2.776
1034 3.220 2253 2250 3.090 2.687
1379 2710 2126 2.617 2440 3.256
1724 2580 2406 3.028 2.200 3.542
~ 2068 2.850 1.887 - 2.800 -
50 345 1.985 1.681 2183 2173

2.325
689 2,230 2.024 1633 2.261 1.926
1034 2.709 2.018 1.606 2.748 1.789
1379 2249 2323 1516 2282 1.606
1724 1.991 2354 1.5300 2.185 1.543
2068 1.660 1.907 1755 1.896 1.809

80 345 3.070 2.134 2.072 2.660 2513
689 2.340 1980 1.939 2.410 2.266
1034 2.470 1.668 1.901 2.280 2.047
1379 2.500 - 1.585 1.786 2.710 1..798
1724 1.930 1.579 1.668 1.930 1.647
2068 1.690 1.439 1.894 1.630 1.962

90 345 2.320 2.193 2.059 2.730 2.521
689 1.930 2.154 1917 1.925 2438
1034 2200 2043 1930 2170 2.141
1379 1.900 1.887 1.797 1.890 2.012
1724 1.610 1.494 1.801 1.700 1.887
2068 2.030 1.671 1.805 1.910 1.695
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Table B.5: Separation Factors for Ethanol-Triet
on Methane-Carbon Dioxide Gas Mixtures

*\

Composition  Rressure

Shrinkage
Mole Percent Temperature
Methane kPa °C
P 70 75 85 90
+* Coupon Number
6-6 68 61 52
10 315 1.014 2755 1.070 2.031
689 1.018 2707 1.021 2031
1034 ] 0.996 2311 0.991 1.649
1379 | 1.037 2585 1.096 1.889
1724 | 1.021 2.162 1.042 1.692
2068 {0981 1335 0992 1.340
: » 20 345 0.889 2.255 0.841 1.818
v 639 0.935 2227 1016 1.515
1034 | 0.916 2.037 0.977 1.426
\ 1379 1 0.922 1977 0.942 1.690
: 1724 | 0.945 1615 0.986 1.844
] 2068 | 0.922 1416 0917 -
-
50 345 0.972 - 1.970 0.888 1.304"
639 0.994 1917 0.970 1.109
1034 -—-1.003- 1.841 0.999 1.021
1379 | 1032 2106 1.061 0.930
1724 | 1.044 2072 1012 0.919
2068 [ 1.011 1459 1.014 1.091
80 345 0.998 2043 1.021 1.549
689 1.020 1.835 1.024 1.337
1034 1 0.995 1.639 0960 1.219
1379 | 0.967 1.47T 0.989 1.125
1724 | 1.002 1315 0962 1.069
2068 | 0.966 1.169 0.924 1.261
90 345 1037 2111 1.022 1.800°
689 1.078 -1.951 1.094 1.615
1034 | 1.030 1.9I11 1.022 1.332
1379 | 1.090 1.759 1.052 1.309
1724 | 0.983 1.232 0995 1.249
2068 ! 1.028 -1.270 1.016 1.151

o3
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S # Table B.6: Separation Factors for Ethanol-Isopropyl Ether Membranes
‘ }_,'i" v on Methane-Carbon Dioxide Gas Mixtures
- . . | Composition Pressure ¢ Shrinkage
L Mole Percent Temperature
i Methane kPa °C
70 50 35 S0
Coupon Number

2.3 2-3 1-8 2-2
10 345 2,892 2085 5.773 4.642
689 2503 1.784 3342 4.074
1034 2084 1.615  3.942 3.682
1379 1986 1470 2.555 3.342

1724 |7 - - 3.1580 -
2068 | 1.946 1.385 1.670 2.688
20 345 2,350 1.860 4.059 4.130
689 1.890 1.590 3.105 3.500
1034 1,730 1.840 3.354 3.830
— ) 1379 2,150 1.520 2.627 3.350
\Va 1724 1.810 1.450 1.946 2.930

2063 2.030 1.570 3.120 3.350 |

50 345 1.492 1.218 5511 1918
689 1.665 1.331 2.850 3.340
1034 1.834 1.583 3.000 3.270
1379 1.592 1.3t13 2.098 2915
1724 1.523 1.228 2225 2.561
2068 1.457 1.165 1.772 2.178
80 345 1.580 1.620 3.719 2.522
689 1.370 1330 2793 2.2%4
1034 1.350 1.440 2646 2.3%4
1379 1.760 1.540 2201 2.665
1724 1.320 1.180 2346 2.074
2008 1,220 1.110 1.622 1.763
90 345 1.530 1450 3.618 1.910
689 1.160 1.140 2.610 1.490
1034 1.240 1.390 2.162 1.620
1379 1.150 1.140 1.874 1.410
1724 1,120 1.050 1.646 1.240
2068 1,120 1.230 1.968 1.500
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Table B.T: Separation Factors for Ethanol-Carbon Disulfide Membra.ncs
on Methane-Carbon Dioxide Gas Mixtures

Composition  Pressure Shrinkage
Mole Percent Temperature
Methane kPa °C
70 ) 75 80 85 90
Coupon Number

6-3 35 6-2 2-7 6-4 34
10 345 2210 2716 1.640 6.128 3.384 2.376
- 6389 2128 2650 1.638 5.206 3.330 2.814
> 1034 1649 2350 1476 4.291 2633 2.134
1379 1774 2578 1655 3.784 2918 2.521
1724 1511 2485 1.469 - 2.635 2.193
2063 1.245 2,193 1427 3.087 2.185 1.599
20 345 1.626 3.000 1.204 5.780 2.131 2.772
G39 L1851 2499 1357 4.690 2.301 2.270
1034 1.592 2312 1297 4770 2.128 2072
1379 | 1402 2536 1.235 3.640 2.164 - 2.610
T 1724 1.550 2736 1.345 3.220 2.214 2718

2068 1.294 - 1.190 4.180 1.885 -
30 345 1.573 2.026. 1.301 3.975 2227 1.837
G89 1451 1763 1.284 4.068 2.065 1.509
1034 1.405 1.595 1.303 4.321 2.8%0 1.355
. 1379 1661 1476 1.407 3.346 2.265 1.195
1724 1577 1420 1392 2.821 2213 1.165
2068 . | 1.337 1.565 1.280 2.321 1.888 1.434
80 345 1726 2347 1.360 5.560 2.226 2.198
689 1493 2077 1275 4.440 1.985 1.858
1034 [7E321 1.844 1173 4490 1.698 1.628
1379 1178 1.641 1.140 4.230 1.574 1.410
1724 L.205 1.500 1.169 2.780 1.641 1.301
2068 1131 1L.706 1.113 2.250 1.440 1.644
90 345 1689 2252 1435 4.340 2248 2.244
689 1.686 2.041 1312 3400 2.182 2.018
1034 1.499 1908 1.356 4.410 1.877 1.782
\\ 1379 1424 1.686 1.203 3.050 1.806 1.548
:!/ 1724 1.261 1.605 1.152 2.530 1.553 1.518
— 2068 1.288 1.482 1212 3320 1.656 1.342
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Table B.8: Separation Factors for Ethanol-Hexane Membranes
on Methane—Carbon Dioxide Gas Mixtures

Composition  Pressure | —— Shrinkage
Mole Percent Temperature
Methane kPa °C
70 (5] I 80 90 90
Coupon Number !
2-6 1-6 4-1 31 6-5 4-2
10 345 9.300 2.904 4.138 4.005 1171 1.035
689 8636 1.678 3.537 3.821 1173 1.029
1034 8932 1939 3.099 3643 1067 0993
1379 9208 1.562 3.374 3.78¢ 11589 1.017
1724 - 1763 3.101 3.889 1.060 1.007
2068 7.747 1215 - 3.642 1.058 -
20 345 8050 2.042 3.503 4.157 1011 0.995
639 §.490 1.082 2993 3.598 1.083 0.987
1034 9.700 1.789 2.803 3.354 1.040 0.996
1379 $.490 1.538 2593 3.233 2.164 0.995
1724 7700 1.202 2620 3.362 1.069 0.996
2068 9290 1.797 2475 - 0.973 0.996
50 345 6741 2.784 3.372 2639 1.006 0.998
639 7910 1.560 2464 2336 1.021 0.998
1034 9.521 1.643 2282 2170 1021 0.988
1379 §.025 1.315 2091 1992 1123 0.988
1724 7.09 1.287 2226 1915 1.146 0.992
2068 7013 1.181 2.046 2.062 1.053 0.981
80 345 4460 1.975 2498 3.086 11156 0.981
689 3550 1.516 2410 2738 1.022 0.991
1034 3500 1.504 2.095 2.504 1.017 0.960
1379 7.140 1.245 1947 2294 0.992 1.008
1724 6.020 1.366 1.951 2.086 1.002 0.985
2068 5430 1.151 1795 2.170 0.945 0.980
90 34y 3.500 2.012 - 2.835 1204 -
689 | 2690 3.000 - 2939 104l -
1034 3.120 1.294 - BET9 1047 -
1379 2930 1.207 - 2436 1.083 -
1724 2710 1.096 - 2,295 0.990 -
2068 2990 1.270 - 2234 0.960 -
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Table B.9: Pcrneation Coefficients for Methanol-Triethyl Amine Mem-
. branes with Pure Gases in kmol/s.m*.Pa

Pressure . Shrinkage
B Temperature
kPa °C
70 50 55 90
Coupon Number
1-4 1-3 43 45

Helium Gas
345 0.705x10~% 0.183x10= 0517x10-1  0.718x10-10
689 0.811x10-11  0.,209x10='9 0.623x10-%0 (.606x10~10
1034 0.932x1071  0.246x10-1° 0.598%10-1° (.760x 10-10
1379 0.105x10~%0  0.267x10™'° 0.570x10-'° 0.702x10-1°
1724 0.111x1071°  0.278x107'° 0.532x10-!9 0.646x10~1°
206§ 0.117x10~1° 0.203x10-!° 0.503x10-%° 0.973x10-1°

- Carbon Dioxide Gas

345 0.459x10~*"  0.87axI0-TT 0.237x10-° 0.306%10-10
689 0.581x10%1  0.124x10=' (.226x10-%¢ 0.312x10-19
1034 0.703x107  0.137x10-™  0.261x10-9 0.361x10~10
1379 0.955x107  D.176x10-1° 0.278x10-1° (.389% 1010
1794 0.113x10-10 0.194%1071%  0.337x107° . 0.461x10~1P
2068 0.139x107%° 0,222 10-1° 0.417x10~%° (.567x10-1°

: Methane Ga.':
343 0.149% 10" 0.847x10=T 0.162x10-10 0.281x10- 8
639 0.152x107%  0.856x 0! 0.166x10-%9 0.282x10-190
1034 - - 0.170x1071°  (.302x10-10
1379 0.204x10711  0.126x107!° (.182x10-!° 0.332x10-1°
1724 0.215x107  0.135x10-'1% (0.207x10-!° (.388x10-1°
2068 0.236x1073  0.146x1071° 0.214x10-1° (0.401x10-1°
-
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Table B.10: Permeation Coefficients for Methanoi-Isopropyl Ether Mem-
branes with Phire Gases in kmol/s.m> Pa
Pressure A Shrinkage
. Temperature
kPa °C
i 70 75 50 85 90,
o Coupon Number
- 1-1 1-2 4-6 4-7 +4
Helium Gas
345 0.160x107%  0.224x10~1 0.253x10-1 0.971x10-10 0.208x10-
639 0.174x10=!0  0.247x107'° 0.285x10~1°0 0.918x10-'% 0.321x10-!! |
1034 0.194x10-%0  0.281x1071° 0.331x10~1° 0.788x%10-1% (.384x10-1
. 1379 0.203x107!0  0.308x10-%® 0.354x10-19 0.712x10-1% '0.441x10-1!
N 1794 0.212x1071%  0.328x10-1° 0.371x10-'0 0.645x10~'° 0.497x10-1!
2068 0.217x1071%  0.324x10-%° 0.397x10-'9 0.938x10~1° 0.54Tx10-1!
Carbon Dioxide Gas
315 0.906x10="  0.109%x10°T (.140x 10~ 0.442x10-1° 0.266x10-T
689 0.110x2071°  0.149x10-!% 0.159x 107 0.418x10~10 (.268x10-1!
1034 0.144x107%  0.162x1071° 0.194x10"*% 0.431x10-1° 0.336x10-!!
1379 0.190x10-%%  0.210x10-'° 0.222x10~!0 0.444x10-1% 0Q.332x10-1!
1724 0.227x1071%  0.234x10~%% 0.262x10-1° 0471x10~'° 0.363x10-!!
2068 |70.264x107'°  0.266x107!° (.348x10710 0.408x10-1° (.454x10-1!
Mctl:ar}g Gas
345 0.316x10-17  0.352x10-°7  0.330%x10~TT 0.708x10-T0 0.240x10-T%
639 0.432x1071%  0.430x10~  0.349x 10" 0.600x10-!% 0.269x10-!!
1034 - 0.475x10-1  0.390x 10~ 0.584x10-1° (.310x10-'!
1379 0.642x10~!%  0.542x10™1  0.436x10~11 0.58Tx10-!° 0.343x10-1%
1724 0.684x1071%  0.553x10-  0.487x10™!! 0.619x10=1° 0.403x10-1!
2068 | 0.749x10°1*  0.675x10-Y  0.526x10~!! 0.610x10~1° —0.432x10-1!

|

.ﬁ?"‘/
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Table B.11: Permeation Coeficients for Methanol-Carbon Disulfide Mem-

branes with Pure Gases in kmol/s.m?.Pa

Pressure Shrinkage
Temperature
kPa °C
75 835
Coupon Number
1-5 57
Helium Gas
345 0.121%10-%  0,131x10~%
639 0.119x10-%  0.141x10-0°
i 1034 0.120x 1079  0.152%x10-0°
137 0.118x107%"  0.168%x10~°"
1724 | 0.118x10-%  0.181x10-0°
2068 | 0.117x10=%"  0.187x10-0°
Carbon Dioxide Gas
345 - 0.689x 10~
639 - 0.576x 1010
1034 - -
1379 - 0.613x10-10
1724 - -
2068 - 0.696x 1010
Methane Gas
345 0.719x 1071 (0.105x 10~
689 0.692x10™1%  (.105x10-0?
1034 0.639x 10=1¢  0,103x10-9°
1379 | 0.657x 10~ (.109x10-0?
1524 0.563x 10719 0.109x19-0°
2068 0.683x10™1%  (.11Tx10~99
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Table B.12: Permeation Coefficients for Methanol-Hexane Membranes with
Pure Gases in kmol/s.m*.Pa

Pressure

_ Shrinkage
Temperature
kPa °C
70 ) 30 33 90
v * Coupon .Number
2-8 6-7 5-3 2.4 56
I}clium Gas
345 0.248%x10-10  0.48Tx10-"% (.121x10-T 0.458x10~*Y 0.330x10™1¢
639 0.203x 1019 0.565x10~1¢ 0.133x10-!° 0.528x10~'% (.355%x10"%9
1034 | 0.318x10=10 0.590x10-%° (0.141x10='0 (Q.534x10~i% 0.372x10~%0
1379 | 0.250x107° 0.626x10=1° 0.149x10~!% 0.450x10-'°® 0.402x10-1°
1724 | 0.320x1071°  0.632x107%¢  0.158x10"'° 0.531x10~1° 0.429x10~1°
2068 | 0.335%10~1°  0.638x10~'° 0.170x10~!% 0.557Tx10-1° 0.452x10~1°
Carbon Dioxide Gas
345 0.994%10-17 0.202x10~- 0 Q.531x1071T 0.168x10-" 0.122x10°1°
689 0.121x10~10  0.246x10™%° 0.612x10-'% 0.212x107'%  0.206x107%°
1034 | 0.146x1071° 0.260x10-'° .0.329x10~''  0.2550-10 -
C1379 1 0.149x1070  0.313x1071°  0.876x10-1  0.262x10-? 0.230x10-1°
1724 0.193x10-%0  (.423x10-10 - 0.346x10~10 -
2068 0.226x10-1%  0.454x1071° 0.111x10~% 0.415x10~'? (Q.291x10-1
Methane Gas
345 0.353x10~%"  0.667x10-T 0.267x10-7F 0.451x10-10  0.417x10-*
689 0.300x10-:1  0.763x10-1  0.287Tx10-! 0.486x10~Y 0.471x10-1
1034 0.425x10-11  0.854x10~'" 0.201x10~'' 0.516x10-1* (.498x10-!!
1379 | 0.480x10°11  0.926x10~%! 0.317x10~'! 0.584x10-%' 0.562x10-1!
1724 | 0.497x10~!* 0.995x10-%' 0.319x10~*' 0.591x10-** 0.590x10-!!
2068 | 0.521x10-!! (0.108x10-'® 0.343x10~!! 0.650x10~!! 0.649x10~!!
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Table B.13: Permeation Coefficients for Ethanol-Triethyl Amine Mem-
branes with Pure Gases in kmol/s.m?*.Pa

Pressure Shrinkage
Temperature

kPa °C

70 70 75 35 90

Coupon Number
2-1 6-6 6-3 6-1 52
Helium Gas
345 0.291x107%"  0.469%10~*Y (0256x10-° 0.865x10-1¥ 0.4l7x10-©
639 0.274x107%  0.5353x107!% 0.305x10-1° (.111x10-°° 0.466x10~10
1034 | 0.245x107% 0.561x107%0 0.332x107!° 0Q.117x10-°° 0.506x10-1°
1379. | 0.232x107%  0.380x1071° 0.37Ix10*° '0.125x10-%% (.528x10~1°
1724 0.142x10"%  0.577x10~!% 0.381x10~'® 0.131x10~9% 0.553x10-1°
2068 | 0.136x10-%  0.581x10-!1° 0.391x10~1° 0.138x10~%" 0.561x10-10
Carbon Dioxide Gas
345 0.622x 10" 0.222x1077 (0.126x10-1° 0.483x10-19 0.179x10-1°
689 0.517x1071° 0.212x107'% 0.157x107'° 0.532x10~'° 0.183x10-T°
1034 | 0.451x107%% 0.203x107'° 0.165x107%° 0.5326x10-1° (.297x10-10
1379 0.384x10='%  0.287x10~'° (0.199x10-1° (Q.572x10-1° 0.261x10-10
1724 _ 1 0.371x1071°  0.326x10™1°  0.270x1071° 0.722x10-:° -

2068 | 0.393x10-!° 0.329x107'° 0.336x10~!° (0.700x10~'° 0.337x10-1°

_ Methane Gas '/._
345 0.103x10"%  0.427x107'0 0.536x10~17 0.926x10-1° 0.125x:0-°
689 0.687x1071° 0.420x10-!% 0.641x10~!! 0.848x10-1° (.145x10-10
1034 | 0.543x10°!0  0.422x10-197 U670%X 1071 (0.890x10-10 0.149x10~10
1379 | 0.473x1071%  0.433x10-1° 0.747x10~! 0.880x10-° 0.169x10-:°
1724 0.432x1071°  0.440x10-1° 0.815x10~!' 0.922x10~° 0.176x10-1°
2068 | 0.378x107!°  (0.445x10~'° (0.142x10~1° 0.937x10-:% 0.193x1Q-10

—————
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Table B.14: Permeation Coefficients for Ethanol-Isopropyi Ether Mem-
branes with Pure Gases in kmol/s.m*.Pa -

Pressure Shrinkage
, Temperature
kPa | © °C
70 50 ) 90
Coupon Number
2.3 2.5 1-3 2.2
Helium Gas
345 0.704x10-® 0.619%10-™ 0.149x10=%  0.569x10=*"
689 0:808x10~:¢  0.707x10-1° 0.170x10™1 (.646x10719
1034 | 0.842%10-10 0.744x10-%% 0.201x107° 0.672x1071°
1379 0.875x10-19  (0.733x10~1°. 0.216x10-1% 0.593x10-1°
1724 | 0.913x10-1¢ 0.771x107'9 0.227x1071° 0.663x10~1¢
2065 | 0.946x10-1° 0.806x%10~° (0.234x10-1° 0.683x10~*°
Carbon Dioxide Gas
Y 345 ] 0211x10-7% 0.2I4x107°  0.116x107*" 0.189x 1017
| 689 0.279x10°1°  0.270x107'° 0.141x107° 0.238x10~1°
1034 0.342x10~1%  0.336x10-1° 0.172x107!° 0.293x107%°
1379 0.409%x10~10  0.360x10-1° 0.218x10~*¢ 0.317x10~1°
C1724 0.524x10-10  0.463x10-'® 0.250x10-1° 0.408x10-'°
2063 0.630%10-1° 0.571x10-'° 0.360x10~'° 0.491x10~°
Methane Gas
345 0.152x10-™ 0.134x10-1 0.211x10-1T 0.930x10™"*
689 0.164x10-1°  0.146x10~10 0.265x10"!* 0.956x 107!
1034 0.175x10-19  0.162x10-1® 0.276x10-%! 0.111x107'°
1379 | 0.218x10~10 0.17Tx10-%° 0.340x10~'! 0.116x107*°
1724 0.297x 1019 0.192x10-1° 0.362x10-1* 0.123x107*°
2068 0.237x10-1°  0.204x10-!° 0.399x10-*! 0.132x107!°
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Table B.15: Permeation Coefficients for Ethanol-Carbon Disulfde Mem-

branes with Pure Gases in kmol/s.m? Pa

108

Pressure

Shrinkage
Temperature

kPa °C .

N 70 75 5 30 85 90

Coupon Number
6-3 5-3 6-2 2.7 6-4 5-4
Helium Gas
345 0.481x10="" 0.188%107T7 0.355%10~1° 0.348x10-10 0.230%xi0-1° 0344x10-10
689 0.617x101%  0.207x107° 0.458x10"1° (0.40Tx10~1° (0.284x10-'% (.390x10°
1034 | 0.634x1071%  0219x1071% 0.462x1071° 0.435x10°° 0.292x10-1° (0.493x10-1°
1379 | 0.653x1071% 0.236x10-1° 0.437x107¢ 0.281x10-1° (.322x10-10 (.468x10-10
1724 | 0.668x10™1% 0.254x107'°. 0.488x10739 0.414x10-'° 0.327x10-1% (0.511x10-10
2068 | 0.704x107%  0.27Ix107'% 0.498x10~1° 0.454x10~3° 0.333x10-1° 0.533x10-:°
Carbon Diexide Gas
345 0.237x 107" 0.915x 10717 " 0.168x 10~ 0.150x10-° 0.198x10-° 0.164%10-T0
689 0.259x107%%  0.956x10!! 0.185x10-%® 0.177x10~10 0.143x10~1° 0.180% 10-10
1034 0.283x107  0.132x107%% 0.188x1071° 0.216x10-1° 0.154x10-10 0.252x10-1°
1379 | 0.325x%1071%. 0.146x10-'° 0.188x10-'° 0.213x10-%° (.176x10-1° 0.278x]10~1°
1724 | 0.417x10~10 - 0.240x1071%  0.287x10-10 (.231x10-10 -
2068 | 0.445x107!%  0.186x107° 0.251x10~!° (.339x10-'° 0.239x10~!0 (.35Gx10=10
Methane Gas

345 0.112x107°Y  0.359x10°"T 0.120x10~-10 0.156x10~F 0.446x10-17 0.593x10-1"
689 0.125x10~1%  0.429x10-1!  0.129x10-'° 0.183x10~1 0.527x10~!! (.695% 10~1}
1034 - | 0.138x1071%  0.464x107'  0.142x10-1 0.198x10-% 0.567x10-!! Q.746x10-1!
1379 | 0.155x1071°  0.5346x107!  0.155x10"1  0.239x10-1! 0.652x10-!! 0.861x10-}!
1724 | 0.184x1071% 0.565x10-!'  0.169%10-1° 0.266x10-3 0.700x10~!' 0.902x10-!!
2068 0.199x1071°  0.653x10-!* 0.178x10~1° 0.286x10-! 0.769%x10~1! 0.10Gx 1010

&
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Table B.16: Permeation Coecficients for Ethanol-Hexane Membranes with

Pure Gases in kmol/s.m*.Pa

109

Pressure Shrinkage
Temperature
xPa °C
70 75 5 30 90 90
: Coupon Number
2-6 1-6 4-1 51 6-5 42
__Helium Gas
345 0.112x10-1® 0.134%10-° 0.460x10-11T 0.443x10~7T 0.944x10~'° 0.108x10~"
639 0.140x 10~  0.201x10-%¥ 0.533x10-!' 0.520x10~1! 0.113x10-%° 0.106x10-%°
1034 ° | 0.155x10-1° 0.243x10~1° 0.547x10"!!' 0.580x10-' 0.113x10%° 0.114x10~%°
1379 | 0.122x10-°  0.258x10-10 0.596x10-!' 0.626x10~'' 0.118x107°? 0.129%x107%*
1724 | 0.157x10-1% 0.272x10™10 0.646x10-%1  0.689x10~!  0.122x107%% 0.122x10~%
0068 | 0.171x 10710 0.279x10-1% 0.681x10-1 0.749x10~!! 0.124x10°°% 0.137x10-%°
t
Carbon Dioxide Gas

345 0635x10-1% 0.819x10- 1T 0.242x10- 7 0.268x10~" 0.452x10"1° 0.443x107""
659 0.728% 10~ 0.128x10-1° 0.273x10-!! 0.288x10~1' 0.465x107'°® 0.409x1071°
1034 | 0.897x10-!1  0.165x10-%° 0.309x10-!'  0.3200-11  0.509x107° 0.422x1071°
1379 | 0.925% 10~  0.210x10-10 0.338x10~! 0.462x10-%' 0.558x10~!° 0.458x10™1°
1724 | 0.121%10-1° 0.244x10-1° 0.308x10~' 0.509x10=1' 0.676x107%° 0.509x10-°
0068 | 0.153%10-1° 0.355x10-0 0.460%10~'! 0.645x10-!' 0.707x10~'° 0.577x10”1°

Methane Gas‘

»
345 ] 0.228x10-7 0.176x10-17 0915x10-= 0.993x10"% 0.373x10°1° 0.714x107""
689 0.151x 10~ 0.579%10-1  0.101x10~!' 0.109x1073 0.426x10-%° 0.709x107*°
1034 0.16Tx10-11  0.638x10~*1 0.116x10"!' 0.116x10~! 0.456x107° 0.760x10-*°
1379 | 0.175% 101! 0.860x10~1! 0.138x10-}! 0.140x10~} 0.493x10~° 0.834x1071°
1724 1 0.190x10-1!  0.931x10-% 0.153%10"1  0.146x10~ 0.535x10~!° 0.949x1071°
0068 | 0.10Tx10-1  0.105%10710 0.1653x10-1'  0.166x10~%  0.592x10~*° 0.980x10-1°

</“

¢

-
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Table B.17: Permeation Coefficients for Z\'Iethanol—Trieth}'l Amine Mem-
branes on Methane-Carbon Dioxide Gas Mixtures in kmol/s.m2.Pa

L™
Composition  Pressure Shrinkage
Mole Percent ) Temperature
Mecthane kPa °C’
=70~ 30 85 90
Coupon Number . .
1-4 \”»ﬁ\ 43. . 45|
10 345 1] 0.513x107 0.794x 107 0.285x1071° 0.316x 10710 ...
689 1 0.511x10=i  0.730x107!  0.249x10-30 0.337x10-10 0 -
1034 [ 0.586x10~!  0.132x 10" 0.267x10-° 0.356x10-19"]"" -
1379 [0.685x10™1  0.I51x1@°1° (0.281x10"1° (.398x10-1°
1724 | 0.823x10~M  0.172%10¢%° 0.280x10-10 (0.419x10-1°
2068 | 0.887x10-1! 0 42x10-1° - -
20 345 oﬁ'zoxm-;e 0.965x10=1}  0.215x10~1° (0.305x1Q-10
689 0.489x10™""  0.116x107!% 0.226x10-%° 0.325x10-10
1034 | 0.540x10-  0.125%10°10 (0.242x10-3° 0.356x10-10
1379 | 0.584x 107 0.140x10='°  0.260x10-'° (0.390x10-10
1724 | 0.606x10~11  0.153x10-1° 0.296x10-1° (.441x10-3°
2068 | 0.720x10"!1  0.159x10-%% 0.298x10-1° 0.450x10-1°
30 345 0.311x10-%  0.895x10~*!  0.154x10~1° (.243x10-19
. 689 0.239x10-%  0.990x10-'*  0.184x10-1% (.277x10-10
1034 | 0.270x107!"  0.107x101° (.183x10~%° (.292x10-10
1379 | 0.285x10™*  0.118x10"1° (.195x10-1° (.308x10-10
1724 | 0.307x10"""  0.125x1071°  0.210x10'° 0.346x10-1°
2068 | 0.329x10-!  (.134x10~1%  0.220x10-1% (.385x10-10
80 345 0.137x10~*"  0.767x 10711  0.144x10-'° 0.287x]0-10
689 0.173x10~!!  0.100x10~!° 0.170x10-1° (.318x10-10
1034 | 0.194x107'"  0.111x1071° (.180x10-!° (.199x10-10
1379 | 0.217x10~1  0.121x10710 (0.191x10-' (.224x10-10
1724 | 0.225x10°1  0.129x10-!° (0.137x10-%° 0.252x10-10
2068 | 0.240x10"  0.135x1071°  0.135%10-!° 0.288x1Q-10
90 345 0.127x107*  0.79Tx 101! - -
- 689 0.150x107*!  0.100x10~3° - -
1034 | 0.174x10~1 0.112x10-:¢ - -
1379 0.197x10-*  0.123x10-1® - -
1724 0.213x10-1  (.134x 10-!° - -
2068 | 0.232x10-*! -0.142x10-1° - -
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Table B.18: Permeation Coefficients for Methanol-Isopropy Ether Mem-
branes on Methane-Carbon Dioxide Gas Mixtures in kmol/s.m?Pa

1

r Composition  Pressure Shrinkage 4
Mole Percent Temperature
Methane kPa 5C
70 75 30 85 90
AR Coupon Number T _
1-1 1-2 46 47 4-4
10 345 0.746x10-17 0.108x10-10 0.150x10-1 0.375x10~1° 0.258x107*
689 0.844x10-11  0.123x10~'0 0.162x10~'¢ (0.334x10-%° 0.287x10"%!
1034 | 0.102x10~10 0.146x10~'° 0.174x10-1° 0.321x107'° 0.321x107% | ~
1379 | 0.112x10-1° 0.166x10~1° 0.185x10~0 0.332x10-1° 0.362x10-!! |
1724 | 0.147x10-1°  0.180x10-'° 0.190x10~!° 0.340x10~%° 0.352x10~%*
2068 | 0.152x10-'° 0.202x10-1° - - -
20 345 0.696x 10! 0.965x 10~ 0.121x10~10 0.499x10-%¢ 0.275x10"!
639 0.701x10-11  0.107x10-'° 0.124x10-%9 0.476x107%° 0.246x10"!}
@ 1034 | 0.841x10-!'  0.116x107° 0.135x1071° 0.470x1071° 0.328x10-!*
1379 | 0.876%10-11  0.123x10-'° 0.146x10-'° 0.483x10-1° 0.362x107!!
1724 | 0.872x10-1'  0.128x10~1° 0.173x1071° 0.479x10~!° 0.468x10™H
2068 | 0.115x1071° 0.142x107*° 0.165x1071° 0.486x107'¢ 0.409x107"!
50 345 0.337x10-'  0.645x107%!  0.618x10~!' 0.335x107!¢ 0.216x107%
689 0.268x10-1  0.517x10-11  0.746x107%  0.245x10~® 0.289x107'*
1034 | 0.306x10~1* 0.553x10~1! 0.760x10-'! 0.241x10~%% 0.296x107%!
1379 | 0.300x10-1! 0.579x10-%! 0.785x10~1 0.245x10~%° 0.328x1071*
1724 | 0.325%10-1'  0.600x10-!! 0.890x10~- 0.462x10-° 0.349x10"'!
. 2068 | 0.303x%10-1' 0.639x10~'' 0.950x10" (0.481x107'® 0.400x10"!*
80 345 0.110x10-! 0.320x10-*' 0.457x10~1* 0.387x10~!% 0.227x107%!
659 0.123x10~!'  0.391x10-** 0.523x10~!! 0.352x107° 0.304x107!*
1034 | 0.141x10~%  0.410x10~%! 0.536x10- 0.210x10~'° 0.260x10~!*
137" | 0.144x10-!'  0.437x1071* 0.571x10~'* 0.229x107'° 0.352x10"%!
1724 | 0.15T%10-1' D.461x10~}! 0.580x10~%! 0.260x107!° .0.368x10~':
2068 0.156x10-11  0.479x10~:1 0.626x10-1% 0.285x10-° 0.400x10"!!
90 345 0.681x10-1* (0.315x10-% - - -
689 0.804x10-'* 0.357Tx10"1! - - -
1034 | 0.922x10"1%  0.3§3x10-%! - - -
1379 | 0.989x10-!? 0413x10~%! ~ - -
1724 | 0.115x 101! 0.430x 10! - - -
2068 0.125% 10~1%  0.445% 10~} - - I




APPENDIX B. TABLES OF RESULTS

Table B.19: Permeation Coefficients for Methanol-Carbon Disulfidé Mem-
branes on Methane-Carbon Dioxide Gas Mixtures in kmol/s.m?.Pa

Composition  Pressure Shrinkage
Mole percent Temperature
Methane kPa “C
75 85
Ceoupon Number
jea 5-7
10 35 0.434x 10~ 0.673x10~F
689 | 0.43Tx10"1° (0.611x10-1°
1034 | 0.408x10~1° (Q.645x 1010
1379 | 0.409x10=*°  (.660x 1010
1724 | 0.400x10-10 0.673x10-1°
2068 | 0.398x10-1° (.724x 1010
20 345 0.410x10-1°  0.716x10~10
689 0.406x1071  0.593x10-10
1034 0.406%10-1% 0.731x 1010
1379 ] 0.409x10-10  (.754x10~10
1724 | 0.406x10™1° 0.814x10-1°
2068 | 0.406x 1010 -
50 345 0.484x10-1° (.830x10~1¢
689 0.497Tx 1019 (0.792x K-10
1034 | 0.485x10-1° (.817x10-10
1379 | 0.486x 101 (.870x10-1°
1724 | 0.476x10~0  §.880x10-1°
2068 | 0.478x10~%0  (.900x10~1°
80 345 0.533x10-%%  0.945x]0~1°
689 0.5348x10~10  (.872x1p~10
1034 | 0.564x10=1° (.904x10-10
1379 | 0.554x10~1° (.920x 10~1°
1724 | 0.562x10%  0.855x 10-10
2068 | 0.559x10-%0  0.101x10-°°
90 345 0.612x10~1% (.843x10~10
689 0.614x10-1¢ 0.829x10-1°
1034 * | 0.119x10~0  0.804x 10~10
1379 | 0.600x10-1° (Q.877x10-10
1724 | 0.598x10-1° 0.901x10-10
2068 | 0.606x10~!° (0.920x10-10
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Table B.20: Permeation Coefficients for Methanol-Hexane Membranes on

Methane-Carbon Dioxide Gas Mixtures in kmol/s.m?.Pa

113

Composition  Pressure - Shrinkage
Mole Percent Temperature |
Methane . kPa °C .
: 70 75 30 85 90
Coupon Numbers
2.8 6-T 5-3 2-4 56
10 345 0131x10-19 0.186x10"° 0.600x10-1% 0.236x10~-10 0.131x107"
639 0.122%10-10  0.233x10-10 0.585x 10~} 0.212x107%¢ 0.129x107%°
1034 | 0.124x10-19 0.241x10~!° 0.608x10"!! 0.224x10\2°\_g;]’.46x10‘1°
1379 | 0.128x10~%° ©0.290x10~'° 0.681x10~11 0.229x10~° “0T162x10"1°
~ 1724 - 0.301%10-1% 0.740x10~1! - 0.174x 1010
2068 0.140x 10-1° 0.310:-:1’0/“6 0.830%x10~11 0.248x10~%° (0.191x15%°
20 345 0.856x10~11  0.140x10-1° 0.563x10~% 0.159% 10710 -
689 0.923x 10~ 0.150%x10-'° 0.472x107%! 0.165x10~'% 10.108x1071°
1034 | 0.948x 10~} 0.165x10~'° 0.598x10-1' 0.167x107*° 0.129x10~'°
1379 | 0.101x10-10 0.178x10~'° 0.625x10~1 0.176x10~1° 0.145x10"'°
1724 | 0.106x10~1° 0.208x10-1° 0.734x10~!' 0.181x10"! 0.176x10~1°
2068 | 0.113x107'% 0.224x10"1° - 0.207x 10~ -
50 345 0.538x 10~  0.105%10~'° 0.433x10™! 0.871x10~'' 0.776x10~
689 0.572%x10-11  0.10Tx10-'° 0.401x10~1! 0.959x10~% 0.766x10"!!
1034 | 0.654x10-1  0.123x10~1° 0.405x10-11 0.107x10~!% 0.762x107!!
1379 0.671% 10~ 0.135%10~1° 0.431x10-! 0.108x10-!° 0.837x107%!
1724 | 0.667x10=!' 0.144x10-'¢ 0.437x10-!' 0.110x107'° 0.870x10~!
2068 | 0.683x10-1' 0.149x10-1° 0.458x10~% 0.116x107*° 0.994x10~*
80 345 0.455x10-1'  0:686x10~** 0.322x10-1% 0.625x10~'* 0.549x10~
639 047TTx10-1"  0.795%10~}  0.293x10~1 0.657x10"!' 0.530x107%*
1034 | 0.502x10-11  0.876x10~} 0.323x10~!! 0.703x107T! 0.578x107}!
1379 0.213x10~!!  0.908x10~! - 0.335x10~** -~ 0.612x% 10~
1724 | 0.131x10-!' 0.102x107%° 0.350x10-%1 0.329x10%!! 0.648x10~1*
2068 | 0.253x10-!' 0.108x10~*0 0.355x10"!! 0.543x10-'* 0.715x107*
90 345 0.340%10-11  0.668x10-1! 0.244x10-!11 0.486x10~** (0.441x107%
' 689 0.393x10-1' 0.736x10-!! 0.261x10-!! 0.520x10~!! 0.455x10"1
1034 _| 0.459x107!'  0.823x107} 0.259%10-1  0.624x10-1? 0.4T4x30~1*
1379 1 0.479%10-1  0.914x10-1! 0.284x10-}  0.647x107!!  0.530x107H
- 1724 0.541x10=!  0.100x107*° 0.294x10"*! 0.698x 107! 0.565x 10~ 1
2068 | 0.583x10-1 0.103x10-%° 0.313x10-% 0.762x10~! 0.635x107%!




APPENDIX B. TABLES OF RESULTS

. 114

——

Table B.21: Permecation Coefficients for Ethanol-Triethyl Amine Mem-
branes on Methane-Carbon Dioxide Gas Mixtures in kmol/s.mz.Pal

Shrinkage

Composition  Pressure
Mole Percent Temperature
Methane kPa °oC -
' 70 75 85 90
- Coupon Number
6-6 -8 6-1 5-2
10 345 0.300x107*  0.133x 107" 0578x10-° 0.189x10-10
689 | 0.289x107'¢ 0.146x1071° (0.623x10-° 0.159x 1010
1034 | 0.288x10%*%  0.158x1071% 0.647x10"10 0.188x10-10
1379 | 0.306x107%0  0.187x1071° 0.648x10-1® (.20Tx10-1¢
1724 | 0.313x1071°  (.198x10-1° 0.672x10-10 (.229x10-10
2068 | 0.335x1071%  0.276x10-!% 0.711x10-1° 0.253x10-10
20 345 0.303x10=1% .0.102x10™1° 0.624%10-:° (.177x10~10
639 0.306x10~1%  0.927x10~!  0.454x10~1° 0.152x10~10
1034 | 0.300x1071% 0.104x10-%° 0475x10-1° (.198x10-10
1379 | 0.310x1071°  0.117x10~° (0541%x10-19 0.216x10-1°
1724 0.318x10-1%  0.174x107'¢ 0.686x10~1° (.246x10-10
2068 | 0.333x107'% 0.199x10719 .733x10-10 -
50 345 0.330x 1010 0.788x10~'*. 0.655%x10~1° 0.14§x10~1°
689 0.316x10~1°  0.860x10~1! 0.664x10~1° (.149x10~1°
- 1034 | 0.333x1071% 0.875x10~!' 0.679x10-1° 0.162x10-10
NOI37¢ | 0.320x10710 0.952x101!  0.664x10-1°0 (0.177x 1010
1724 ] 0.326%1071° 0.137x10~% 0.883x10-1° (.183x10~1°
2068 | 0.338x10°1%  0.147x10~!° 0.871x10-'9 0.197x10-1°
.{ ————
80 345 0.380x107'°  0.491x10-!* 0.102x10-%° 0.132x10-30
689 0.388x10~1%  0.592x10~%' 0.920x10-1° 0.135x10-1°
1034 | 0.372x10710  0.654x10711  0.754x10~1° (.146x10-10
1379 | 0.370x10710  0.707x10"1  0.743x10-10 (.157x10-10
1724 ] 0.393x10~1%  0.123x10~1° 0.107x10-°% 0.169x%10~10
2068 | 0.382x10-1° (.130x10-:° 0.10Txi0~% 0.177x10-
90 345 0.408x107%%  0474x10~!! 0.928x10-'° 0.860x10-1!
589 0.403x1071%  0.566x10~!* 0.802x10-1° 0.100x10-!°
1034 | 0.396x10°1° 0.628x10-1! (0.786x10~% (.100x10-10
1379 ] 0.412%x10710 0.701x10°Y  0.825%10-19  0.123x10-10
1724} 0.414x10=1°  0.122x107%° 0.856%10-1° 0.128x 1010
2068 -| 0.425x10-1° (L126x10-° 0.908x 1010

0.137x 1010
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Table B.22: Permeation Coeficients for Ethanol-Isopropyl Ether Mem-
branes on Methane-Carbon Dioxide Gas Mixtures in kmol/s.m?.Pa |

Composition Pressure Shrinkage
Mole Percent Temperature
Mecthane kPa °C
70 30 85 90
Coupon Number

2-3 2-3 1-8 2-2
10 345 0.259%10-1° 0.209x10-1° 0.736x10~1T  0.100x10~°
689 0.258x10"*°  0.291x10=* 0.919x10~! 0.104x 1016

1034 | 0.316%10-1° 0.311x10-10 0.112x10~1%. 0.115x10710 |

1379 | 0.320%10-1°  0.332%10-1% 0.128x10~%*® 0.119x1071°

1724 - - 0.156x 1010 -
2068 | 0.372x10-1°  0.385x10"%° 0.165x107'° 0.143x107%°
20 345 0.196x10-1% 0.228x10-'¢ 0.726x10~%* 0.723x 10~
689 0.236x10-1°  0.237x10-1° 0.822x10"% 0.776x10-1
1034 | 0.237x10~1%  0.260x10~1° 0.964x10~*' 0.853x10"%!
1370 | 0.260%10-10  0.282x 10~ 0.103x10~'° 0.960x10~!
1724 0.286x10~10 0.298x10~1% 0.108x10~1° 0.985x10~%!
2068 0.314x10-1°  0.321x10-1° 0.132x10"%° 0.114x10-%°
50 345 0.141x10-1 0.176x10~!° 0.616x10~** 0.453x10-%!
689 0.173x10-1°  0.189x10"1° 0.418x10™*! 0.338x10"!!
1034 | 0.199%10-1° 0.204x10~'° 0:528x10~!* 0.506x10~1!
1379 | 0.208x10-1° 0.217x10~!° 0.514x10"!* 0.559x10-%!
1724 | 0.217x10-10 0.232x10-1° 0.553x10~!! 0.615x10-%
2068 | 0.229x10-10 0.251x10-t° 0.568x10-!! 0.625x10~*!
) 30 345 0.147x10-1%  0.156x10~!% 0.233x10~* 0.483x10"!
689 0.156x10~10 0.164%10~!° 0.313x10~*! 0.532x10-!
1034 0.180x10=1° 0.171x10-1° 0.373x10~'! 0.555x10~!
1379 | 0.988x10-1' 0.111x10~:¢ 0.387x107 0.370x10""
1724 | 0.985x10~} 0.106x1071° 0.441x10-'* 0.333x10- M
2068 | 0.117x10-1° 0.981x10~! 0.445x10-1' 0.437x10~1
90 345 0.132x10~1° 0.130x10-° 0.238x10~}* 0.873x10~
689 0.148x 1010 0.142x10-1° 0.300x10-%! 0.972x10~1*
1034 0.193%10-1° 0.162x10-1° 0.339x10-** (Q.110x10~
1379 0.208x10-° 0.179x 1010 0.372x10-!* 0.118x10"1°
1724 | 0.221x10710  0.199x10"%° 0.409x10~!' 0.130x10~™°
2068 | 0.237x10-1° 0.220x10-1° 0.442x10-'* 0.137x107°
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Table B.23: Permeation Coefficients for Ethanol-~Carbon Disulfide Mem-
brancs on Methane-Carbon Dioxide Gas Mixtures in kmol/s.m*.Pa

Composition  Presaure Shrinkage
Mole Percent Temperature
Methane kPa °C
. 70 75 75 50 35 90
. Coupon Number
6-3 5-5 6-2 2.7 64 54
10 - 35, 0.207x107  0.994x 1077 0.133x10710  0.164x10-1  0.122x10-7° 0.166x10-T
659 0.235x1071%  0.944x1071!  0,168x10710  0.149%10=1°  0.142x10-19  (.165x10-10
.. . 1034 0.257x1071%  0.101x1071%  0.186x10=1° 0.153x10-'° 0.137x10~!0 Qa8Sx10-10
v 1379 0.289x1073%  0.111x1071%  0.206x10719  0.155x10710  0.159x10-10 @077k 10-10
1724 0.318x107%  0.124x 1079 D.216x10730 - 0.171x10~1%  0.245%x 1010

2068 0.345% 10717 0.133x10~!°  0.231x10-1°  0.166x10-1° 0.1§9x10-1° -

20 345 0.175x1071%  0874x107!F  0.133x107%0  0101x10=i®  0,786x10~'!  ©.14Tx10-10
639 0.165x107%  0,751x1071  0.141x10~'°  0103%10~1°  0.891x10-!!  0.123x10~0
1034 0.183x10710  0.970x10-1:  Q.I56x10=1® 0.114x10-%  0.966x10-11 0.159%10-1C
1379 0.205x1071%  0.108x1073°  0.1T6x10~1%  0.115x10~%  0.106x10-2°  0.1850x10-19
1724 0.231x1071%  0.126x10™° - 0.184x10~1%  0.118x10~  0.124x10-10 @.221x10-10
2068 0.264x 1010 - 0.200x10=%¢  0.129x10~190 0.132x1071° -

50 © 345 0.136x1071%  0.575x10~'  0.125%10-19  0.508x10~1!  0.659%10~1! 0.988x 10-1!
659 0.147x1071°  @.573x107!!  0.136x1071%  0.513x10~!  0,733x10-!!  0.967x 10~}
1034 0.163x10710  0.629%10-1!  0.146x10~1%  0.868x10~1! 0.810x10-!!  0.106x10-10
1379 0.176x 107 © 0.725x1074  0.152%10-1°  0.658x10~1!  0.870%10~}!  0.115x10-10
1724 0.196x1071%  0.758x10}  0.163x10~1°  0635x10=M  0.919x10—! 0.121x10-10
2068 0.213x1073°  0.330x10~%  0.1T9x10-1°  0,663x10~1! (0.98Tx10-I! 0.142x10-10

30 345 0.104x1073%  0.427x10~1  0114x10~10  0204x10=1} 0.497x10-}  0.721x1g0-1!
639 0.126x107%% | 0447x10™1  0.132%10-3%  0.281x10-11  0.570x10-'!  0.755% 10=1!
1034 0.140x1071%  0.506x10=1  0.141x10=3% 0331x10-3!  0.622x10-}! 0.830x10~1!
1379 0.156x1071%  0.552x10~4  0.149%107¢  0.179x10-1'  0.661x10-!!  0.909% 10—!}
1724 0.176x107%  0.608x10~%  0156x10719  0200x10-1!  0.722x1071  0.973x 10-11
2068 0.185x107%%  0.654x10~}1  0.167x10=1° 0.119x10-!!  0.7T3x10-1! ©0.111x10-10

’

90 345 0.108x1071°  0.361x10™1  0.138x10-1°  01TrxI10=}! 04T9x10-1}  0.582x10-:!
689 0.124x1071%  pag1x10~!!  0,126x1071°  0.196x10-1!  0.538x10~11 0.661x10~%!
1034 0.139x1071%  0.428x10-}  0,138x10~1° D0257x10~1  0.588x10-!' 0.70S8x10-11
1379 0.162x1073%  0.495x10~1  0.150x101% 0311x10~11  0.66Tx10-1 0.T89x%10-1!
1724 0.175x1071%  0.53Tx10™1 0.161x1071°  0a332x10-10  0.707x10~'  0.892x10-11
2068 0.187x10=10  0.615x10-1  0.172x10~1%  03T1x10-3  Q0.TE1x10-'!  0.991x10-11
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Table B.24: Peréeation Coefficients for Ethanoi-Hexane Membranes on
Methane-Carbon Dioxide Gas Mixtures in kmol/s.m?.Pa

Composition  Pressure Shrinkage
Mole Percent . Temperature
Methane kPa °C
0 75 75 30 90 50
Coupon iNumber

2.6 1-6 41 5-1~ 6-5 42
10 345 0.5TTx10-1T  0.725%10-1F  0.242x10-17  0.262x1071%  0.40Tx10770  0.448x10~%
639 0.550x10=1  0.106x10~1¢  0.270x10=1! 0.270x10™!!  0.415x10~3°  (0.193x10~1°
1034 0.544%10~17  0.135x1071°  0303x107F 0.301x1071!  0.462x10°1°  0.526x10°10
1379 0.563x 101  0.154x1010  0.288x10~}!  0345x10~1!  0.526x10~3% 0.576x 1010
1724 - 0.17Tx10-1  0311x10-}!  037T6x10™  0.5T4x10710  0.601x1077°

2063 0.652x 10~ 0.201x10™%0 - © 0.435x10™1 0.624x 10~10 -
20 345 0.391x10-11  0.862x10~1% - 0.18Tx107  0.226x10™11  0.354x10710  0.480x1071°
689 03T6x 10~ 0.106%107'0  0.234x10-1!  0.205x10731  0.390x10710  0.507x 10730
1034 0.409x10-1%  0.118x10=1® 0.263x10-1  0.272x10=1  0414x10~1%  0.57Tx 10710
1379 0.408x10=11  0.132x 10~}  0.286x10~!!  0.268x10~11  0.428x10™1°  0.640x107%°
1724 045x 10~ 0.144x10=3®  0324x10—37 0371x10~1}  0.492%1071° 0.740x 10710
. 2068 0.495x10=11  0.169x107"%  0330x10-Y! - 0.530x10~%° o.723x10°10
50 345 0.206x10=1!  0.832x10-1}  0.143x10-!!  @.1TOx10~!1  0.350x10™1°  0.506x10-10
639 0.131%10=1%  0.803x10—}!  0.150x10~!!  0.179x10™!!  0379%10710  (0.604x10710
1034 0.158%10-1  0.89Tx10-i1  0.171x10=¥!  0.189%10-!!  0.425%x10-1°  0.628x10~10
1379 0.831x10~1%  0.96Tx10~!!  0.179x10~1! 0.206x107!1  0.451x10”'0  0.67T0x10™30
1724 0.107% 10~ 0.104x1073°  0.199x10-1!  0.217x10~1  Q.aTsx10-1%  o.727Xx10710
2068 | 0.127%1071 0.112x1071°  0.216x107  0.23Tx1071 0.494x1071°  0.790x1071°
80 345 0.189%10~}!  0.436x10-!'  0.105x10-}1  0.145x10-'!  0.361x%10~!19 0.555x10~10
639 0.186x 10~  0.693%10=1  0.132x10=1!  0.133x10-11  0405x10-1° 0.459x107%°
1034 0.182%10~11  0.798%10=!' 0.140%10=}!  0.142x10711  0.430x10—%0  0.530x%10-%°
1379 0.528x10~1%  0.856x10-!! 0.162x10~%! 0.151x1071  0.44Tx10719  0.587x10~%°
1724 GO6x10~12  0.986x10-}}  0.166x10~  0168x10~1!  0.183x10-3%  0.623x10°1°
2068 654x10=17 0.105x1073°  0.175x1071 f.as1x10-H 0.479)(10-10—}904): 10—

90 345 0.153%x 10— 0,523x10~%! - 0.762x10=1% . 0.366x10—1° -

689 0.174x 1071 0.678x 107! - 0.918x10~?  0.388x107%0 -

1034 0.178x1071  g.77ex 10~ - 0.106x101  0.429x10=1° -

1379 0.185x 10—  0.889% 1071} - 0.137x1073  0.481x10-1¢ -

* 1724 0.188x10=3!  0.986% 10~} - 0.122x10=3%  0.498x10~1° -

2068 0.196x10~1  0.106%10=%° - 0.135x 10~ 0.504x10-1° -
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The results can be seen in Figures C.1 to C.3. The Surface-Force-Pore-
Flow mechanism is used to represent the gas separation by permeation
under pressure through asymmetric membranes. Under this mechanism,
the transport model (developed further by Minhas) predicted the mem-
brane performance. Figure C.1 shows experimental separation factor versus
calculated separation factor. Experimental versus calculated of the perme-
ation coefficient, Figure C.2 is slightly skewed to one side. The last figure,
Figure C.3 is a plot of experimental mole percent methane versus calculated
mole percent methane in the permeate gas.

-
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Table C.1: Average Pore Radius in Angtroms Calculated using a Triangular _
Distribution with Pure Helium Gas

29.00 -

Second Shrinkage First Solvents
Solvents  Temperature Methano! ] Ethanol
Used °C Coupon  Radius Standard Coupon Radius Standard
Number Deviation Number Deviation
Triethyl- 70 1-4 2.50 1.60 6-6 11.50 8.25
amine 70 - - - 2-1 8.00 1.10
75 - - - G-8 11.50 5.50
80 1-3 6.25 1.30 - - -
85 4-3 6.00 1.25 6-1 13.00 7.00
90 4-5 18.50 18.50 5-2 4.00 4.00
Isopropyl- 70 1-1 4.00 1.50 - 2.3 5.50 1.40
ether 75 1-2 5.75 1.10 - - -
80 4-6 25.50 9.00 2-5 T.25 1.30
85 4-7 11.00 250 1-8 5.75 1.30
90 4-4 7.50 225 2-2 9.75 1.10
Carbon 70 - - - 6-3 12.50 10.75
disulfide 75 1-5 24.50 1.01 5-5 45.00 18.00
75 - - - 5-2 13.50 2.79
80 - - - 2-7 9.50 - 1.00
85 5-7 5.00 1.75 6-4 12.00 6.00
90 - - - 5-4 4.00 3.00
Hexane -~ 70 2-8 10.75 1.01 2-6 10.75 1.00
' 75 6-7 9.3 9.00 1-6 7.75 1.10
75 - - - 4-1 350 3.00
80 3-3 50.00 20.50 51 7.00 6.50
85 2-4 10.75 1.01 - - -
90 3-6 37.50 25.23 6-5 12,00 12.00
90 -~ - - 4-2 12.50
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Table C.2: Average Pore Radius in Angtroms Calculated using a Lognormal
Distribution with Pure Helium Gas

Second Shrinkage

First Solvents

Solvents  Temperature Methanol Ethanol

Used °C Coupon Radius Standard Coupon Radius Standard
Number Deviation Number Deviation

Triethyl- 70 1-4 2.50 1.60 6-6 6.25 1.30

amine 70 -7 - - 2-1 8.00 1.10

T3 - - - 6-8 6.25 1.20

80 1-3 6.25 1.30 - - -

85 4-3 7.25 1.20 6-1 - 6.50 1.30

a0 4-5 10.25 1.10 5-2 4.50 1.40

Isopropyl- 70 1-1 4.00 1.50 2-3 5.50 1.40

ether 75 1-2 375 1.10 - ~ -

80 4-6 6.00 1.30 2-5 7.25 1.30

85 4-7 11.50 1.20 1-8 5.7 1.30

90 4-4 7.25 1.10 2-2 9.75 1.10

Carbon 70 - - - 6-3 6.75 1.30

disulfide 73 1-5 24.50 1.01 5-5 3.00 1.80

75 - - - 6-2 7.00 1.20

80 - - - 2-7 9.50 1.00

85 57 5.25 1.10 6-4 6.50 1.20

90 - -~ - -4 5.25 1.10

Hexane 70 2-3 10.75 1.01 2-6 10.75 1.00

\ 75 6-7 5.75 1.30 1-6 7.75 1.10

= T3 - - - 4-1 5.50 1.50

80 3-3 4.50 1.60 5-1 6.25 1.40

85 2-4 10.73 1.01 - - -

90 3-6 1.00 2.307 6-3 5.50 1.40

90 - - - 4-2 25.7 1.50
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Figure C.1: Experimental Separation Factor Versus Calculated Separation
Factor. e
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Figure C.2: Experimental Permeation Coefficient Versus Calculated Per-

meation Coeflicient.
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Abst:ract

The development by Loeb and Sourirajan of an asymmetric membrane
with a thin separating layer and a larger porous layer made membranes as
a liquid separation technique feasible. However, these membranes have a
high water content. A good method for removing the water and keeping
the structure intact is necessary in order to yield a dry.inembrane suitable
for gas separation.

The solvent exchange technique is used in this study to dry asymmetric
cellulose acetate membranes. The effects of various factors in the drying
procedure are investigated. The separation factors and permeation coefi-
cients of a CO,-CH, gas mixture are used to evaluate the performance of
the dried membranes. A pore formation mechanism is proposed.





