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Abstract

Natural gas is a mixture of hydrocarbon gases and impurities. Processing
i required to recover valuable hydrocarbon liquids. remove water vapor, and
increase the heating value of the gas before it can be sold to consumers. In
addition, the removal of acid gases such as hydrogen sulfide and carbon dioxide
'3 necessary to prevent hydrate formation and corrosion.

When compared to other gas separation processes such as cryogenics,
adsorption and absorption, membrane separation for gases must compete
primarily on the basis of overall economics and convenience. The use of
membrane separation for natural gas processing would reduce the size and
weight of the processing units and should require less maintenance and operator
supervision, at a lewer capital cost. For these reasons, membrane processing
systems are particularly well suited for remote sites such as off-shore platforms.

Asymmetric gas separation membranes were prepared from
polyphenylene oxide (PPO) and modified PPO and tested for CO./CH,
separation. Using a fractionat factorial design, a study of membrane casting
conditions was completed in order to optimize the flux and the selectivity of the
membrane. A membrane with a CO./CH, pure gas permeation rate ratio of 119

and a CO, permeation ratc of 6.8 x 10° moles/(m® s Pa) was obtained.
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1. Introduction

1.1 Membranes and the Membrane Industry

Tne most general definition of a membrane is given by Ho and Sirkar

(1992):

The membrane is an inferphase between two bulk phases which

controls the exchange of mass between the two bulk phases.

The membrane phase may be one or a combination of solids, liquids or a
gel. A membrane can be thick or thin. Its structure can be homogeneous or
heterogeneous. Membranes can be biological or synthetic, neutral or charged.
Synthetic membranes can be further subdivided into organic or inorganic

membranes (Mulder, 1991).

In membrane separation processes, the bulk phases are mixtures. The
membrane is selective to one or more of the species in the feed mixture. These
species are exchanged preferentially through the membrane so that one of the
bulk phases becomes enriched with the species while the other becomes

depleted.

The movement of any species across the membrane is caused by one or
more driving forces. These driving forces arise from a gradient in chemical

potential or electrical potential across the membrane.



Generally, membrane processes are operated in cross-flow mode (Figure
i.1): the feed is separated into two streams, cne that goes through the
membrane, the permeate, and a fraction of the feed that does not go through the
membrane, the retentate or concentrate (residue gas). Either the permeate or

the retentate is the desired product stream (Ho and Sirkar, 1892).

Membrane separation technology is based on the principle that
components in gaseous or liquid mixtures pass through, or permeate. membrane
structures at different rates due to their molecular characteristics. Different types

of membranes and membrane processes (Table 1.1} have been developed for

Pressure Housing

Feed

Gas .__’.

atps Py Residue Gas
at pl’ = pf

Semi-permeable Membrane

Permeate Gas
at pp <p "

Figure 1.1 Schematic diagram of cross-flow filtration mode for the membrane

separation of gases (Zolandz and Fleming, 1992).



different applications (Franken and Fane, 1920).

Table 1.1 Membrane processes and some applications

Membrane Dniving Force Example of Applications
Process
Electrodialysis  Electrical potential desalination of brackish water
(ED) difference removal of metals in wastewater

Microfiltration
(MF}

Ultrafiltration
(UF}

Nanofiltration
(NF)

Reverse
Osmosis (RO)
Liquid
Membranes
(LM)

Gas
Separation
(GS)

Vapor
Permeation

(VP)

Pervaporation

(PV)

Membrane
Distillation
(MD)

Pressure difference
(10-100 kPa)

Pressure difference
(0.1-1 MPa)

Pressure difference
(0.5-2 MPa)

Pressure difference
(2-10 MPa)

Concentration
difference

Pressure difference
(2-10 MPa)

Partial pressure
difference

Partial pressure
difference

Temperature
difference

removal or colloids from waste streams
removal of dust particles from air

separation of oil/water emulsions
recovery of proteins
recovery of electrophoretic paints

treatment of electroplating rinse water

desalination of sea water
removal of nitrate from ground water

recovery of plating chemicals

air separation
removal of CO, from methane

removal of condensable solvents from air

dehydration of solvents
removal of organics from wastewater

desalination of brine




Membrane separation was not considered a technically important
separation process until 30 years ago (Mulder, 1991). Today, membrane
systems are replacing a number of older, more costly separation technologies
such as distillation, cryogenics, pressure swing adsorption, and mercury or
asbestos diaphragm electrolytic processes. Generally, membrane systems offer
lower costs, less maintenance, and more flexibility than the older technologies.
For example, they are often smaller in size and have a modular design, making
them easy to fit in an existing plant without requiring new construction. This
reduces the capital cost and construction time. They also offer flexibility of
operation as membrane modules can be turned on or off depending on the plant
output. In addition, most membrane separations do not involve a phase change
and therefore are energy efficient (Weber and Bowman, 1986, Franken and

Fane, 1990).

Potential disadvantages of membranes are concentration polarization and
fouling which can reduce the performance of the membrane in liquid separations.
Membranes prepared from polymeric materials may be damaged by high
temperatures, extreme pH, and the use of chiorine and organic solvents.
Because they are usually operated in split flow mode, a complete separation

cannot be achieved using solely a membrane process (Franken and Fane,

1990).



Gas permeation was first discovered by J. K. Mitchell in 1830, when he
observed hydrogen permeation through natural rubber. Around the same time,
A. Fick formuiated what is known today as Fick's first law after studying gas
transport across nitro-cellulose membranes. In 1866, Sir Thomas Graham made
quantitative measurements of gas permeation rates and proposed the “solution-
diffusion” mechanism of transport of the gases through the membranes. He was
the first to separate gases by membrane and attempted gas permeation across a

variety of membrane materials, including metals.

In the 1950s and 1960s, many synthetic polyolefins and other vinylic-type
polymers were developed and their gas permeability was studied, mostly for
packaging applications. A breakthrough in membrane separation came in 1962
with the development of asymmetric reverse osmosis membranes made of
cellulose acetate by Loeb and Sourirajan (1963). Interest in gas separation
materials intensified in the 1970s, leading to the first commercial membrane

separator, the Prism® which was developed by Monsanto (Henis, 1994).

One of the first applications of gas separation membranes was in H,
separation and recovery in ammonia purge and recycle streams. In
petrochemicail and refinery applications, membranes have been used to recover
H; from hydrotreaters, hydrodesulfurization processes and purge gases to
recycle back to the plant, and for syngas ratio adjustment. Membranes are also

used for air separation to produce nitrogen for inert gas blanketing and O,



enriched air for medical applications. There are three major carbon dioxide
membrane separation applications: CO; recovery from landfill gas. separation of
CO, used in enhanced oil recovery from hydrocarbons, and natural gas
processing. Also, gas separation membranes can be used for solvent vapor

recovery, air dehydration, and helium recovery (Spillman, 1989).

1.2 Present Separation Technology in the Natural Gas Industry

Natural gas occurs usually in the gaseous state under pressure in
sedimentary, porous underground rock layers (Medici, 1974). It is a mixture of
hydrocarbon gases and impurities. Each gas stream produced has its own
composition which may change as the natural gas reservoir becomes depleted.
The hydrocarbons most commonly found in natural gas are methane, ethane,
Propane, butanes, pentanes and small amounts of heavier hydrocarbons. The
impurities found in natural gas include carbon dioxide, hydrogen sulfide,

nitrogen, and water vapor (Ikoku, 1984).

Field processing is required to remove undesirable components. This

consists of four basic processes (Figure 1.2):

1) Separation of the gas from free liquids such as crude oil, hydrocarbon

condensate, water and entrained solids



steam
raw
gasoline l
stripping |q- — {absorption |(.. field
tower rich tower : separator from
oil , field-wellg
1
T i
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oil return (water vapour.
T e hydrocarbons)
— amine soluti - J sweetenin
r regleneratio: "¢ 9
! x
e e e e - - -
~| glycol solution g _ — _ _ dehydration natural gas
I’ regeneration to distributing
' 4 network

Figure 1.2 Natural gas processing (Medici, 1974).

2) Processing the gas to remove condensable and recoverable hydrocarbon

vapors

3) Processing the gas to remove condensable water vapor

4) Processing the gas to remove other undesirable compounds, such as

hydrogen sulfide or carbon dioxide (lkoku, 1984).

These processing steps are important to recover valuable hydrocarbon

liquids, decreasing the volume of the gas, increasing its heating value as well as

preventing the formation of gas hydrates.

Gas hydrates are solid crystalline



compounds formed by the chemical composition of natural gas and water under
pressure at temperatures above the freezing point of water. The presence of
H,S or CQ, is conductive to hydrate formation since these acid gases are more
soluble in water than hydrocarbons. Hydrates may block lines and other

equipment (lkoku, 1984).

In addition, hydrogen sulfide and carbon dioxide in the presence of water
are very corrosive and can cause failure of valves, pipelines, and pressure
vessels. Hydrogen sulfide is also toxic and poisonous and must be removed if
the gas is to be used as a domestic fuel. Carbon dioxide removal is required if
the gas is going to a cryogenic plant to prevent the solidification of CO..

Furthermore, carbon dioxide has no heating value (lkoku, 1984).

Some of the processes for removing acid gases and water from natural
gas include: cryogenics, iron-sponge sweetening, hot potassium carbonate
process, alkanolamine sweetening, glycol/amine process (Figure 1.2) and the

sulfinol process (lkoku, 1984).

According to Astarita, et al. (1983) 50 to 70% of the natural gas treatment
plant investment is directly associated with the magnitude of the solvent
circulation rate, for processes involving physical solvent absorption. Another 10

to 20% of the initial investment is dependent of the regeneration energy

requirerments.



1.3 Membrane Separation of Natural Gas

When compared to other gas separation processes such as cryogenics,
adsorption and absorption. membrane separations must compete primarily on
the basis of overall economics and convenience. The main advantages of
membranes include low capital investment, ease of operation, low energy
consumption, cost effectiveness and good weight and space efficiency. The
extent of the benefits from using membrane technology are highly dependent on

the nature of the separation problem.

For natural gas sweetening, the most common process is amine
absorption. However, amine plants are large and heavy, requiring tall structures
which present problems for use on offshcre platforms. They are very complex
and require constant operator supervision and maintenance. Also, the presence
of a regenerator which bums some of the methane is a fire safety hazard on off-
shore platforms. Membrane treatment of natural gas would eliminate these
problems, usually at a lower capital cost. Small membrane units can also be
used to treat the gas right at the well-head, eliminating the corrosion and safety
problems associated with “feeder” lines to a centrally located processing ptant.
Table 1.2 illustrates the relative merits of membranes for a specific gas treating

application (Spillman, 1990).

Natural gas is typically produced at high pressure which is ideal for

membrane separation. Tne carbon dioxide, hydrogen sulfide and moisture



permeate through the membrane leaving a methane stream with essentially no

pressure drop (Spillman, 1930).

Table 1.2 Process comparison for natural gas lreating

Process Description Overall Overall Overall Overall
Operating Capital Space Weight
Cost Cost
S ~tage 1 1 1 1
b’
M DEA 0.44 46 1.19 5.39
amin.
(dietha. )
Two-Stage Meribrane 0.85 1.43 1.65 1.47
plus Compression
Selexol (dimethyl sther 0.13 6.18 1.74 7.79
of polyethylene glycol)
solvent
DEA amine process 0.087 6.36 1.96 8.1
Activated MDEA 0.068 6.25 1.58 7.91

{methyldiethanolamine)

Ancther benefit of membrane systems is that they can be easily modified

to handle unexpected variations in processing conditions such as an increase in

flow or a change in compositions (Spilliman, 1990). Membrane systems are

extremely reliable since the process is continuous with few control components

10



which can cause a shutdown. When required, changing membrane modules is a

simple operation, with minimum downtime (Gurr, 1891).

Membrane separation of natural gas impurities, in particular acid gases is
a low energy process. lt is also simple, requiring reduced operator attention and
easy turn-up and turn-down capabilities. They offer an alternative to adsorption
processes for gas treating facilities. For these reasons. a membrane separation

unit is particularly well suited for remote sites (Stookey et al., 1985).

1.4 Polyphenylene Oxide Membranes

Polyphenylene oxide (PPO) was synthesized by General Electric by
oxidizing 2,6-dimethylphenol. It is used commercially in a mixture with
polystyrene to form Noryl® resin which is one of the most important engineering

thermoplastics (Hay, 1986).

As a gas membrane material, PPO has a high permeability to gases when
compared to other glassy polymers (Stern, 1 984). Because of its high glass
transttion temperature (T, and its aromatic groups in the main polymer chain, it
is expected to give membranes with excellent chemical and thermal stability
(Mulder, 1991). The preparation of gas separation membranes from PPO and

modified PPO was studied by many research groups.

11



A study of the formation of PPO membranes by Wiimans et al. (1985)
found that the porosity of the top layer of PPO membranes decreases when the
PPO concentration increases and that this porous structure s the result of liquid-
liquid demixing during membrane formation. In the case of homogeneous PPO
membranes the interplay of precipitation rate and crystallization kinetics
determines the mechanical stability of the film. If the evaporation rate is slowed
down or if the casting thickness is increased, the film becomes stiff and brittle

due to its higher degree of crystallinity.

A study (Smid et al. 1991) of asymmetric hollow fiber membranes
prepared from a range of poly (2,6-dimethyl-1,4-phenylene ether) of different
intrinsic viscosities found that increasing the intrinsic viscosity of the polymer
reduces the minimum skin thickness of the membrane, thus increasing the
permeability, while the selectivity remains the same. This was attributed to a
decrease of the number of imperfections in the skin of the membranes prepared
from high intrinsic viscosity polymer. A change in the morphology of the sublayer

was also identified as a possible cause of the increased permeability.

By a series of plasma-etching experiments, Bauer et al (1991)
determined that the resistance of the sublayer of skinned asymmetric hollow fiber
PPO membranes has a significant influence on the overall membrane properties.
In addition, it was found that the molecular weight of the PPO has a large effect

on the resistance of the sublayer: the higher the molecular weight, the lower the

12



gas resistance of the sublayer will be. The gas resistance of the sublayer was
also found to depend, to a lesser extent, on membrane preparation. By
decreasing the sublayer resistance, the overall selectivity of the membrane can

be improved.

Tsujita et al. (1991) suggest that the solubility and permeability
coefficients of PPO membranes can be controlled by the holding temperature
after quenching the polymer film from a temperature above T,. The results were
associated with changes in the microvoid content, unrelaxed volume, or frozen

free volume in the polymer by quenching from liquid to glass state.

Non-solvent additives were used in the casting mixtures by some
researchers. Wijmans et al. (1985) and Perego et al. (1991) used octanol as the
non-solvent additive. This leads to membranes with a more open pore structure.
It was used to control the skin thickness of asymmetric Silyl-PPO and increased
the gas permeability of the membranes without loss of selectivity. Similarly,
Smid et al. (1991) used 2-ethyl-1-hexanol as the non-solvent additive in the

preparation of PPO membranes.

In order to increase the selectivity of PPO membranes, chemical
modifications of the polymer were attempted by various researchers. A wide
range of substituents can be attached on the aromatic ring or on the methyl

group of the polymer.

13



For example, three chemical modifications of PPO were investigated with
respect to gas permeation properties, polymer solubility and thermal behavior by
Percec and Li (1988). For brominated PPO (100% substitution on the ring), the
glass transition temperature, T, increases to 273°C. When compared to PPO,
the CO, pemmeability increases by 2.47 times and the CO,/CH, selectivity
increases by 1.45 times, for brominated PPO with 100% degree of substitution.
There is no change in the solution properties of the polymer. Similar results

were obtained by Story and Koros (1992) and Sisto et al. (1994).

Sulphonylation of PPO (Percec and Li, 1988) leads to a twofold increase
in the CO,/CH, separation factor. An increase in T, is also observed. In
addition, sulfonylated and acylated PPOs become soluble in polar aprotic
solvents, which greatly expands the possible solvent systems for PPO
membrane making. Increases in permeability and selectivity for CO,/CH, are
also obtained. It was found that the substitution degree, main chain rigidity,
bulkiness and the flexibility and polarity of the side chains are major parameters

controlling the gas permeation properties of the PPO membrane.

The sorption and permeability of CO, and CH, in PPO and chemically
modified PPO were studied by Story and Koros (1992). It was found that the
introduction of carboxylic acid substituents to the methyl side chain position of

PPO increases the solubility selectivity of the material but significantly reduces

the overall permeability.

14



Asymmetric flat sheet membranes were prepared from silylated
polyphenylene oxide (Silyl-PPO) by Perego et al. (1991). An increase in gas
permeability is observed for Silyl-PPO with respect to PPO, with the same
selectivity. This effect is attributed to an increased interchain distance in the

silylated polymer.

Bulky groups such as aryl trimethylsilylethynyl (Me,C-C=C) and 3,3-
dimethylbutynyl (Me;C-C=C) were attached on the aromatic backbone of PPO,
by Sisto et al. (1994). An overall increase of gas permeability was observed
when compared to unmodified PPO due to a decrease in the packing density.
However, the modified PPQO membranes have lower permselectivities.
Correlations between the gas transport properties and the polymer composition

were also performed.

A study by llinitch et al. (1992) found that PPO and some PPO-based
copolymers possess rather high selectivities and permeabilities for the
separation of gaseous mixtures containing methane and ethane, ethylene and

ethane, or propene and propane.

Chemn and Ghosal (1992) prepared PPO and nitrated PPO membranes.
The nitration of PPO (15% substitution) increases the glass transition
temperature to 233 °C while the packing density remains essentially the same.
The large increase in T, was attributed to an increase in inter-chain attraction

and an increase in the rotational energy barrier caused by the presence of the -

15



NO, group. The permeability to all gases decreases upon nitration with very
small increases in the permselectivity for CO,/CH. and O./N, pairs. The
decrease in permeability was attributed to restriction of torsionnal motion among
the polymer chains. Aryl-nitration was not found to reduce the packing density of

the polymer.

Sulphonated PPO was studied by Fu et al. (1984a, 1994b). The
sulphonated polymer was found to be soluble in aprotic solvents, its density and
glass transition temperature increase with the degree of sulphonation. These
effects are attributed to H-bonds formed between -SO;H groups. These bulky
groups may lead to chain stiffness by suppressing the torsionnal motions in the
polymer. However, sulphonated PPO was not as thermally stable as the base
PPO. Sulphonated PPO membranes had higher water vapor permeability than

PPO.

Although they were prepared and tested under different conditions, a
summary of CO, permeability and selectivity of different PPO and modified PPO
membranes is presented in Table 1.3. All of these membranes are

homogenous.
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Table 1.3 Carbon dioxide permeability and carbon dioxide/methane pure gas

permeation rate ratio for PPO and modified PPO

Polymer CO, CO,/CH, Reference
(degree of substitution in permeability pure gas
parentheses) {Barrer) permeation
rate ratio
unmodified PPO
PPO 52.3 13.8 Ghosal and Chern (1992)
PPO 64 164" Percec and Li (1988)
PPO 42 15.1 Story and Koros (1992)
PPO 82.0 12.8 Perego et al. (1991)
PPO 51.8 18.5 Sisto et al. (1994)
nitrated PPO
PPO-NO, (15%) 40.4 16.6 Ghosal and Chern (1992)
brominated PPO
PPOBr (6.5%) 64 16.72* Percec and Li (1988)
PPOBr (21.5%) 67.2 17.71 Percec and Li (1988)
PPOBr (46%) 78.08 18.35" Percec and Li (1988)
PPOBr (61%) 99.84 18.04* Percec and Li (1988)
PPOBr (100%) 158.08 23.73" Percec and Li (1988)
PPOBr (85%) 146 16.0 Sisto et al. (1994)
PPOBr (100%) 104.0 15.0 Story and Koros (1992)
sulphonylated PPO
PPO-8S0,CeH,CHy (60%) 89.60 21.81° Percec and Li (1988)
PPO-S0O,CsHa(CH,), (23%) 72.96 20.00" Percec and Li (1988)
PPO-S0,CeH;5 (38%) 99.20 27.38" Percec and Li (1988)
PPO-80,CeH,C,Hs (31%) 73.60 16.40* Percec and Li {1988)
PPO-SO,0H 19.84 32.80" Percec and Li (1988)
carboxylated PPO
CPPO-22 (22%) 22 195 Story and Koros (1992)
CPPO-45 (45%) 12.9 232 Story and Koros (1992)
;gggl;s)(l-ester rarboxylated 18.0 17.0 Story and Koros (1992)
b
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Table 1.3 (continued) Carbon dioxide permeability and carbon dioxide/methane

pure gas permeation rate ratio for PPO and modified PPO

Polymer CO, CO./ICH, Reference
(degree of substitution in permeability pure gas
parentheses) {Barrer) permeation
rate ratio
silylated PPD
Silyl-PPO 80.2 14.3 Perego et al. (1991)
Silyl-PPO 294 9.8 Perego et al. (1891)
alkynylated PPO
PPO-Me,SiC=C (80%) 596 5.1 Sisto et al. (1994)
PPO-Me,C-C=C (70%) 462 8.7 Sisto et al. {1994)
PPQO-Me;Si-CH,CH, (80%) 184 7.4 Sisto et al. (1994)

* separation factor determined using gas mixtures

1.5 Membrane Making by Phase Inversion

Gas separation membranes can be made in hollow fiber or flat sheet form.
The most common method of preparing flat sheet polymeric membranes is by a
phase inversion process. ideally membranes should have a defect-free selective
layer, as thin as possible, to obtain a high selectivity and maximum flux. The
substructure supporting the selective layer should not contribute any resistance

to gas transport but should provide sufficient mechanical strength to withstand

high-pressure operation.
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There are various types of membrane structures that satisfy these criteria
(Figure 1.3): a) integrally skinned asymmetric, b) muiticomponent (“caulked™). c)

single-layer composite, d) multilayer composite and e) asymmetric composite.

In integrally skinned asymmetric membranes, the selective skin layer is

formed at the same time and from the same material as the porous sublayer.

Multicomponent membranes are integrally skinned membranes that are
coated or “caulked” with a highly permeable but comparatively unselective
polymer, such as poly(dimethyl siloxane), which plugs the defects present in the

skin of the asymmetric membrane.

tn thin-film composite membranes, the selective layer is formed from a
small amount of high-performance polymer on the surface of a more porous
support material. The selective layer can be formed by solution coating,
interfacial polymerization or plasma polymerization. The multilayer composite
and the asymmetric composite are extensions of this type of membrane.

Integrally skinned membranes are formed by phase inversion. The term
“phase inversion” is used to describe the transformation of a polymer from a
liquid. to a solid state. This phase separation in a membrane-forming system
consisting of a polymer, solvent(s), and nonsolvent(s) can be induced by a
change in temperature, solvent evaporation, or solvent depletion and/or
nonsolvent addition during a quench step. This can be represented on a ternary

phase diagram.
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Figure 1.3 Structure of gas separation membranes
a) integrally  skinned  asymmetric; b)
multicomponent; c) single-layer  thin-filmed
composite; d) mullifayer thin-film composite; e)

asymmelric composite (Koros and Pinnau, 1994).
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A typical isothermal ternary phase diagram is illustrated in Figure 1.4,

representing the solvent-polymer casting solution and the non-solvent quench

bath. The diagram shows the stable region, the metastable region, located

between the binodal and spinodal and the unstable region. The tie lines connect

points on the binodal that are in equilibrium. A composition in the two-phase

region always lies on a tie-line and splits into two phases represented bv the

intersections between the tie line and the binodal: a polvmer-rich region and a

polymer-poor region.

When preparing membranes, a solution of polymer with a composition in

the miscible region of the diagram is
spread (cast) on a support and
immersed in a non-solvent bath. For
wet casting, the outlet of the casting
knife that transfers the polymer from
a closed reservoir is submerged
directly in a liquid coagulation
medium that is a nonsolvent for the
polymer. In dry casting, the outlet of
the casting knife ié. exposed to air.

During dry/wet casting, evaporation

critical

point /

solvent nonsclvent

Figure 1.4 Isothermal phase diagram
for ternary membrane-forming system
(Mulder, 1991).
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of the solvent occurs before the membrane is immersed in the non-solvent bath,

thereby producing a more coricentrated polymer region near the air-solution

interface to promote the formation of a skin layer. This technique of membrane

making requires multicomponent casting solutions consisting of polymer, at least

one volatile solvert and one less volatile nonsolvent. [t was found (Pesek and

Koros, 1994) that the use of two solvents of different volatility allowed finer

control of the solvent evaporation and polymer coagulation rates.

During the quench step, the non-solvent diffuses into the nascent

membrane, causing spinodal decomposition of the polymer solution into

polymer-rich and polymer-poor
regions, which give the membrane its

sponge-like structure.

Different mechanisms of phase
separation can occur. Very slow
quench rates will favor nucleation and
growth of the polymer over spinodal
the

decumposition. Gelation,

formation of a three-dimensional
network by physical :rosslinking
(Figure 1.5), is also an important

phenomenon in the formation of the

pclymer

solvent acnsolvent

Figure 1.5 Isothermal temary diagram
of system containing a one-phase

region (1), a two-phase region (ll); and a

gel region (Ill) (Mulder, 1991).
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skin layer of the membrane. It is believed that the acceleration of the kinetics of
the solto-gel transition increases the free volume and gives membranes with
thinner effective separating layers (Fritzsche et al., 1985). Sol-gel transition has

been observed in PPO membrane making by Wijmans et al. (1985).

The quench liquid and any solvent remaining from the membrane
formation process must be removed from the membrane before it can be used
for gas processing. Sometimes, evaporative drying is suitable, other times, a
series of sclvent exchange steps is necessary to prevent densification or

collapse of the membrane structure.

After casting and drying, gas separation membranes are often post-
treated to minimize the effect of surface defects on the selectivity of the
membrane. The most common post-treatment is coating the membrane with a
highly permeable polymer to block surface defects. Another method is solvent
treatment, either by solvent liquid or vapor to induce swelling in the membrane

and eliminate the defects (Rezac et al., 1994).

Most of the polymers used for gas separation membranes are glassy
polymers. Since the glassy state is 2 not an equilibrium state, d-spacing (free
volume), orientation, and the crystalline fraction in the membrane can be
profoundly influenced by environmental factors during membrane making. The
choice and concentration of solvent, nonsolvent additive, and coagulation bath

will affect the kinetics of the phase separation, and therefore the membrane
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structure. The concentration of the polymer is also important. To some extent,

the performance of gas separaiion membranes can be controlled by the

membrane making process.

1.6 Scope of Research

The objective of the present research was to develop 2 membrane for
natural gas {(CO, -CH,) separation, using polyphenylene oxide (PPQ) as the
base polymer. Various experiments were used to identify PPO membranes
which have good mechanical strength and gas separation capabilities.
Membrane strength and selectivity depend on the interplay of the precipitation
rate and the crystallization of the PPO. Some of the factors that affect the
membrane formation and performance include the polymer, solvents and
additives selected as well as their concentration, the casting thickness, the
evaporation time before gelation, and the temperature of the casting solution. All

of these factors were studied to varying degrees.

The membrane performance will be modeled and optimized to approach
the target values of 3.4 » 10% moles/{m? s Pa) CO, permeation rate and 50
CO,/CH, pure gas permeation rate ratio. These targets were selected by British
(Consumer) Gas. They represent a mambrane two times as CO, permeable as
a cellulose acetate membrane, the most CO, permeable commerciai membrane.

The CO,/CH, pure gas permeation rate ratio target is two times the CO,/CH,
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pure gas permmeation rate ratio of the most selective commercial membrane for

this gas pair, which is made of polysulfone.

The expenments are limited to asymmetric flat sheet membranes as they
usually have a greater pemmeabilty than homogeneous membranes.
Considering the large number of factors studied, the fiat sheet configuration was
selected because flat sheet membranes are easier to prepare and test than

hollow fiber or tubular membranes.

The results obtained will serve as the basis for the development of

asymmetric hollow fiber membranes for natural gas separation.
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2. Theoretical Aspects

2.1. Polymers

Gas separation membranes can be made from a number of different
organic and inorganic materials. However, only polymeric membranes are
currently being used for industrial separations (Stern, 1994). The choice of a
given polymer as a membrane material is not arbitrary but based cn very specific
properties, originating from structural factors such as molecular weight, chain
flexibility and chain interactions. These structural factors determine the
thermal, chemical and mechanical properties of the polymers as well as the
permeabiiity (Mulder, 1991). The ideal gas separation polymer should offer high

productivity, selectivity and durability (Pixton and Paui. 1994).

2.1.1. Chemical Structure

The chemical structure is the combination of steric and polar properties of
polymeric membranes at the submacromolecular level, including chain segments

and functional groups (Kesting and Fritzsche, 1993).

Polymers are high molecuiar weight molecules composed of a number of
basic units, the moromers. Polymers can be linear or branched Copolymers
are formed when the repeating units are not the same. It is also possible to

connect two or more polymer chains to each other by crosslinking by chemical
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reaction. Physical crosslinks can also exist in semi-crystalline polymers where
the crystallites act as crosslinks or in block copolymers where the domains of the
dispersed phases act as crosslinks. Stereoisomerism also affects the regularity
of the structure of the polymer, determining the degree of crystallinity of the

polymer (Mulder, 1991).

The size and shape of bulky side groups in both the polymer main chain
and side chains determine some of the fundamental polymer characteristics such
as packing density (144 ), the rigidity of the polymer chain segments, and the
accessibility and hence participation of functional groups in membrane-permeant
interaction. Structural regularity generally favors close packing and can lead to
increased density and rigidity in both crystalline and amorphous phases (Kesting

and Fritzsche, 1993).

Polarity is the term used to define the unevenness in the distribution of
electrons about atoms, functional groups, and molecules. The high-electron
density regions of polar groups are attracted to the low-electron density regions
of other accessible polar groups to a degree proportional to the difference
between their electron densities. The more polar the groups, the greater the
force of attraction between them. Because of these net forces of attraction
between macromolecules, interchain displacement (d-spacing) and the free

volume (v) in polar polymers tends to be smaller than they are in nonpuiar
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polymers leading to lower permeability and higher selectivity (Kesting and

Fritzsche, 1893).

Cne of the ways of expressing polarity is the solubility parameter, 3, which
is defined as § = (CED)"?, where CED is the cohesive energy density. The
solubility parameter can be treated as a total parameter o, which includes polar

forces, dispersive (non-polar) forces. and Lewis acid-Lewis base interaction

forces.

The polar forces (3,) are due to the presence of permanent dipoles which
are the result of charge separation between atoms in a group. Permanent
dipoles exert a strong attraction on other permanent dipoles and can also
influence neutral groups in which they can induce a dipole. Examples of some
groups with permanent dipoles are hydroxyl (-OH), carbonyl (-C=0) or halide (-,
-Br, -Cl, or -F) (Mulder, 1991). ‘

Dispersive forces (5,) are due to random fluctuations in the electron
density. These dispersion forces are much weaker than dipole forces but are
very common in hydrocarbons. §, increases with ‘ncreasing length of aliphatic
chains and degree of saturation (Kesting and Fritzsche, 19893).

Polymer-polymer and polymer-solvent interactions can be explained in
terms of Lewis acid/base theory. Polymers containing halogen or nitro groups
are acidic (electron pair acceptor) and polymers with aromatic or olefin groups

are primarily basic (electron pair donor), some polymers can be considered
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amphoteric. These Lewis acid-Lewis base interaction forces include hydrogen

bonding (5,) (Kesting and Fritzsche, 1993).

2.1.2. Macromolecular Architecture

The macromolecular architecture of polymers include properties such as
molecular weight and molecular weight distribution, conformation, configuration

and copolymer composition and arrangement (Kesting and Fritzsche, 1993).

The chain length is an important parameter in determining the properties
of a polymer. There is usually a distribution in molecular weight, so the length of
the macromolecular chain is usually expressed by the average molecular weight.
The molecular weight distribution curve also influences the characteristics of the
polymers. With increasing chain length the number of interaction sites between
the various chains increases and consequently the chemical, physical and
mechanical properties of the polymer vary. In addition, the coiled polymer chains
are not situated separately from each other but are entangled. The number of

entanglements increases with the increasing chain length (Mulder, 1991).

The polymer concentration required to achieve the minimum viscosity
consistent with a defect free membrane (macrovoid-free substructure, defect-free
skin layer) will also decrease with increasing molecular weight. When
membranes are prepared from equal viscosity sols, porosity and v, will increase
with polymer molecular weight. The glass transition temperature increases with

increasing molecular weight, indicating increased chain stiffness. High molecular
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weight polymers usually yield membranes with good mechanical properties
(Kesting and Fritzsche, 1993).

Chain flexibility is a one of the main structural characteristics of the
polymer. It is determined by two factors: the character of the main chain and the
presence and nature of the side chains or side groups. In polymers where the
main chain consists entirely of -C-C- bonds, rotation around each -C-C- bond is
possible, which makes the chain rather flexible. When heterocyclic or aromatic
groups are introduced in the main chain, such as in the case of PPO, there

results a substantial decrease in flexibility.

Chain flexibility is also determined by the character of the side groups
which determine to some extent whether rotation around the main chain can take
place readily or whether steric hindrance occurs. In addition, the character of the
side group has a strong effect on inter-chain interaction (Mulder, 1991). [t was
found by Chern (1991) that the gas diffusivity in polymers correlates very

strongly with polymer packing density.

The state of the polymer is important relative to its mechanical, chemical,
thermal and permeation properties. The state of the polymer, glassy or rubbery,
depends on the actual temperature relative to the glass transition temperature,
T, The mobility of the polymeric chains is very restricted in the glassy state,
since the segments cannot rotate freely around the main chain bonds. On

increasing the temperature, some motions can occur in the side chains or in a
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few segments of the main chain. At the T, the thermal energy is just sufficient to
overcome the restriction in rotation due to butky side groups or to overcome the
interactions between the chains. Many physical properties change at the glass
transition temperature. The tensile modulus of the polymer in the rubbery state
is often three or four orders of magnitude lower than the tensile modulus in the
glassy state. Other physical properties also change at the Ty such as the
specific volume, the specific heat, the refractive index and the permeability. The
glassy state is considered the ideal condition for gas separation membranes

(Kesting and Fritzsche, 1993).

Glassy polymers have heterogeneous structure consisting regions with
ordered and disordered structures. The free volume has a non-equilibrium
nature and exists in the glassy polymer as a interconnected microporous network
(Volkov, 1991). Since the glassy state is a non-equilibrium condition, d-spacing
(free volume), orientation and the crystalne fraction can be influenced by
environmental factors before, during and after the sol to ge! transition during

membrane making (Kesting and Fritzsche, 1983).

Several models of order in amorphous polymers have been developed.
The “random-coil” folded chain model is described by Kesting and Fritzsche
(1993). Polymer chains in a folded configuration form crystalline nodules. Each
nodule (approximately 200 A in diameter) contains several tens of

macromolecules. The chain segments within the folded mass are parallel to one
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another over distances of at least 10 A. These nodules have been observed in
the surface of asymmetric integrally skinned gas separation membranes of
polysulfone. The interstices between nodules are thought to be domains of
lower polymer density. The nodules form nodular aggregates and supernodular

aggregates (aggregates of nodular aggregates) which form the macrovoid

structure in the membrane.

When the temperature increases. the physical and chemical properties of
polymers change and they finally degrade. The extent of such a change
depends on the type of polymer and the glass transition temperature and melting
point (7,,) of the polymer. The following factors which lead to and increase in
thermal stability generally also increase the chemical stability: those that
increase T, and T, and those that increase the crystallinity. The presence of
resonance structures such as in aromatic polymers also increases thermal

stability (Mulder, 1991).

The tensile modulus and the brittleness of the membrane material are
important parameters of mechanical strength. Mechanical properties are
imporiant for gas separation membranes because high pressures are applied
and particularly in the case of hollow fibres which are self-supporting (Mulder,

1891).
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2.2. Gas Permeation

In all membrane gas separations, the driving force for the permeation of
gas across the membrane is the pressure difference between the high pressure
feed stream and the permeate stream which is usually at atmospheric pressure.
The separation is achieved because of differences in the relative transport rates
of the molecules in the feed. Components that diffuse more rapidly through the
membrane become enriched in the permeate stream. The slower components
are concentrated in the retentate stream. The degree to which the components
of the feed are separated is determined by the characteristics of the membrane
as well as the relative driving force of each component (Zolandz and Fleming,
1992).

There are various mechanisms by which the components of the feed gas
stream are separated by the membrane (Figure 2.1). In the case of a membrane
with very large pores, no separation occurs as the molecules pass through it in
convective flow.

If the size of the pores is smaller than the mean free path of the gas
molecules, the gas molecules interact with the pore walls more frequently than
with one another so that low molecular weight gases are able to diffuse more
rapidly than heavier ones and separation occurs. The difference in transport
rates of two components is inversely proportional to the square root of the ratio

of their molecular weight, at zero permeate pressure. This type of process,
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called Knudsen diffusion, is not an economically feasible separation in most

cases.
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Figure 2.1 Mechanisms for gas separation using

membranes (Zolandz and Fleming, 1992).

Generally, the membranes used for commercial separation of gases are
polymeric and have a solution-diffusion mechanism. The solution-diffusion
mechanism is usually considered to consist of three steps: (1) sorption
(absorption and/or adsorption) upon the upstream boundary, (2) activated
diffusion through the membrane, and (3) dissolution or evaporation from the

downstream boundary. This solution-diffusion mechanism is driven by a
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difference in the thermodynamic activity existing at the upstream and
downstream faces of a membrane. The activity difference causes a
concentration difference that leads to diffusion in the direction of decreasing
activity (Kesting and Fritzsche, 1993).

The driving force for the separation through the membrane is a partial
pressure, or fugacity, difference. From Fick's law of diffusion, the flux of a given

component across the membrane is derived as:
Jo = (P /) (P,-P,) Eq. 2-1

where J, is the volumetric flux of the component gas across the membrane, Pis
the permeability of the component in the membrane polymer, / is the thickness of
the active layer, and p, and p, are, respectively, the partial pressures of the
component on the feed (f) and permeate (p) sides of the membrane. The
permeability (P) is usually taken as a product of two parameters, the diffusivity

(D) and the solubility (S):
P=DS Eq. 2-2

There are various models used to describe gas transport in polymers: the
matrix model, the free-volume theory, the dual mode sorption model.

The matrix model is based on the assertion that gas molecules exist in a
glassy material as a single population. The concentration dependence of the

sorption and permeability is thought to be due to gas/polymer interactions. The
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parameters of this model do not have easily definabie physicai significance
(Zolandz and Fleming, 1992).

The free-volume theory of gas diffusion in polymers is based on free-
volume transport in liquids. According to the free-voiume theory, the movement
of molecules depends on the iree volume available as well as the availability of
energy sufficient to overcome polymer-polymer attractive forces. The flux (J) of
the penetrant gas can be written in terms of the local volume fraction of
penetrant in the polymer, ¢, and the mutual diffusion coefficient, D:

J=_LQQ Eq 2-3
1-0 dx

where the diffusion coefficient D is assumed to be a function of the local
concentration, all at a position coordinate x in the flux direction, perpendicular to
the membrane area (Zolandz and F leming, 1992).

The fractional free volume is defined as:

V-V,

vV, = Eq. 2-4

where v is the specific volume of the sample and Vo is the volume occupied by
the sample molecules themselves. The specific volume is the reciprocal of the
density. v, can be estimated by molecular group contribution methods, by fitting
the theoretical equation of state for a polymer to pressure-volume-temperature
data and deducing the occupied volume or by positron annihilation spectroscopy

(PAS) (Pixton and Paul, 1994). The fractional free volume, v;, in a polymer can
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also be expressed as a function of absolute temperature (7) . penetrant gas
pressure (p), and concentration:

Vo=V +a(T-T)~B(p-p,)+vo Eg. 2-5
where v, is the fractional free volume of the pure polymer at the reference
temperature and pressure, T, and p,. Usually the reference temperature is
chosen as the glass transition temperature, T,. and the reference pressure is 1
atm. «a [=(év, /6T)] is the “thermal expansion” coefficient, B [=-(Cvy /1ED),] Is the
“compressibility” and y [=(év, /6¢)] is a concentration coefficient which defines
the effectiveness of the penetrant as a plasticizer (Stern and Kulkami, 1983).

The dual mode sorption model refers to the existence of two
thermodynamically distinct populations of the penetrant gas, namely, mobile
molecules dissolved in the polymer by an ordinary dissolution mechanism
obeying Henry’s law and molecules residing in a limited number of preexisting
microcavities in the polymer matrix, obeying a Langmuir type of isotherm, with
rapid exchange between the two populations. (Zolandz and Fleming, 1992).

The Henry's mode sites are small and correspond to the normally
densified regions of the polymer. Sorption in these sites is analogous to the
sorption of low pressure gases in rubbery polymers.

The Langmuir sorption sites or “holes” are larger and more variabie in
size. They are associated with the microvoids or excess free volume formed
from intersegmental packing defects which are fixed in the glassy state during

the glass transition. Permmanent Langmuir sites cease to exist at temperatures



slightly above T,. This is probably due to relaxation in the polymer matrix and
small interchain displacement or micropores expanding upon heating 1 such a
way that the distinction between intra- and internodular micropores disappears
giving a rubbery polymer. The penetrant molecules sorbed in the Langmuir sites
are much less mobile than those in the Henry's law sorption sites (Kesting and
Fritzsche, 1993).

The dual mode sorption model accounts for these two distinct molecular
environments with different inherent mobilities by expressing Fick's law as:

dac, _ dcC,

J==Do dx -0, dx

£q. 2-6

where J is the diffusive flux and the coefficients Dy and D, characterize
diffusion due to local concentration gradients in the respective Henry (subscript
D) and Langmuir (subscript H) environments. Both are dependent on
temperature, but are assumed to be independent of concentration (Kesting and
Fritzsche, 1993).

The dual mode sorption model is consistent with permeation results to
date and appears capable of accommodating the time, temperature and
pressure dependence of permeation as well as a certain degree of
independence between Henry’s mode and Langmuir site sorption and
permeation (Kesting and Fritzsche, 1993).

The temperature dependence of the permeability can be obtained from

these two Arrhenius relations:



D=De =" Eq. 2-7

and
S =S, e 5" Eq. 2-8

where D and S are the diffusivity and solubility, D, and S, are preexponential
factors, £ is the activation energy, and E; is the enthalpy of sorption.

The presence of secondary components in the feed gas can have
profound effects on the transport rate of penetrants in glassy polymers. In
general the transport rate of a penetrant A is depressed by the second penetrant
B. The total sorption level for A is depressed by B due to exclusion of A from
some Langmuir sorption sites that would be available in the pure gas case.

The concentration dependence of the diffusion coefficient for penetrant
transport in polymers can be evaluated from steady-state permeability and
equilibrium solubility. Some polymers exposed to high levels of strongly
interacting gases such as CO, and H,S experience a depression in their glass
transition temperature (plasticization). This is thought to increase the size of the
segmental motions that participate in the diffusion process and usually resulis in
a drop in selectivity. The effect of CO, on glassy polymer plasticization is
dependent on the material properties of the membrane and the CO, pressure.
Currently, the suitable process conditions for a membrane material cannot be

predicted and must be determined by experiment (Zolandz and Fleming, 1992).
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Also, there can be a significant time-dependent or history effect on the

membrane, particularly for gases like CO, at extremely high pressure (Pixton and

Paul, 1994).

There are several equipment designs for the measurement of gas
permeation through polymer film. Some employ a sweep of carrier gas on the
downstream side of the membrane, combined with an appropriate detector for
analyzing the composition of this stream. For pure gases it is sufficient to
measure either the volume of permeate at a fixed pressure or the rise of
permeate pressure in a fixed volume. These methods were described and

compared by Stern et al. (1963).

The ability of the membrane to separate a mixture of gases, i and j, is

described by the separation factor (ctz):

y.ly,
@, = X, 7x, Eq. 2-9
where y, x; and ¥ x; refer to the mole fraction of components i and J in the

product and the feed streams, respectively (Zolandz and Fleming, 1992).

Often, mixed gas permeation behavior in glassy polymers can be
adequately predicted from pure gas measurements, and pure gas permeation
rate ratios. However, CO, is a known plasticizer and the prediction of mixed gas
permeation from pure gas measurements may not be accurate at high CO,

partial pressure in the upstream. It is very important to calculate pure gas
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permeation rate ratio from measurements made on the same film, because a
variety of factors related to the equipment calibration, sample preparation and
mounting can increase the errors associated with independently measuring

absolute permeability coefficients (Pixton and Paui, 1994).

2.3. Fazciorial Design

The use of factorial experimentai design for membrane research and
development is fairly recent. A factorial design was used by Pesek and Koros
(1994) to study and optimize the permeation properties of asymmeiric

polysulfone hollow fiber membranes for gas separation.

Factorial designs are a statistical experimental method used to study the
effects and interactions of several factors on a response. The statistical design
of an experiment is the process of planning the experiments so that appropriate
data will be collected, which may be analyzed by statistical methods, resuiting in
valid and objective conclusions (Montgomery, 1984). This approach is
hecessary when the data is subject to experimental error. In a factorial
experiment, several factors are investigated simultaneously, with each factor
studied at two or more levels. Levels of the factors may be quantitative such as
a temperature or qualitative such as the type of polymer. it provides the smallest

number of runs while testing all possible combinations of the levels and factors.
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Typically, letters are used to identify the factors. For example. an
experiment testing four treatment factors would assign the letters A. B. C. and D
to the factors. For exploratory work, usually two levels are used: a “high” level
and a “low” level, identified by +1 and -1. A 2-level, four factor factorial design is
denoted as a 2° design. Such a design involves 16 runs as shown in Table 2.1

(Milliken and Johnson, 1984).

Table 2.1 A 2° factorial design.

Level of the factors

Runs A 8 C D treatment combination
1 -1 -1 -1 -1 (1)
2 +1 -1 -1 -1 a
3 -1 +1 -1 -1 b
4 +1 +1 -1 -1 ab
5 -1 -1 +1 -1 c
& +1 -1 +1 -1 ac
7 -1 +1 +1 -1 be
8 +1 +1 +1 -1 abc
8 -1 -1 -1 +1 d

10 1 -1 -1 +1 ad
1 -1 +1 -1 +1 bd
12 +1 +1 -1 +1 abd
13 -1 -1 +1 +1 cd
14 +1 -1 +1 +1 acd
(E] -1 +1 +1 +1 bed
16 +1 +1 +1 +1 abed
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The factors are treatments that may have a significant impact on the
response. Some prior knowledge is required in order to choose the factors and
their levels. The experimental runs are performed in random order, often in
replicates. The treatment combinations are denoted by lower case letiers. For
example the abc treatment combination indicates that factors A, 8, and C are at
the high (+1) leve! while factor D is at the low level (-1) for that run. The run with

all the factors at the low level is denoted by (1).

It is important to determine which factors have significant impact on the
response. This is accomplished by estimating the main effects and interaction
effects, which are denoted by capital letters. The main effect of a factor, for
example A, is defined as the change in response produced by a change in the
level of the factor. The interaction effects, such as AB or ABC, are found when
the difference in response between the levels of one factor is not the same at all

levels of the other factors (Montgomery, 1984).

The following complete mode! for the 2° design presented in Table 2.1
can be obtained:
E(Y) =By +B,A+B,B+B,C+B,D+BAB+B,AC

+B,AD +B,BC+B,BD +B,,CD+B,,ABC + B,,ABD Eqg. 2-10
+B,,ACD +B,,BCD + B,,ABCD
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Where E(Y) is the expected value of ¥ at a given value of the factors A, B,
C, and D, and B, are the parameters for the factors. These parameters can be
estimated by least squares analysis. Two level factorial designs do not give

information on pessible quadratic behavior (Draper and Smith, 1981).

As the number of factors in a 2¢ design increases, the number of runs
increases rapidly, becoming expensive and time-consuming to perform. If we
cah assume that third order and higher order interactions are negligible, then a
fractional factorial design can be used to obtain information on the main effects
and low-order interactions. This is often done _.4en k24, {Hines and
Montgomery, 1980). Fractional factorial designs are usually used for scanning

purposes, to identify the factors that have large effects on the response.

A one-half fraction of the 2* design contains 2 runs and is called a 2%
fractional factorial design. The 2*' design is a one-half fraction of the 2° design.
We can choose the 8 treatment combinations so that the ABCD effect has the
value of +1, as shown in Table 2.2. ABCD is called the generator of this fraction
of the full factorial design and /= ABCD is the defining relation for the cesign,

where / is the identity element (Montgomery, 1984).

- The information from a fractional factorial design is available only as
mixtures of information, consisting of one potentially important piece of

information and one or more piece of information judged to be unimportant,



Table 2.2 A 2*' fractional factorial design

Levels of the factors

Runs A B C D

1 -1 -1 - -1

3 -1 1 -1 1

5 -1 -1 1 1

usually high order interactions. In the design presented in Table 2.2, changes in

the variable A coincide with changes in the treatment combination bed.

The resulting effect of these changes is the sum of the individual effects of
aand bed. aand bed are said to be confounded and a is an alias of bed.  When
selecting a fractional factorial design, care must be exercised so that effects of
potential importance are not aliased with each other. For the half fraction of the
2* design presented in Table 2.2, the defining relation was chosen to give a
resolution IV design. A resolution IV design is one in which no main effect is

aliased with any other main effect or two-factor interaction, but two-factor
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interactions are aliased with other 2-factor interactions. Since 3-factor and 4-
factor interactions are assumed negligible, this type of design can be used to
gain valuable information on the main effects A. 8, C, and D. Alternatively, the
defining relation /=-ABCD could also have been used to yield a resolution 'V
design but any other defining relations would have aliased the main effects with

2-factor interactions or other main effects (Montgomery, 1984).

The alias structure of a design may be determined by using the defining
relation /=ABCD. Multiplying any effect by the defining relation yields the aliases
for that effect. For example, for the alias of A:

A-1=A-ABCD

Eq. 2-11
A=A*BCD=BCD 7

since any effect times the identity / is just the original effect and A% = J
(Montgomery, 1984). The complete alias structure for the 2% design shown in

Table 2.2 is represented in Table 2.3.

Assuming the interactions involving more than two operating variables are
negligible, the 2*' design of Table 2.2 can be used to get valuable information

on the main effects (A, B, C, D).

Various methods of statistical analysis can be used for factorial and
fractional factorial designs. For non-replicated fractional factorial experiments,
Milliken and Johnson (1989) recommend a half-normal plotting method. The

plotting technique can be used to make judgments about which effects are likely
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to be significant and to estimate the experimental error in nonreplicated

experiments.

Table 2.3 Aliases of the effects for a 2% fractional factorial design, I=ABCD

Effect Alias

A BCD

B ACD
Cc ABD
D ABC
AB CD
AC BD
AD BC

An ANOVA procedure is used to generate single-degree-of-freedom sums
of squares for each of the 7 effects from one of the alias sets in Table 2.3.
Analysis of variance involves the partitioning of the degrees of freedom and the
sum of squared deviation between the “ermor” (SSg) and the *treatment”
(SSiyeatments) O effect (Montgomery, 1984). The total sum of squares (SSy) is a

measure of the overall variability of the data so that
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SS: = SSpumens + SSe Eq. 2-12

If the effect exists, it will inflate its own mean squared deviation but not that of
the error. By removing the SSe and using only the SSireatmens fOr the half-normal

plot, the differences within treatments due to random error are eliminated.

The square root of the single-degree-of-freedom sum of squares is
calculated for each effect. These square roots are ranked in order from smali to
large. The probit value for each of these square root is plotted against it. This is

the half-normal plot.

Examination of the half-normal plot will revea! which effects appear to be
significant. If none of the effects are significant, all the effects will fall on a
straight line, passing through the origin. Effects that do not fall on this straight
line are assumed to be significant. When these are removed, the remaining
effects are plotted and an estimate of the standard deviation, &, can be obtained

graphically.

The response variables can also be modeled as linear functions of the
effects using a least squares regression procedure. Several assumptions are
made in fitting a regression model, therefore the validity of the mode! must be
assessed. A normal probability plot or a histogram of the residuals can be used
to check the assumption that the errors are normally distributed, with a maan of
zero. Plots of the residuals against the expected value of the response and

against the independent variables are a simple way to check for lack of fit.
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The lack-of-fit test is used to verify whether the assumed order of the
model is correct. The coefficient of muitiple determination (Rz) is often used to
judge the adequacy of a regression. R° can be viewed as the amount of
variability in the data accounted for by the regression model (Hines and

Montgomery, 1980).

Contour plots of the models are recommended by Miliken and Johnson
(1984) as a way to determine the combinations of factors that will give near-

optimum responses.
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3. Properties of Materials

3.1. Polymers

The polymers used in the research were 2,6-dimethy! polyphenylene
cxide (PPO) and chemically modified PPO. The chemical structure of PPO is
shown in Figure 3.1. The polymer has a high softening point, good chemical
resistance, electrical insulation and dimensional stability (Alger, 1989). It is used
commercially mostly in a blend with polystyrene known as Noryl® (Hay, 1986).
Of the many aromatic polymers which possess a high 7,4, PPO shows the highest
permeability to gases (Percec and Li, 1988). However, the ideal separation
factor for gas mixtures is usually iower than for other membrane materials such

as cellulose acetate.

CH, CH, CH,

H mO) -0

CH3 n-2 CH:3

Figure 3.1 Structure of poly-(2,6-dimethyl-1 ,4-phenylene oxide).
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The chemical structure of PPO allows for a wide range of substituents that
can be attached to the aromatic ring. or on the methyl group, or on both. These
reactions can lead to a wide range of gas separation materials with improved

permeability, permselectivity or broader solvent solubility (Sisto et al., 1994).

The polymer used in the experiments is PPO Blendex Modifier Resin
BHPP 820 from General Electric. It has an intrinsic viscosity of 0.4 dlL/g and a T,
of 215 °C. Two chemically modified PPQOs were prepared from this material:
acylated PPO, and brominated PPO with 100% substitution on the aromatic ring.
High melecular weight PPO with an intrinsic viscosity of about 1.0 dU/g was a' o

obtained from General Electric.

3.2. Solvents and Additive

A summary of the solvents used for casting solution preparation of PPO
membranes are presented in Table 3.1. Chemically modified PP() membranes
and high molecular weigiit PPO membranes were prepared with chloroform as
the solvent. 2! solvents were used as received from the manufacturer, without

further purification.

For some ynembranes, a non-solvent additive, 2-ethyl-1-hexanol, was also
used in the preparation of the casting solution. This additive was obtained from

Kodak 2nd us«d as received.
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Table 3.1 Summary of solvents used for sciution preparation.

Sclvent Supplier Density atroom  Boiling point
temperature (°C)
(g/mI)
chloroform BDH 1.498 61.7
1,7 .2-trichloroethene Fisher Scientific 1458 87.1
Company
tetrachloroetheny Mathe<«eon Coleman 1.823 121.1
& Bell
chlorobenzensz Fisher Scientific 1.106 131.7
Company

Tre non-solvent used as the gelation bath for all the membranes was

methanol, from BDH. Used methanol from the gelation bath was filtered and

reused for gelling other membranes. Some trials with ethanol, from BDH, as the

gelatio: bath were also attempted.

3.3 Gases

The gases for permeation tests were H,, CH,, CO,, O,, N, and mixtures of

49.2% CO, in CH, and 20.4% CO, in CH,, all supplied by Air Products. Helium

from Air Products was used as the carrier gas for the gas chromatograph.
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4. Experimental Method

4.1. Preparation of Casting Solutions

The polymers were dried in a vacuum oven or a conventional oven for at
least one hour at 60°C before solution preparation. The solution was prepared by
adding the solvent to 8 to 15 g of dry polymer, in a glass bottle. When additive
was used, it was added to the polymer with the solvent. Sometimes, it was
necessary to stir the contents with a magnetic stirrer and/or heat the solutions to

ensure complete dilution of the polymer.

Table 4.1 gives the exact casting solution composition of the membranes.
All the membranes were asymmetric, unless otherwise indicated. Casting
thickness was 152 pm. The additive was 2-ethyl-1-hexancl. The additive
concentration is indicated as a fraction on the total non-polymer components in
the casting solution. The * represents the coupon number, since many coupons

of the same membrane were prepared.

The solutions were filtered through nylon fabric or a 3 pm Millipore
fiter, depending on availability, using a Millipore pressure filter cartridge.
Nitrogen gas at pressures of 69 to 276 kPa (10 to 40 psig) was used to force the
polymer solution through the filter. The solutions were left to de-gas for at least

12 hours before membrane casting.
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Table 4.1 Composition of casting solutions

Membrane Type of PPO Polymer Solvent Additive as
Code Concentra- wt% of
tion Solvent

2-20C-6-* BHPP 820 20 wt% chloroform 0%

2-15C-6-- BHPP 820 15 wt%) chloroform 0%

2-20CCT-6-- BHPP 820 20 wt% 70 wt% chlorcform. 0%
30 wt% 1.1.2-
trichloroethene

2-20CT-5-" BHPF 820 20 wi% 50 wi% chloroform, 0%
S50 wt% 1,1,2-
trichloroethene

2-20CTT-6-- BHPP 820 20 wt?s 30 wt% chiorofor, 0%
TOwt% 1.1,2-
trichloroethena

2-20T-6-" BHPP 820 20 wt% 1.1,2- 0%
trichloroethene

2-15T-5-* BHPP 820 15 wt% 1.1,2- 0%
trichloroethene

2-20B-6-* BHPP 820 20 wt% chlorobenzene 0%

2-20TA-6-" BHPP 820 20 wt% 1,1.2- 1€.7%
nchloroethene

2-20T2A-6-" BHPP 820 20 wt¥s 1.1.2- 14.3%
trichloroethene

2-20T3A-6-" BHPP 820 20 wtt% 1.1.2- 12.5%
trichioroethene

2-H20T-6- BHPP 820 20 wi% chioroform 0%

(homogeneous)

2-H20CT-6-* BHPP 820 20wt% 50 wt% chioroform, 0%

(homogeneous) 50 wt% 1,1.2-
trichloroethene

2-H20T-6- BHPP 820 20 wt% 1.1.2- 0%

(homogeneous) trichloroethene

5-20C-5-* Acylated BHPP 20 wt%h chloroform 0%
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Table 4.1 (continued) Composition of casting solutions

Membrane Type of PPO Polymer Solvent Additive as
Code Concentra- wt% of
tion Solvent
6-15C-6-" high molecular 15 wt% chloroform 0%
weight PPQO
8-20C&- 100% 20 wt% chloroform 0%
brominated on
ring BHPP 820
7-F16-* high molecular 10 wt% chloroform 0%
weight PPO
7-F2-6-* high molecular 15 wt% chloroform 0%
weight PPO
7-F3-6-* high molecular 10 wt% chloroform 14%
weight PPO
7-F4-6-° high molecular 15 wt% chicroform 14%
weight PPO
7-F5-6-° high molecular 10 wt% chloroform 0%
weight PPO
7-F6-6-" high molecular 15 wt% chloroform 0%
weight PPO
7-F7-6-" high molecular 10 wt% chloroform 14%
weight PPO
7-F8-6-" high melecular 15 wt% chioroform 14%
weight PPO
7-F0-6-* high molecular  12.5 wt% chloroform 7%
weight PPO
7-OP1-6-* high molecutar 12.5 wt% chioroform 875%
weight PPQ
7-0P2-6-" high molecular 10 wt%e chloroform 98 %

weight PPO
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4.2. Preparation of Membranes

A brass casting bar was used to spread the polymer solution on glass
plates during membrane preparation. The casting bar was designed to cast
membranes of four different wet thicknesses: 102 pm (4 mil), 152 ym (6 mil),

203 pm (8 mil), and 254 pm (10 mil).

The membranes were prepared at room conditions (relative humidity,
temperature, pressure) in a dust-free glovebox. The solutions were poured on a
glass plate and spread with the casting bar in one continuous, smooth motion. In
some cases the casting solution was heated (30 to 60 °C) in an oven before
casting. Immediately after casting, the glass plate was immersed in a gelation
bath for one hour. For some membranes, a longer length of time for partial

evaporation of the solvent was allowed before gelation.

When removed from the bath, the membranes were visually examined for
defects such as dirt and pinholes, and coupons were cut and numbered. For
some casting conditions, the membranes did not spontaneously detach from the
glass plate during gelation. These membranes were removed from the glass
plate by allowing the gelation media to evaporate from the membrane for 10
minutes, then immersing the glass plate in a water bath. The membrane could

then be easily peeled off the glass plate.



All coupons were dried in a vacuum oven or a vacuum desiccator for at
least 12 hours prior to testing to ensure complete evapcoration of traces of
solvents or gelation media. The content of the gelation bath was filtered and

stored to be reused for the next casting session, without further treatment.

Some of the membranes were laminated with a silicon rubber membrane

of thickness 25 pym obtained from General Electric.

4.3. Gas Permeation Testing

The membranes were tested in the gas permeation apparatus described
belocw (Figure 4.1). Three permeation cells were connected in series to a gas

cylinder. A purge line was attached to allow flushing of the cell when changing

pressure pressure
regulator @ gauge
feed l I restdue
valve T+ H _jf_q
I
|
al |y p <
/ / /- bubble
mcter
3-way
valve
é—? E—(—? &—? g
permesate

Figure 4.1 Gas permeation testing apparatus.
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the feed gas. A permeate line from each of the celis permitted the measurement
of the exit gas flow rate, using a bubble flowmeter. All lines were 6.35 mm (1/4
inch) stainless steel tubing except for the permeate line (3.18 mm (1/8 inch)
stainless steel) and the feed to the gas chromatograph (1.59 mm (1/16 inch)
stainless steel) and lines to the flowmeters which were made from fiexibie rubber

and Nalgene tubing. Fittings were supplied by Swagelok and the valves were

supplied by Whitey.

The gas permeation cells (Figure 4.2) were composed of a stainless steel
pressure chamber, in two detachable parts. The membrane was supported by a
stainless steel porous plate in the bottom of the cell. Gas that permeated
through the membrane exited the cell by the permeate collection line which
connected the area below the porous metal plate to a 3-way valve in order to
feed the permeate either to a bubble flowmeter or to the gas chromatograph.
The upper part of the cell contained the feed gas under pressure. It was fitted
with control valves to the feed gas inlet and purge lines. The membrane was
maintained in the cell by two rubber "O" rings. The two halves of the cell were
held together by nuts and bolts. The magnetic stirrer was not used when the

feed is a gas. The test cell is described in details in Agrawal and Sourirajan

(1970).



POROUS
PLATE

PERMEATE EXIT

Figure 4.2 Gas permeation test cell (Agrawal and

Sourirajan, 1970).

The bubble flowmeters used were Varian Optiflow 420, Varian 0 to 60 ml
and Supelco 0 to 0.5 ml models. The smallest gas flowrate that could be

detected using the capillary bubble flowmeter was 0.005 ml/min.

For a permeation test, a membrane was installed in a cell by placing a

filter paper on the porous metal plate to prevent ruptures due to sharp edges.
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The membrane was taped on top of the filter paper with the selective layer of the
membranes exposed to the feed gas. A second filter paper was sometimes
placed on top of the membrane in such a way as to cover the permeation area
but not interfere with the seal of the two "O" rings. This was done to reduce the
ruptures due to suction on the membrane when the pressure was released,
during the purging of the cell. The filter paper held the membrane down tightly in
the cell, preventing the membrane from stretching or moving with the change in
pressure. The upper and lower pért of the cell were then closed by means of
nuts and boits to ensure that there were no gas leaks. The actual permeation

area of the membrane coupon depends on the cell in which it is tested.

After purging the test cell with the feed gas, the pressure was adjusted
using a pressure regulator. The operating pressures were in the range from 414
to 1379 kPa (60 to 200 psig). About every hour, three permeate flow rates were
measured and recorded for each membrane, until steady state was reached. As
well, the temperature and atmospheric pressure were also recorded. Using this
method, the gas permeation test usually took five to six hours for each gas
tested.

The usual order of the gas testing was CH,, CO,, N,, and O,, all at 690
kPa (100 psig) feed pressure. By testing CH, first, it was possible to determine if
the membrane was too open to be selective. CO, was then tested followed by
N.. The permeation rate of N, should be close to that of CH,. Therefore it was

possible to know if the high permeation rate of CO, was due to a membrane
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rupture during the permeation test. If a rupture had occurred, the N, permeation
rate would become as high as that of CO, . Oxygen was also tested to obtain
data on the O,/N, gas pair, since separation of air is of industriai importance. In
some cases, the permeation rate of H, was also determined. For some
membranes, the feed pressure was increased to 1034 or 1379 kPa(150 or 200

psig) to test the mechanical strength of the membrane coupon.

4.4. Separation Experiment

When membranes with very high CO,/CH, pure gas permeation rate ratio
were identified, they were tested for the separation of CO,-CH, gas mixtures. In
addition to measuring the flowrate, the permeate was analyzed by gas
chromatography to determine the separation factor of the membrane. A Vanan
3300 gas chromatograph fitted with a molecular sieve 5A column was used. The
thermal response factors for the thermal conductivity detector were determined
according to the method of Dietz (1967). Helium was used as the carrier gas for

the gas chromatograph.

The settings for the gas chromatograph can be found in Appendix D.
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9. Methodology

5.1. General Experimental Strategy

The objective of the research was to develop a membrane for CQ,-CH,
separation, using PPO as the base polymer. The scope of the research was
limited to asymmetric membranes as they usually have higher permeation rates
than homogeneous membranes. The target value for the CO, permeation of the
membrane was 3.37 x 10 moles/(m? s Pa) and the target for C9,/CH, pure gas

permeation rate ratio was 50.

In order to obtain a membrane that had good mechanical strength to
withstand gas permeation testing, a series of membranes with different
thicknesses were cast from 20wt% PPO in chloroform. They were then gelled in
methanol. From this experiment, the casting thickness which enabled sufficiently
high mechanical strength was found. Then other factors affecting membrane

performance and mechanical strength were studied.

Of these factors, different solvents, solvent combinations, and gelation
bath media were explored. The effect of PPO concentration and concentration
of 2-ethyl-1-hexanol additive were studied as well as the effect of the evaporation
time before gelation. The lamination of the membranes with a silicone rubber

film was attempted. Membranes prepared from various chemically modified PPO
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and high molecular weight PPO were also prepared and tested for gas

permeation.

When a membrane coupon had a very high CO,/CH, pure gas permeation
rate ratio, it was tested for the separation of CO,-CH, gas mixtures. Some
coupons were subjected to increased feed pressures to test their mechanical

strength.

After this preliminary gathering of information, the ranges of the casting
conditions which gave a membrane film strong enough te withstand gas testing

were identified.

Further screening of some of these conditions was done using a fractional
factorial design. The effects and relative importance of polymer concentration,
additive concentration, temperature and evaporation time before gelation on the
performance of the gas separation membrane were studied. Mathematical
models were deveioped and the optimum casting conditions to obtain the taryet
values of permeation rate and CO,/CH, pure gas permeation rate ratio were
determined from the models. Membranes were cast under these conditions and

tested.

Scanning electron microscope observation of some membrane coupons

was performed in order to confirm that the membranes were asymmetric.
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5.2. Analysis of Permeation Data

Each membrane coupon was tested with different gases. Once the
membrane coupon was in the cell and under pressure, at least three permeate
flow rate measurements done and recorded. The measurement of the permeate
flow rate in triplicate was done every hour untii the membrane reached steady
state. To determine the permeate flow rate at steady state, the three permeation
rate results for each hour were averaged and, using the ambient temperature
and atmospheric pressure. converted to standard temperature and pressure
(STP, 0°C, 101.3 kPa), according to the ideal gas law. These permeation rate at
STP were plotted against the time. The plots exhibited a plateau after steady-
state was reached. This permeation rate at steady state was converted from
cmls to moles/s, and further divided by the membrane area and the test
pressure to give the permeation rate in units of moles/(m® s Pa). The permeation

rate at steady state is used in all graphs, tables and calculations in this report.

For some coupons, the CH, permeation could not be detected even by
the most sensitive bubble flowmeter. in these cases, an approximate value of
5.6x107"? molel(m2 s Pa), was used as the CH, permeation rate for these
coupons. This value is the smallest flowrate that can be detected by the capillary

bubble flowmeter.

Some membranes had permeation rates that were larger than the

measurabl: range ior the available bubble flowmeters. For these membranes,



the permeation rates were measured at many lower feed pressures. The
permeation rate as a function of feed pressure could be approximated by a
straight line which was extrapolated to obtain the permeation rate at the desired

feed pressure. These plots can be found in Appendix A.

5.3. Analysis of Gas Mixture Permeation Results

For membranes that were tested for the separation of CO,-CH, gas
mixtures, the data were collected and converted to STP values, according to the
method described in section 5.2. The permeate was also analyzed by gas

chromatography (GC) to determine the separation factor for these membranes.

The permeate was fed to the gas chromatograph and one peak was
obtained for each component gas in the feed mixture. The area of each peak

was calculated by integration.

To obtain accurate results from the GC analysis of gas mixtures, the area
undemeath each chromatographic peak must be divided by a “thermal response
factor” (Dietz, 1967). The thermal response factors for the thermal conductivity
detector of the GC were calculated by analyzing four CO,-CH, mixtures of known
cemposition. The thermal response factors were determined to be 37.8 for CH,

and 47 for CO,. These factors are in the same range as those found by Dietz.
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The concentration of the CQ, and the CH, in the permeaie was
determined from the corrected area of the peaks obtained. The separation factor
(ar,) for each membrane was calculated using the equation:

_cp,lcp,

a, = £q. 5-1
' oegle, q

where the subscript i refers to the most permeable gas (CO,) and j to CH,. C, is
the concentration in the permeate and ¢, is the concentration in the feed. The

enrichment (E) is given by:

ot

= — Eg. 5-2

using the same notation as above.

5.4. Analysis of Fractional Factorial Design Results and

Modeling of Data

A fractional factorial experiment was performed to determine the effect of
polymer concentration, presence of additive, evaporation time before gelation
and temperature of casting solution on the performance of high molecular weight
PPQO membranes. A linear model was fitted to the results obtained. This model

was used to identify the optimal casting conditions to achieve the target values of



3.37x10®° moles/(m? s Pa) CO, permeation rate and a CO,/CH, permeation rate

ratic of 50.

Two response variables are selected: CO, permeation rate and CO./CH,
pure gas permeation rate ratio, at 690 kPa (100 psig) feed pressure. One half
of the full 2° design was performed, based on the assumptions that 4-factor and
3-factor interactions are not significant compared to 2-factor interactions and
single factor effects. Accordingly the combined effect AB of polymer
concentration A and additive concentration B are confounded with the combined
effect of the evaporation time before gelation C and the casting solution
temperature D. Similarly, the AC effect is confounded with the BD effect, the AD
effect with the BC effect, the single factor effect A is confounded with the BCD 3-
factor interaction, 8 with ACD, C with ABD and D with ABC. The total effect (1)

i5 confounded with the 4-factor interaction ABCD.

No replicates were performed, but usually the data from two or more
membrane coupons which gave similar results were used for calculations.
These membrane coupons are not replicates since these were cast from the
same solution batch and often came from the same membrane sheet. These
data were not averaged for the modeling. The order of membrane casting and

testing is randomized by pulling the run number from a hat.

The data were analyzed using SAS® statistical software. All the

programs can be found in Appendix B. The data were scaled before analysis.
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The response variables of CO, permeation rate and CO./CH, pure gas
permeation rate ratio were analyzed by the half-normal piotting method and
modeled using backward stepwise elimination from the most general modei

using linear regression.

The models were checked for adequacy using residual analysis, lack-of-fit
and the coefficient of multiple determination (Rz). Since heteroscedasticity was
present in the data, weighing ard model fitting of the data by Tukey biweight
robust regression (Beaton and Tukey, 1974) was attempted but the modetl

accuracy did not improve.

Also using SAS®, contour plots of the modeled CO, permeation rate and
CGO,/CH, permeation rate ratio were plotted in order to determine the casting
conditions that would give a membrane which would have both the targeted CO,
permeation rate of 3.37x10™® moles/(m? s Pa) and CO,/CH, pure gas permeation
rate ratio of 50. By overlaying the twe contour plots it was possible to determine

graphically the optimum casting conditions for the desired membrane.
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6. Results and Discussion

In order to identify a PPO membrane with the desired gas separation
capabilities and mechanical strength, a series of preliminary tests were
performed to determine the casting solution composition and casting conditions
most likely to yield a membrane suitable for CO,/CH, separation. When these
were completed, the membrane casting conditions were modeled and optimized
in an effort to obtain a membrane with the target CO, pemmeation rate of

3.37x10® moles/(m® s Pa) and pure gas permeation rate ratio of 50.

The permeation test results for each membrane tested can be found in

Appendix A.

6.1. Effects of Membrane Casting Conditions

Preliminary casting tests of membranes cast at wet thicknesses of 101.6
Hm (4 mil), 152.4 pm (6 mil), 203.2 pm (8 mil), and 254 um (10 mil) revealed that
a wet casting thickness of 6 mil yielded permeable membranes that had enough

mechanical strength to withstand permeation testing.
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6.1.1. Effect of Forced Solvent Evaporation

The rate of evaporation of the solvent from “he membrane is a very
important factor in membrane formation but this was aifficult to evaluate due to

the poor mechanical strength and surface defects of the membranes,

The purpose of solvent evaporation from the cast membrane before
immersing it in the gelation bath is to promote the formation of the skin laver. A
series of 20 wt% PPO membranes in 1,1,2-trichloroethene were left in an oven at
60 °C to test the efféct of forced solvent evaporation on the properties of the
membranes (Table 6.1). The coupon codes are explained in Section 4.1. It was
observed that most of the solvent was evaporated in the oven before the gelation
step and the membranes seemed homogeneous. The membranes also had

many surface defects due to dust in the oven.

By immersing the membrane in the gelation bath immediately after casting
the formation of a thin selective layer is promoted. The membranes are less
open to gas flow but much more selective, as demonstrated by coupons 2-20T-

6-1 and 2-20T-6-10.
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Table 6.1 Effect of forced solvent evaporation before gelation on membranes

prepared from 20 wt% PPQ in trichloroethene

Coupon Evaporation time  CH, permeation CO, permeation CO,/CH,
in oven {moles/ (m®s Pa)} (moles/ (m*s Pa)) permeation rate

{min) at 690 kPa at 690 kPa ratio
2-20T-66 10 354 x10° 1.48 x107 0.42
2-20T-6-7 10 ruptured N/A N/A
2-20T-6-2 3 ruptured 1.69 x10° N/A
2-20T-6-3 3 ruptured N/A N/A
2-20T-6-4 1 5.04 x10°® ruptured N/A
2-20T-6-7 1 ruptured N/A N/A
2-20T-6-1 0 5.6 x10™ 6.91 x10™° 123
2-20T-6-10 0 56x10™" 6.29 x10"° 112

6.1.2. Effect of Gelation Bath Composition

Most membranes in this study were prepared with a methano! gelation
bath. In general, these membranes had a white or translucent color

characteristic of asymmetric membranes and were mechanically strong.

Ethanol was used as the gelation bath for membranes prepared from 20
wt% PPO in trichloroethene (coupons 2-20T-6-21, 2-20T-6-22). These

membranes were clear and too brittle to be tested for gas permeation.
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6.1.3. Effect of Silicon Rubber Membrane Lamination

When membrane coupons were laminated with a thin (25 pm) silicon
rubber membrane, the mechanical strength of the coupon was increased, steady
state permeation was achievad faster and fluctuations in the flow rate were
minimized. The lamination increased the CO,/CH, permeation rate ratio by
blocking pinholes and other defects that prevented the separation.

Consequently, the permeation rates also decreased.

A comparison of two membranes (Figures 6.1 and 6.2) prepared under

similar conditions demonstrates that the minimization of surface defects by

= 3
o +1E-10
w 2.5 + =
S, 2:
8 =
E § 1.5 L
=a 4L
2 +3E-11
a 0 . , —
- 2-20C-6-3 2-20C-6-18
Q Coupon
&
mm NO lamination = laminated

Figure 6.1 Effect of silicon rubber lamination on the CO,
permeation rate of a coupon with surface defects (2-20C-6-3) and
a defect-free coupon (2-20C-6-18) prepared under similar

conditions.
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Figure 6.2 Effect of silicon rubber lamination on  the CO./CH,
pure gas permealion rate ratio of a coupon with surface defects (2-
20C-6-3) and a defect-free coupon (2-20C-6-18) prepared under

similar conditions.

lamination brought the CO, permeation rates and CO,/CH, permeation rate ratio
of the membrane (coupon 2-20C-6-3) to the same order of magnitude as a
similar but defect-free membrane {coupon 2-20C-6-18). The errors indicated are
two times the standard deviation of the pure gas permeation raies at steady
state. The errors on the pure gas permeation rate ratio are calculated by

multiplying the relative error from the permeation rates by the pure gas

permeation rate ratio.

The effect of lamination on a defect free membrane was negligible.

Therefore, lamination was not used for most of the membranes testd.
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6.2. Effects of Casting Soiution Composition

6.2.1. Effect of Solvent for PPO

PPO membranes were prepared from 20% polymer by weight using a
variety of solveris: chioroform, 1,1,2-trichloroethene, tetrachloroethene and
chlorobenzene. Membranes prepared with solvent mixtures of chloroform and
1.1,2-trichloroethene were also tested. All the chemicals tested were solvents

for the polymer but chioroform dissolved PPO faster and did not require heating.

While tetrachloroethene is a solvent for PPO. it was not possible to obtain
membranes prepared from solutions using this solvent. Membranes prepared
from mixtures of PPO and chlorobenzene were not mechanically strong and
many had visible surface defects such as pirholes and cracks. Lamination with
silicone rubber to block these surface defects gave membranes with permeation
rates higher than those prepared from -hloroform or 1.1.2-trichloroethene 2s the

solvent.

The permeation rates were of the same order of magnitude for all solvents
except for chlorobenzene (Table 6.2). However the mechanical strength of the
membrane was greatly affected by the choice of solvent. Membranes prepared
from chloroform solutions were very fragile and ruptured easily when tested. The
strongest membranes were prepared with 1,1,2- trichloroethene ang 1:1 mixtures

of chloroform and 1,1,2-trichloroethene as the solvert.

74



Table 6.2 Effect of solvent used in the preparation of PPO membranes

Coupon Solvent CH, permeation CO, permeation CO,/CH,
(moles/ (m® s (moles/ (m*s  permeation rate
Pa)) Pa)) ratio
2-20C-6-18 chloroform 5.6x10™ 5627710 100
2-20T-6-10 1.1.2-trichloroethene 5.6x107° 6.2933x10™" 112
2-20CCT-6-7 30% 1,1.2- 4.286x50™" 5.236x107"° 12
trichloroethene,
70% chloroform
2-20CT-6-6 50% 1,1,2- 56x10°" 6.7866x10™"° 121
trichloroethene,
50% chloroform
2-20CTT-6-1 70% 1,1,2- 5.6x107% 5.431x107"° 97
trichloroethene,
30% chloroform
2-20B-6-3L chlorobenzene 1.6888x10""° 7.7767x10™° 46

This effect of the solvent on the mechanical strength of the membrane can

be attributed to the interplay of the precipitation and crystallization rate of the

polymer.
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6.2.2. Effect ¢f Casting Solution Concentration

As previously found by Wijmans et al. (1983) the porosity of the top layer
of the membrane decreases with increasing PPO concentration. A 15% FPO by
weight in chioroform, the membranes were very open and the pure gas
permeation rate ratio for the CO,-CH, separation was very low (Figures 8.3 and
6.4). The 15% PPO membranes were also more fragile. By blocking the larger
pores by silicone rubber lamination of these 15% PPO membranes, the CO,/CH,
permeation rate ratio was improved. The errors on Figures 6.3 and 6.4 were

calculated as in Section 6.1.3.

The concentration of polymer in the casting solution can be used as a

factor to control the porosity of the membrane.
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PPO concentration and solvent

permeation rate {moles/(m? s Pa))
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Figure 6.3 Effect of polymer concentration on CO, and CH, permeation rates.
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Figure 6.4 Effect of polymer concentration on COJ/CH, pure gas permeation

rate ratlio.

6.2.3. Effect of Additive Concentration

The effect of different concentrations of 2-ethyl-1-hexanol additive on the
permeation rate and separation of PPO membranes was studied. Membranes
prepared from 20 wt% of PPO in 1,1,2-trichloroethene solutions with three
different additive concentrations were tested and compared to membranes
prepared from the same polymer and solvent, without the additive. The results
are presented in Tabie 6.3.

There is a significant difference, in the performance of the membranes
prepared with additive and without additive. A difference in the CO,/CH, pure
gas permeation rate ratio of 93.5 was obtained between the least selective

membrane prepared without additive and the most selective membrane prepared
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with additive. The presence of some additive significantly increases the
permeation rate of both CO, and CH. but also lowers the pure gas permeation
rate ratio. The presence of additive in the casting solution seems to increase the
mechanical strength of the membranes. For the concentrations of additive
tested, the permeation rates do not seem to depend on the corcentration of

additive but rather on the presence or absence of additive.

Table 6.3 Effect of additive concentration on the performance of PPQO

membranes
Coupon Additive CH, permeation CO, permeation CO,/CH,
Concentratio (molesl(m2 s Pa)) (molesi{m® s Pa)) permeation
n (wt% of at 690 kPa at 690 kPa rate ratio
total
solvent)
2-20T-6-1 0 5.6x107° =1x19™ 6.9x10° £7x10 123+12
2-207-6-10 0 5.6x10"2 +1x10™ 6.3x10" +ax10™" 11226
2-20T3A-6-1 12,5 2.22x107 +3x10™  1.4x10° +1x10™ 6.2-0.5
2-20T3A-6-4 12.5 5.1x10% 21x10™ 6.5x10°° =4x10"™° 1.320.07
2-20T2A-6-1 143 1.477x10% 24x10™?  2.5x10° +4x10™° 1.7:0.3
2-20T2A-6-3 14.3 7.7x10™"° 22x10°%° 2.1x107 £5x10""° 2.7+0.5
2-20TA-6-1 16.7 1.03x10° 21x107™° 2.9x10%° +2x10™° 2.9+0.2
2-20TA-6-7 16.7 1.13x1070 5210 2.0x10° <2410 19+2

78



It is possible that the additive concentrations tested were too large to see
the effect of the concentration of additive. The permeation rates for CO; and
CH, may have reached a plateau at the additive concentration used.

As expected from the studies of Wijman et al. (1995) and Perego et al.
(1991) the use of a non-solvent additive led to a more open pore structure and
more permeable membranes.

The use of a non-solvent additive should permit a better control of the

polymer coagulation rate during membrane preparation.

6.2.4. Effect of Chemical Modifications on PPQ

Four different types of PPO polymer were tested: BHPP 820 (PPO) with
an intrinsic viscosity of 0.4 dlg, acylated PPO (ACYLATED) prepared from
BHPP 820, 100% substitution on ring brominated PPO (PPOBTr) prepared from
BHPP 820, and high molecular weight PPO (HIGH MW) with intrinsic viscosity of
1.0 dUg. Asymmetric membranes were prepared from 20 wi% polymer in
chloroform for all membranes except HIGH MW, where 15 wt% of the polymer
was used. The results are presented in Figures 6.5 and 6.6. The errors on
Figure 6.5 and 6.6 were calculated as described in Section 6.1.3.

Both PPO and HIGH MW had very low CH, permeation rates and high
CO./CH,; pure gas permeation rate ratio. HIGH MW seemed to have more

mechanical strength than PPO. Itis also possible that a higher molecular
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weight polymer has a lower gas resistiance in the sublayer as found by Bauer et

al. (1981

1).
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Figure 6.5 Effect of chemical modifications on PPQ on the CO, and CH,

permeation rates at 690 kPa feed pressure.
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Figure 6.6 Effect of chemical modifications on PPO on the CO2/CH4 pure

gas permeation rate ratio at 690 kPa feed pressure.
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From research by Percec and Li (1988) the permeability and selectivity
should increase with PPOBr. It is possible that the membranes prepared in this
study were not defect free and the polymer used contained impurities from the
bromination reaction. Also, it should be noted that Percec and Li (1988) had
researched homogeneous membranes.

Since HIGH MW exhibited both the highest CO, permeation rate and pure
gas permeation rate ratio. as well as mechanical strength. it was chosen for a

thorough study using a fractional factorial design.

6.3. Testing with Gas Mixtures

Some membranes with high CO./CH, pure gas permeation rate ratios
were tested with CO,-CH, mixtures as the feed gas. The permeate was
analyzed by gas chroratography. Separation factors of up to 22.4 were
obtained (Table 6.4). The results also demonstrate that similar separation

factors can be obtained with PPQ and high molecular weight PPO.

The separation factors for the CH,-CO, gas mixture are much iower than
the pure gas permeation rate ratio obtzined by testing the membranes with pure
gases. This can be attributed to the plasticization effect of CO,, resulting in a

drop in selectivity.
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Table 6.4 Separation of CO2-CH4 gas mixtures

Coupon 49.2% CO, in CH, mixture 20.4% CO, in CH, mixture
(690 kPa) {690 kPa)
permeation rate 3eparation permeation rate separaticn
(moles/{m® s Pa)) factor (moles/(m* s Pa)) factor
7-F0-8-1 2.52x107=3x10° ™ 10.4+1.4 9.28x107"“=5x10" 7723
7-F6-6-8 3.25x10™%2x 10" 19.4+0.3 1.89x10+4x 102 20.4+15
2-20C-6-19 1.20x10™°=5x 10" 22.4:0.9

6.4. Testing at High Feed Pressures

Some membrane coupons were tested with feed pressures of up to 1379
kPa (200 psig). As demonstrated in Figure 6.7, the permeation rate in meles/(m?®
s) increases with increasing pressure. However, the permeation rate ratio

remains essentially the same (Figure 6.8).

Very few membrane coupons were strong enough mechanically to
withstand testing at higher pressures. This may have been due in part to the
design of the test cell which subjected the membrane to suction during the

purging of the cell prior to testing as well as high pressures during the

permeation tests.
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Unlike the coupons shown if Figures 6.7 and 6.8, most membrane
coupons experienced a sharp increase in permeation rate and a pronounced
decline in selectivity when tested at high pressures. indicating membrane

damage.

6.5. Scanning Electron Microscope Observations

Scanning electron microscope (SEM) observations were performed on
cross-sections of PPO membranes. These cross-sections were obtained by
liquid nitrogen fractionation of a flat-sheet membrane.

The mor.oranes are asymmetric. As observed in Figures 6.9 and 6.10, a
thin dense skin layer (indicated by the arrow) is clearly observable on the surface
of a very porous and much thicker sublayer. Because of the angle of the
photograph part of the selective surface of the membrane can also be seen in

Figure 6.10.



Figure 6.9 Scanning electron micrograph of a cross-section
of membrane 2-20C-6-17, the skin layer is indicated by the

arrow.
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Figure 6.10 Scanning electron micrograph of a cross-
section of membrane 6-15C--6-5, the skin layer is indicated

by the arrow.
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6.6. Effect of Casting Conditions on Membrane Performance

A 2% fractiona! factorial experiment was used to determine the effect of

several factors as shown in Table 6.5.

Table 6.5 Casting conditions for fractional factorial design

Factors Levels
-1 +1
A Concentration of § 10 15
potymer (% by weight)
B Presence of additive none 6:1 chloroform to 2-ethyl-
1-hexanol, by weight
(~14%)
C Evaporation time 0 1.5 minutes
before gelation bath
D Temperature of room temperature 60 °C
casting solution (~20 °C)

The results of the 8 runs and casting conditions are presented in Table

6.6, where the number after the F in the coupon code is the number of the run.
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Table 6.6 Results from fractional factorial design at 690 kPa feed pressure

Coupon | Polymer Additive Evapora.- Tempe- CH, CO, CO,/CH,

Code Concen- tiontime raturecf | permea- permea- pure gas

tration {min) casting tionrate tionrate permea-

{wie) solution (rpolesl(m (rgoles!(m tion rate
{°C) “s Pa)) ‘s Pa)) ratio
7-F1656 10 no 0 room | 229x107° 2.80x10°  124.8
7-F1-6-7 10 no 0 room | <5.6x107°  1.38x10° >240
7-F2-6-2 5 no 0 60 3.40x107%°  1.15x10° 3.38
7-F2-6-7 15 no 0 60 1.78x10°  2.16x10° 1.52
7-F3-6-1 10 yes 0 60 7.18x10°  4.33x10°® 0.60
7-F3-6-11 10 yes 0 60 1.13x10°  539x10° 0.48
7-F4-6-3 15 yes 0 room | 3.42x10° 7.98x10° 2.33
7-F4-6-7 15 yes 0 room | 3.05x10° 7.64x10% 2,62
7-F4-6-8 15 yes 0 room | 2.19x10° 5.23x10° 2.39
7-F5-64 10 no 15 60 3.12x10" 1.09x10° 348
7-F5-6-5 10 no 15 60 <56x10™  1.22x10°  >210
7-F6-6-8 15 no 1.5 room | <56x10" 9.88x10"°  >170
7-F6-6-9 15 no 15 room | 2.28x10"" 9.82x10"° 438

7-F7-6-2 10 yes 15 room | 1.42x107  1.98x107 14

7-F8-6-6 15 yes 15 60 1.12x10°  7.60x10°® 0.68
7-F8-6-8 15 yes 15 60 8.79x10° 6.33x10° 0.72

There was a large amount of variability between the coupons of any run.

This is attributed to reproducibility problems in hand casting of the membranes

and the presence of surface defects.
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Membranes obtained from the set of conditions in run 5 and & (coupons
7-F5-6-4, 7-F5-6-5, 7-F6-6-6, 7-F6-6-9) had good performance with respect to
the targeted values of permeation and separation. The CO, permeation rate was
significantly lower than the target values of 3.37x10® moles/(m® s Pa) but the
target CO./CH, pure gas permeation rate ratio of 50 was contained in the range

of CO,/CH; pure gas permeation rate ratio obtained for these membranes.

Of all the conditions giving membranes with a pure gas permeation rate
ratio greater than 50, the membranes from run 1 had the highest CO,

permeation rate.

The membranes formed under the conditions of runs 3 and 8 had very

high permeabilities and were not selective, giving pure gas permeation rate ratio

below 1.0.

Half-normal plots of the CO, permeation rate and CO./CH, pure gas
permeation rate ratio were performed. The results of the ANOVA procedure and

the SAS® outputs for the half-normal plots can be found in Appendix C.
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From the half-normal plot of all the effects on the CO, permeation rate

(Figure 6.11), it is difficult to determine which effects are significant since the

effects do not fall on a straight line. The effect of factor B (additive

concentration), seems to be significant. Half-normal plots for the CO,

permeation rate with effect B removed (Figure 6.12) and effects B, AC, and D

removed (Figure 6.13) confirm that all effects appear significant to some degree

since a clear straight line through the origin is not obtained. Since the effects of

factors B and D are very large, it is reasonable to assume that the alias of AC,

the BD interaction is significant, while the AC effect could be of lesser

importance in this confounded pair of 2-factor interactions.
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Figure 6.11 Half-normal plot of the effects on CO, permeation
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It is not possible tc estimate the variance of the CO, permeation rate from

these plots.

The half-normal plot of all the effects on the CO./CH, pure gas

permeation rate ratio (Figure 6.14) indicates that the factor B, additive

concentration, seems to have a significant effect as well as the AB 2-factor

interaction effect, since they do not fall on the straight line passing through the

origin and the less important effects. From what is known of membrane making,

it is expected that the combined effect of evaporation time before gelation (C)

and the casting solution temperature (D), CD will be more significant than its

alias AB, the combination of polymer concentration (A) and the additive
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Figure 6.14 Half-normal plot for CO/CH, pure gas permeation

rafe ratio.
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concentration (B).

A half-nermatl plot with these main effects removed (Figure 6.15) gives the
expected straight line. The variance of the ratio is estimated at a probit value of

1, by linear regression.
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Figure 6.15 Half-normal plot for the COJCH, pure gas

permeation rate ratio, with effects B and CD (=AB) removed.

By backwards elimination from the most general model, the following

equation was obtained for CO, permeation (moles/ (m” s Pa)):

CO,Perm.= (151+ 25A + 1518 + 2.8C + 145D + 14.6(BD + AC)

£q. 6-1
+25(CD + AB) + 2.8(BC + AD) x 10" q
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where the factors A, B, C, and D are scaled from -1 to +1 as ir Table 6.5. All the
variables left in the model are significant at the 0.05 level. As expected form the
half-normal plots of the CO; pemmeation rate, the effect of factors 8, D and 8D
2-factor interaction are significant as seen by the large absolute value of the

parameters associated with these factors.

The residuals are plotted as a function of the predicted value of the CO,
permeation rate (Appendix C). They appear randomly distributed about 0, but
significant heteroscedasticity is present in the data. The variance of the
observations is increasing with the magnitude of the predicted CO, permeation
rate. This may be attributed to the linear extrapolation used to approximate the
permeation rates of membranes with very high permeation rates such as in runs
3 and 8. This heteroscedasticity could not be removed by weighting since an
estimate of the variance was not available. Model fitting of the data by Tukey
biweight robust regression (Beaton and Tukey, 1974), in which observations with
large residuals are given less weight and therefore are less influential on the
regression, gave roughly the same values for the parameters as conventional

linear regression.

An F test comparing the mean square of the model to the mean square of
the error demonstrates the usefulness of the model for predicting the CO, pure
gas permeation rate of the membranes since the probability that at least one of

the parameters is different from zero is greater than 0.001. A coefficient of



determination, R%, of 0.987 is obtained, demonstrating that most of the variability

of the data is accounted for by the model.

Similarly, by backwards elimination, the following equation was obtained

for the modeling of the CQ,/CH, permeation rate ratio:
Ratio = 491-20.5A- 478R- 211D + 204(BD + AC) + 20.8(CD + AB) Eqg. 6-2

where the factors A, 8 and D are scaled between -1 and 1. All the variables left
in the model are significant at the 0.25 level. The effect of factor C (evaporation
time before gelation) was found to be negligible in the range of factors selected.
The R? factor was 0.72, indicating that improvementis to the model are possible,
such as quadratic terms. [t should also be noted that the between coupon
variation is larger than any of the effects, due to the reproducibility problems of

hand-casting the membranes.

As expected from the half-normal plot, the factor B is significant as
demonstrated by the large absolute value of the parameter associated with it. A
plot of the residuals (Appendix C) revealed heteroscedasticity of the
observations, for the pure gas permeation rate ratios that were determined by

linear extrapolation.
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6.7. Optimization

Using the results obtained from the fractional factorial design. attempts
were made to optimize the casting conditions in order to obtain the target values

for CO, permeation rate and CO,/CH, permeation rate ratio.

Since the intercept of the model for the CO,/CH,, pure gas permeation rate
ratio was 49.1, very close to the target of 50, a test with the scaled conditions of
A=0, B=0 and D=0 was attempted. The scaled value of factor C of -1 was
chosen since it was not significant for the permeation rate ratio but there was
less possible error in immersing the membranes in the gelation bath immediately
after gelation than to have a timed solvent evaporation. This set of experimental
conditions was identified as run FO. The uncoded variables for this set of

conditions are:
A=0: 12.5 wt% high molecular weight PPO
B=0: 7 wt% 2-ethyl-1-hexanol additive in chloroform
C=-1: no evaporation of solvent before gelation
D=0: casting solution at 40 °C

A summary of the casting conditions and results are shown in Table 6.7.
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Table 6.7 Results from the optimisation of the membrane casting conditions

Coupon | Polymer Additive Evapora- Ternpe- CH, COo, CO,/CH
Code Concen- ({wt% of tiontime rature of permea- permea-  , pure
tration total {min) casting tionrate  tion rate gas
{wt%) solvent) solution . (njolesl(m (mﬁo!esl( permea
(°C} | “sPa) m" s Paj)) -tion
} rate
: ratio
7-F0-6-1 12.5 7 0 40 573x1077  B.81<10° 1160
7-F0-6-2 12.5 7 0 40 7.01x107%  1.18x10% 170
7-F0-6-13 12.5 7 0 40 3.26x107°  6.87x10°  21.1
7-OP1-6-4 12.5 8.75 0 23 408x107°  922x10° 192
7-OP1-6-5 12.5 8.75 0 23 1.11x10°  161x10° 144
7-0P2-6-1 10 9.8 0 27 7.97x107  5.54x107 0.7
7-0P2-6-4 10 9.8 0 27 8.17x107  4.22x107 0.7
7-OP2-6-5 10 9.8 0 27 945107  6.34x107 0.7

The membranes obtained had good mechanical strength and were CO,
selective. The range of the CO, /CH, permeation rate ratio obtained contains
the expected value of 49 from the model but is not an improvement over the
membranes from runs 5 and 6.

However, the membranes obtained have a

higher CO, permeation rate than the membranes from runs 5 and 6.

Contour plots of the modeled CO, permeation rate and CO,/CH,
permeation rate ratio were drawn in order to determine the casting conditions

that would give a membrane which would have both the targeted CO,
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permeation rate of 3.37x10° moles/(m® s Pa) (2 mmoles/(m® min kPa)) and

CO,/CH, pure gas permeation rate ratio of 50 (Figures 6.16 and 6.17).

Two such points were identified by superimposing the contour plots of
CO, permeation rate and CO,/CH, permeation rate ratio and selecting the region
that gave both the target permeation rate and permeation rate ratio. Thesa runs

were labeled OP1 and OP2. The conditions in uncoded variables were:
Set of optimum conditions 1 (OP1), corresponding to Figure 6.16 (©):
A=0: 12.5 wt% high molecular weight PPO
B=0.25: 8.75 wt% 2-ethyl-1-hexanol additive in chloroform
=-1: no evaporation of solvent before gelation
D=-0.85: casting solution at 23 °C
and set of optimum conditions 2 (OP2), corresponding to Figure 6.17 (©):
A=-1: 10 wt% high molecular weight PPO
B=0.4: 9.8 wt% 2-ethyl-1-hexanol additive in chloroform
C=-1: no evaporation of solvent before gelation

D=-0.65: casting solution at 27 °C
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Figure 6.16 Contour plot of the CO/CH, pure gas permeation rate ratio as a
function of additive concentration (B) and casting solution temperature (D) with
polymer concentration A=0 and evaporation time C=-1, with target CO,
permeation rate region indicated and set of optimum casting conditions 1

identified ©.
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Figure 6.17 Contour plot of the CO/CH, pure gas permealion rate ratio as a
function of additive concentration (B) and casting solution temperature (D) with
polymer concentration A=-1 and evaporation time C=-1, with target CO,

permeation rate region indicated and set of optimum conditions 2 identified @,
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The results are presented in Table 6.7. The best resuit obtained so faris
coupon 7-OP1-6-4 which had a CO, permeation rate of 9.22E-9 and a CO,CH,

pure gas permeation rate ration of 19.2. The second set of conditions gave

membranes that were very open and not selective.

These new data points were also used to improve the models for the CO,
permeation rate and CO,/CH, permeation rate ratio, by adding more data points
and more degrees of freedom. It was also possible to verify the presence of
quadratic terms, for example B By backwards elimination from the most
general model, the following equations were obtained for CO, permeation and

CO,/CH, pure gas permeation rate ratio.

CO,Perm. = (0.002 + 1488 +144D +1.34B8D +1498%) x 10 moles / (m*sPa) Eq. 6-3

Ratio = 44.8 -517B +25.5AB + 2418D Eq. 6-4

where the factors A, B, and D are scaled from -1 to +1 as in Table 6.5. As
expected from the factorial design analysis, factor B, the concentration of
additive is very significant for both the CO, permeation rate and the selectivity of
the membranes. The factor C, evaporation time before gelation, was not
significant for the preparation of these high molecular weight PPO membranes,
in the range studied. All the variables left in the model are significant at the 0.01

level for the CO, permeation rate and at the 0.1 level for the CO./CH, pure gas
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permeation rate ratio. The outputs form the SAS® analysis can be found in

Appendix B.

The residuals are plotted as a function of the predicted value of the CO,
permeation rate and ratio (Appendix C). They appear randomly distributed about
zero. As in the analysis of the factorial design, some heteroscedasticity is
present in the data, due to the high error associated with runs 3 and 8 of the
factorial design. There is no lack of fit in either models. Coefficients of
determinations, R?, of 0.929 and 0.575 are obtained for the CO, permeation rate

and CO./CH, pure gas permeation rate ratio, respectively.

The models are valid only in the range of the variables presented in Table
6.5 . Improvements to the models could be made by increasing the number of

coupons used for each of the runs and by doing replicates of the experiment.
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7. Conclusions

Based on the research performed, it is possible to prepare asymmetric
polyphenylene oxide (PPO) membranes with natural gas separation capabilities.
Pure gas CO,/CH, permeation rate ratios as high as 240 were achieved. with a

CO, permeation rate of 1.38x10™° molesl(m2 s Pa) with the system used.

The asymmetricity of the membrane was confirmed by scanning electron
microscopy and the CO,-CH, separation capabilities of the membranes were
demonstrated by pure gas permeation tests as well as permeation with gas

mixtures.

With respect to membrane performance and mechanical strength, the
following membrane preparation factors were found to be most significant:
membrane wet casting thickness, solvent evaporation, polymer concentration,
and additive concentration. The chemical modifications on the PPO polymer
also had an effect on the gas separation capabilities of membranes prepared
from the polymer. Acylation and bromination of the polymer decreased the
selectivity of the membranes. High molecular weight PPO exhibited both the
highest CO, permeation rate and CO,/CH, pure gas permeation rate ratio, as

well as good mechanical strength.
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By using a fractional factorial design, it was possible to study the effect
and interaction of polymer concentration, additive concentration, evaporation
time before gelation and temperature of the casting solution on the performance
of gas separation membranes. The CO, permeation rate of high molecular
weight PPO was adequately modeled by a straight line, however, a linear mode!
may not be appropriate for modeling the CO,/CH, pure gas permeation rate

rato.

Using the models, it was possible to identify two sets of casting
conditions that should have given the targeted CO, permeation rate of 3.37x10°
molesl(m2 s Pa) and CO./CH, pure gas permeation rate ratio of 50. When
these membranes were prepared and tested, the target values were not attained
but some improvements in membrane performance were achieved and a
membrane coupon with CO, permeation rate of 9.22x10°° moles/(m? s Pa) and

CO,/CH, pure gas permeation rate ratio of 19.2 was obtained.
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8. Recommendations

Some recommendations concerning testing equipment and procedures

can be formulated.

The testing apparatus should be modified to minimize the suction and
pressure damage to the membrane coupons during purging of the cells and
permeation testing. An apparatus to measure very small permeation rates, such
as a constant volume system, should be used to test membranes with very small

permeation rates.

The testing apparatus could also be modified to operate at the
temperature the membrane will be subjecicd to when used for natural gas
separation. Since permeability is temperature dependent, this will give a more
accurate understanding of the usefulness of the membranes for such a
separation. Also, testing with gas mixtures should be used instead of pure gas
permeation to obtain a measure of the plasticization of the membrane when
exposed to CO,. Extended tests would give information on the time dependence

of the separation factor.

The membrane casting should be performed using a machine capable of
drawing the casting bar at a constant rate. This would reduce the coupon-to-

coupon error associated with hand-casting of the membranes.
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If a similar study of the effect of casting conditions is attempted, a full
factorial design should be done. This may provide additional degrees of freedom
and it may be possible to obtain an estimate of the variance, even if replicates
are not done. Also, it may be useful to do a 3-level factorial design in order to

obtain information on the quadratic effects of the factors tested.
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Appendix A

Permeation data

Extrapolation for permeation of membranes 7-F3-6-* and 7-F8-6-*

Data from gas mixture tests
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Asey e, HPPO b

filtered moiubons

‘e from fractlonnal teotodal deugn (T-Plexte- )

resuits at STP
Coupan dawe cast M2 perm, CH4 partm, CCQ perm. N2 perm. O perm. CH4 reoeal 49.2% CO2 4% CO2
moles moles moles moles oles moles o Cra n Cre
{m2aPa) (M3 = Pa) (m2 3 Pa) (M2 5 Pa) (™2 s Pa) (m2 s Pa) moles moles.
100 pa 100 pe 100 P 100 pa W0 p 100 pm (m:‘_fP-l) l”-ﬂ?:;ﬂ
18-t D1/20/%4 4 903CE 08 SONTEL 1.3774L-00 LIDLE-08
F1-8-2 D104 1,7840E-00 1.8485E-00 23742 00 4. 3001E-00 08.758041E-00 [rupturet
F18-3 01738/ 04
F1-6-4 01/20/54
F18.3 O1/om/04 1.503E-10 200XCE-LO
F1-8-8 O1/20/54 1.88125.00 2.1088E.11 2AT4E-00 7.8032¢-11 0.373E-10 7.4C3E-10 41320618
F18-7 O1/20/04 3.155E-10 3.0000E-12 1.1700E.00 3.6000E.12 200:E-10
F1-8-8 01728004 1.7IE-08 241E-08
F14-9 O1/28/94 LISTED 1.30E-00 1.809E-00 1.ITAE00 1.4000€.09
Fa8-1 020194 0.7085E-08 4J004E-08 | 1,63400E-00 LO34E-08 | J.DETHIELD
F8-2 Q0154 1.1797E-00 34033610 | 1. 13000E00 3. 2129E-10 | 5.33083E-10
F2-8.3 S04
F208-4 Q201704 1.3008E-C7 | 5.07385E-C8 3.0048E-08 TITHIE-O8 5.408E-08
F2.8-5 Q0104 1.532480E.08 TI00E-00 | 1. 14015508 | 1.43074E-00 | 2adoasEon
Faaa8 02/01/04 3204122608 | 1.412816-08 | 9.3713365-00 [Knudeen
F8-7 C2 1194 LT0G08E-00 | 184110500 1.96896E-00 | 1372473600 | 1.338%E00
F38-1 Q118/94 2.182797C-00 | £.329535E-08
F3-0-2 S1HE/04
F8-3 Q171854  [no resintance
F3-0-4 01/18/04
F3-0-5 0118/04 1. 41004 1€-05 | 9.554884E-00
F)-8-8 01N884  Ino resimance
F3-8-7 Q1110/94  [no resistance
Fass [ commme .
F3-8-0 OV /04
F}8-10 QN/4 AE700E08 | 2TIMIEDS
F3-8-11 A4 1131583603 | 5.300080F-06
[ ] Oof2a/04 7.878E-08 3.5424E-00 J480E-08 | S.01IIE-00 1.21058E-08
Fap.2 QU4 2.2083E-00 9.713E-08 TI403E08
9.91778E-08 8.07344E-00 £.301E-08
Fa-8-3 2524 /04 19881E07 QA2T7EDD 7.98E-08 230075-08 | 3.53005E-00
Fi-0-4 Q204
Fa-5.5 Cr24/54 QBINTTOEGTY | 1 IBTASMEDT | 1.2802¢SE07 | 8.94720E00
1.07%79E-07 8.844427E 08
Fi-8-8 Q22404 | 3.019WTEDT | 1.73M48E-07 | 1.008348E-07 | 1.2Ms00E07
Fé8-7 0272494 1.8804E.07 OS850 7.037E-08 462E-08
2.9193€-08 J.043E-08
Fe-0-0 Q2404 TIEIECT | 2.10000E-08 |  S.22M8E-00 1.042E-08 23100600 | 220060600
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Assymaetric, HPPO membranes trom fractionnal inclorial design (7-Flasts- )

filtmead soludone

resuits At STP
coupon date cast H2 parm. CHE Do, CC2 perm. N2 nerm S peern, CH4 repear 49 %002 4N OO
moles moles moles moles moles foles n Crd e CH
(m2 » Pa) im2 s Pa) {m2 3 Pa) {m2 s Pa) {m3 s Pa) (m2 s Pa) moles moles
100 pm 100 om 100 pw 100 pme 100 ow 100 om (M2 Pa} rﬂ'-h"‘l_f-’a)
T8 O1/24/04
F58.2 O1/24/04
[ “Fsea 01724/ 23308E00 | 7.0513E-10 ]  19006E08 | OII4E-10 | B.SI0AE.T0
Fi-84 C1I454 8.277E-10 3. T10E-11 1 CO2DE-00 3 G087E-11 T G404 1E. 10
F3-8.5 Q7172404 4 8411E-10 56E-12 1.0E09 38E-12 1.8784E.10
F3-8.0 O1/24/94 1LIMIEL? | 8. 2MSNIE-08 | 1.840084E87 | 2 38420E07 | 3421702667 |rupturea
Fo-g.1 CF/0/5m:
Fo.8.2 01/00/54 1.708000E-08 |rupturing
Fo-6-3 01,00/54
Fo-0-4 01/00/0< 2. 7AE .08 1.0833E-08
F8.8-5 01/08/94
Fo-8-8 C1/08/04  [ruptured
Fat7 01/06/54 4. 2T14E-09 $ 0TI8E-00
Fo-6.8 010004 4.0714E.10 1.8673E.12 0.J830€-10 3 8E.12 1 8E34E-10 1. 700E- 10 48000510 1.3078E-10
Fo-8.9 01/08/04 3.3102€-10 2.285-11 9 A23F.90 5 OHOBE- 11 2.43E-10
F7-0-1 C3/29/94  |hoiw 1.3711E-08 $ JIIVE-GT
F76-2 C3/T1/94 I9ITE-O? 1.303E-07 1 8ME-Q7 1.5512E607 1.1T3JE.07
Fr63 U4 231Ede 1 014E.Cn 0.47EQT BOOMELT 7. 187E-QY
1.01226-08 7.183<E.07
Fr-8-4 Q220
F7.48-3 Q2204 Ino resinance
F7-8-8 0224 Ino mustance
F?4-7 JYZVT4  no resintance
Fr.8-8 QU4 |no resiatance
F7-0-0 02284 |ro eustance
F7-8-10 Q204 [no resinance
Fo-0-1 01/14/04
F8-8.2 O1/14/04
FB-8.3 O1/14/C4
F Ol 0114/04
F5-8-3 C1A4/84
Fa.0-8 CI0/04 1.121119€-00 | 7 51288708
FB-8-7 030354 [no resimance
Fa-0-8 O3/08/04  |no reustance
Fa-5-p Q50804 8.790000E-00 | 6.200217E08
F88-10 C08/04  [no resistsnce
Fo-8-11 03/00/04  [(no resintance
F8--12 05/068/04  |rupnued
" ROt &t smady state, usually rupturing
wharn BON MR wis Ron- big, it was d at 5.04-12 moles/m2 « Pa
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Assymetric, HPPO membranes from fractionnal factorial design (7-Fleat#- )

filtered! solctons

pure gas permeation rate ratic

coupon date cast H2/CH4 H2/CC2 CO2/CH4 Q2/N2
100 psi 100 psi 100 psi 100 psi

F1-6-1 01/26/94 24.57 3.63 6.78

F1-6-2 01/26/94 0.96 0.08 12.22 1.07

F1-83 Q1/26/94

Fi1-6-4 01/26/94

F1-6-5 01/26/94 13.33

F1.6-6 01/26/94 81.50 0.65 124.75 7.92

F1-8-7 01/26/94 very large 0.44 very large very large

F1-6-8 01/26/94 1.40

F1-69 C1/26/94 1.95 1.38 1.43 1.10

F2-6-1 02/01/94 227 5.92 038 1.07

F2-8-2 02/01/94 3.47 1.63 3.38 1.85

F2-8-3 Q2/01/94

F2-6-4 G2/01/94 2.76 2.33 1.18 0.88

F2-6-5 02/01/94 2.02 1.33 1.52 1.65

F28-8 02/01/54 225 3.42 0.66

F28-7 Q2/01/94 1.70 1.40 1.21 1.12

F3-6-1 01/18/94 very open Q.80

F3-8-2 01/18/54

F3-6-3 01/18/84  |very open

Fa-8-4 01/18/94

F3-8-5 01/18/94 0.867

F3-6-8 01118/94  |very upen

F3-8-7 01/18/94  |very open

F3-88 G3/21/84  |very cpen

F3-8-5 03/21/94  |very open

F3-8-17 03/21/54 0.58

F3-6-11 03/21/94 0,48

F4-8-1 02/24/94 13.48 2.26 5.97 241

F443-2 02/24/94 4.29

F4-8-3 02/24/94 5.81 2.49 2.33 1.53

F4.8-4 w2/24/94

Fa85 02124/94 339 2.87 1.18 1.0

F4 88 Q2/24/94 290 2,96 0.88

-8 02/24/94 8.37 243 262 1.48

Fa-o-8 02/24/94 8.32 ] 2.65 239 1.53
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Assymatric, HPPO membranes from fractionnal factorinl design (7-Flests. }

filtered solutions

puUre gas permeat== rate ratio

coupon date cast H2/CHa H2/C02 CO2/CH4 oanz |
160 psi 100 p=i 100 psi 100 psi
F5-5-1 01/24/94 X
F5-6-2 01/24/94 )
F5.53 D1/20 194 3.59 1.29 279 .40
F5-6-4 01 /%94 20.00 0.57 34.79 433
FS65 | o01/2492 0.45
F5-6-6 01/24/94 245 0.83 2.95 1.06
F5-6-1 01/06/94
F6-82 01.22/94
F653 + 01/06/54
F&64 01/06/94 0.39
F6-6-5 01/08/54
| _Fo66 01/06/94
| __F667 01/06/94 233
F6-6-8 01/06/94 214 00 0.4% 440,50
FG-6-9 01/06/94 2365 054 43.80 4.84
F7-8-1 03/21/54 |hole 0.59
F7-6-2 63/21/94 3.05 2.18 1.40 1.12
F7-63 03/21/94 2,27 3.57 0.6 1.08
£.70
F7-84 05/17/94
 __F765 C3/17/94  [no resistance
F7-6.£ 05/17/84 [no resistance
F7-8-7 05/17/84  |no resistance
F7-68 05/22/94  [no resistance
F7-8-8 05/22/94  |no resistance .
F7-6-10 05/22/94 |no resistance B
F8-8-1 02114/94
F8-6-2 02/14/94
F3-83 02/14/94
F8-8-4 02/14/94
FB8-8-5 02114/94
F8-66 05/05/94 0.68
Fa-8-7 05/05/94
F5-8-8 O5/05/94
F58-8-9 05/05/94 0.72
F8-8-10 05/06/94
F8-8-11 05/06/04
F8-8-12 05/06/54
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Assymaetric, High MW PPO membranas from fractionnal tactorial deal

titered solutons

gn optimization (7- )

rosults ot STP
coupon datecast | H2perm. | CM4 perm. | CO2 porm. | N2 perm, O2perm. | CH4 ropeat | 49.7% CO2 | 20.4% CC2
moios molea molos moles maoles moies i Cha i CHS
(M2aPa) | (m23Pa) | (m23Pa) | (m2s Pa) | (m23Pa) (m2 s Pa) moles molos
100 ps 100 p3 100 pu 100 p3 100 py 100 pm (m2 3 Pa) (m2 3 Pa)
12.5% HPPO in (7% additive, S3% CHC13), a1 40 C, no evap
FO-6-1 07/20/94 S.7254E-11 | 6.8140E-09 | 1.0502E-10 2.2244E-10 | 2. 5182E-09 9.27S5E-10
FO-6-2 07720754 7.0110E-10 | 1,1907E-08
F-8-3 Q720754 4.21005-09 | 7.7056E-09 | 7.1170E-10
FO-8-4 Q7720794 3.4875E-00 | 8.2848E09 [ruptureo
FO-8-5 Q7/20/54 4.3000E-10 | 5.0839E-09 | 1.6322E10 1.9209E09
FO-8-8 Q7/20/94 4.2858E-08 | 3.3298E.08
FO-8-7 07/20/94 1.3671E-10 | 4.2535E-09 1.532E-00 { 8.468SE-10
FO-5-8 08/08/94 6.1773E-09 | 1.1580E-08 S5.0710E-08 | 7.8894E-09 707509
FO-6-9 08/08/54
FO-8-10 08/08/94 SITREDS | 2.3296E-08
FO-8-11 08/08/94
FO-8-12 08/08/9¢
FO-6-13 08/08/54 J.2553E.10 | 8.8715E-00 | 4.1408E-10 2.U888E00 | 1.0551E-09
FO-6-14 08)08/94
FO-5-1% OB/8 /94 2.6842E-00 | 1.3736E-08 1.0230E-C8
12.5 % HPPOQ, 8.75% additve in CHCL, a1 23 O, NG dvaporation
OP1-8-1 08/18/94 B8.808E-00 | 2.1388E-08 3.97E-08
QOP1-8-2 0BM8/54
OP1-4-3 08/16/54
OP1-8-4 08/18/54 4.8032E-10 | 9.2247E.00
QP1-6-5 08/16/04 1. 1137600 | 1.60536-08 | 1.278E-09
10% HPPO, 9.8% additve in CHCIS, no evep.
QP2-8-1 08/16/%4 | 2.0S3E-08 | 7.9680E-07 5.54E-07
oF2-82 08/18/54
CP2-8-3 OB/ 18/04 J0SOTE-DT | 1.8227E-07
OP2-8-4 0816/54 | 1.7412E08 | 8.16ME-07 | 4221 E-07
OP2-8-5 08ANB/4 | 4.83802E-07 | 9.4458E-07 8.X7E-07
OP2:6-8 | oenama 3.3833E07 | 2.7629507
OP2-8-7 8/ 18/04
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Assymetric, High MW PPO membranes from fractionnai factoriai
filtered solutions

pure gas permeation rate ratio

design optimization (7- )

coupons date cast H2/CH4 H2/CO2 CO2/CH4 Q2/N2
100 psi 100 psi 100 psi 100 psi
12.5% HPPO in (7% additive. §3% CHCI3), at 40 C, no evap
FO-6-1 O7/20/94 119.10
FQ-6-2 07/20/94 16.98
FG-6-3 07/20/94 1.83
FO-6-4 07/20/94 2.39
FO-6-5 07/20/94 11.82
F0-6-6 07/20/94 0.76
FO-6-7 07/20/94 23.32
FO-6-8 0B8/08/94 1.87
F0-6-9 08,7.8/94
FO-6-10 08/08/94 4.34
FO-8-11 08/08/94
FO-6-12 08/08/54
F0-6-13 08/08/94 21.11
FO-6-14 08/08/94
FO-6-15 0B/08/94 5.12
12.5 % HPPO, 8.75% additive in CHCI3, at 23 C. no evaporation
QOP1-6-1 08/16/94 3.31
OP1-6-2 08/16/94
OP1-6-3 0B/16/94
OP1-6-4 08/16/94 19.24
OP1-6-5 08/16/94 14.41
10% HPPO, 9.8% additive in CHCI3, no evap., 27C
QOP2-5-1 08/18/54 2.576 3.706 0.70
QP2-62 03/18/34
OP2-6-3 08/18/54
OP2-6-4 0B/18/94 2.823 4.125 0.68
OP2-6-5 08/18/94 0.517 0.770 0.67
OP2-5-6 08/18/54
OP2-6-7 08/18/94
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Extrapolation of the CO2 flow rate

date: 6/14/84
membrane; 7-F3-8-1  celi: 1 {ceil area 9.62 ¢cm2)
! feed flowrate  atmospn. temp. flowrate
- pressure {ml/min}  pressure <) atSTP
| {psig) {mmHg) {mlimin} |
‘ i
| 25 270.3 756.8 23.0 2723
.25 276.5 756.8 23.0 278.5
5 2.5 2721 756.8 230 Z74.1
i 4.0 308.3 756.8 23.0 3116
4.0 3.7 756.8 23.0 3140 ¢
4.0 303.8 756.8 23.0 308.1
5.0 328.5 756.8 230 3309 |
5.0 333.3 756.8 23.0 335.8
2.0 332.1 756.8 220 3346
6.0 355.0 756.8 23.0 3576
6.0 355.0 756.8 23.0 357.8
6.0 359.3 756.8 23.0 362.0
6.5 3871 756.8 23.0 400.0
6.5 391.3 756.8 23.0 394.2
6.5 3944 756.8 23.0 397.3
8.0 467.9 756.8 230 471.4
9.0 466.3 756.8 23.0 469.8
9.0 469.2 756.8 23.0 4727
12.0 570.2 756.8 23.0 574.4
12.0 567.8 756.8 23.0 572.0
12.0 566.6 756.8 23.0 570.8
12.5 606.7 756.8 23.0 611.2
12.5 595.4 756.8 230 599.8
12.5 598.7 756.8 230 603.1
158.0 722.9 757.2 23.0 728.6
15.0 701.3 757.2 230 706.5
15.0 7124 757.2 230 718.1
17.5 806.0 757.2 23.0 8124
17.5 800.0 757.2 23.0 806.4
17.5 796.5 757.2 23.0 802.8
19.5 892.6 757.3 230 899.8
19.5 886.7 757.3 230 893.9
18.5 885.2 757.3 23.0 892.3
Permeation rate of CO2 at STP
Coupon 7-F3-56-1
Q.
2 1000 ; -
i 800 T ) 8 .
g ,
E™ " i
k- - - .m u - - —— =
g . e
& 0 ~
o 5 10 15 20 25
{eed pressure {psig)

Regression Output:

Constant 152.98
St Erof Y Est 16.788
R Squared 0.9936
No. of Observations 33
Degrees of Freedom I
X Coefficient(s) 37.091

Std Err of Coef. 0.535

at 100 psig feed:  3862.1 ml/min
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Extrapolation of the CH4 flow rate

date: 6/15/94
membrane: 7-F3-6-1  cell: 1 (cell area 9.62 cm2)
feed flowrate aimosph.  temp. flowrate
pressure  ({mlmin)  pressure ("€} atsSTP
C_fpsig) __ (mmHg)  (mUmin)
4.0 470.0 783.3 225 478.4
4.0 4737 7683.3 225 482.2
4.0 466.7 763.3 225 4751
7.0 847.5 763.3 225 659.1
7.0 629.4 763.3 225 640.7
7.0 646.7 763.3 22.5 658.3
10.5 816.9 763.4 23.0 830.1
10.5 812.0 7634 230 825.1
- 105 806.0 763.4 230 818.1
125 962.6 763.4 23.0 978.2
L1258 9441 76" 4 230 959.4
L1258 950.7 763.4 23.0 966.1
b15.0 1080.9 763.4 23.0 1108.6
. 15.0 1080.0 763.4 230 1097.5
¢ 18.0 1086.5 763.4 23.0 11041
b19.0 1436.2 763.4 23.0 1459.5
I 19.0 1406.3 763.4 23.0 1429.1
. 19.0 14211 763.4 23.0 1444.1
;1758 12529 763.4 230 1273.2
| 17.5 1261.7 763.2 23.0 1282.1
| 175 1235.7 763.4 23.0 1255.7
L _17.5 1276.6 763.4 230 1297.3
Permeation rate of CH4 at STP
Coupon 7-F3-6-1
& 1600 -
g 1400 - L
T 1200 !»- - u ;
£ 1000 | . "
E I " ‘
o 80 " 1
S eolf n :
8 m[ n __.; N
0 5 10 15 20 .
feed pressure (psig) :

Regression Quiput:

Constant 205.95
Std Errof Y Est 33678
R Squared 0.9897
No. of Observations 22
Degrees of Freedom 20
X Coefficient(s) 62.015

Std Err of Coef. 1.4169

at 100 psig feed:  B407.4 miimin
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Extrapolation of the CO2 flow rate

cale: g6/14/94
membrane: 7-F3-8-11 cell: 5 {cell area 9.62 cm2)

feed flowrate  atrnosph. temp, flowrate Regression Output:

pressure  (mlimin)  pressure {C) atsSTP Constant 190.81
{esig) . . {mmHg) - {mlmin} Std Errof Y Est 20.102

R Squared 0.9943

2.5 338.3 756.8 23.0 3409 No. of Observations 33
2.5 336.4 756.8 23.0 338.9 Degrees of Freedom 31
2.5 337.1 756.8 23.0 3398
3.8 382.2 756.8 23.0 385.0 X Ceefficient(s) 46.143
38 380.0 756.8 230 ;v B Std Err of Coef. 0.6286
38 3678 756.8 23.0 3706
5.0 4151 756.8 230 418.1
5.0 415.1 756.8 23.0 418.1 at 100 psig feed:  4B05.1 mlUmin
5.0 415.1 756.8 23.0 418.1
6.0 438.3 756.8 23.0 4416
6.0 438.7 756.8 230 4419
8.0 434.4 756.8 23.0 437.7
6.3 475.8 7568 23.0 479.3
6.3 467.1 756.8 23.0 470.6
6.3 473.3 756.8 23.0 476.8
9.0 5928 756.8 23.0 597.1
8.0 580.8 756.8 23.0 5985.2
9.0 583.4 756.8 23.0 5978
11.5 690.5 756.8 23.0 695.7 |
11.5 701.3 756.8 23.0 7065 !
11.5 705.9 756.8 23.0 7111
13.0 778.1 756.8 23.0 783.9
13.0 764.9 756.8 23.0 770.5
13.0 762.7 756.8 230 768.4
15.0 876.6 757.2 230 883.6
15.0 859.9 757.2 23.0 866.7
15.0 859.9 757.2 230 866.7

{
|
|
180 10588  757.2 230 10672 |
18.0 10189  757.2 230 10270 |
180 10365 7572 230 10447 |
195 11020 7573 23.0 11109 |
195 10953 7573 23.0 11042 |
195 10887  751.3 230 10975

Permeation rate of CO2 at STP

Coupon 7-F3-6-11 i

i

Q. 1200 :

H MF [} i

L | C

«51oooF : | i
- ] . i

g i !

800 .

£ ] st | l

E s0t [ .

@ ! [

T 400+ ud !

P X

200 ‘

o 5 10 15 2 2

feed pressure (psig) '
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1
t
;

date: 6/15/94
membrane: 7-F3-6-11  cell: 5 {cell area 9.62 cm?2)
feed flowrate atmosgh.  temp. flowrate
pressure  (ml/min)  pressure {"C) at STP
 (osig) {mmHg) (ml/min)
2.5 1133 763.3 22.5 1153
2.5 111.7 763.3 22.5 113.7
25 111.2 763.3 22.5 1132
8.5 820.7 763.3 22.5 8354
8.5 819.4 783.3 225 B34.1
8.5 828.2 783.3 225 B43.1
10.0 92%.4 763.4 23.0 944 ¢
10.0 932.6 763.4 23.0 947.7
10.0 931.0 763.4 23.0 946.1
125 1221.7 763.4 23.0 1241.5
12.5 11758.0 7633 23.0 1188.1
12.5 1213.5 763.4 23.0 12331
14.0 12471 763.4 23.0 1267.3
14.0 1232.9 763.4 23.0 1252.8
14.0 1230.1 763.4 23.0 1250.0
19.0 1888.1 763.4 23.0 1918.7
19.0 1818.2 763.4 23.0 18476
19.0 1862.1 763.4 23.0 1892.2
15.5 1343.3 763.4 23.0 1365.0
15.5 1360.2 763.4 23.0 1382.2
| 155 14026 _ 7634 230 _ 14253
Permeation rate of CH4 at STP
Coupon 7-F3-6-11
B
g 2or X
= - .
% 1500 _— |
.;. 1000 " = u
T s00-
3 oom
0 5 10 15 20

Extrapolation of the CH4 flow rate

feed pressure (psig)

Regressicn Quiput:
Constan!
SiIcErofY Est
R Squared
No. of Observations
Degrees of Freedom

X Coefficient{s) 3

101.95
Sid Err of Coef 2.8801

at 100 psig feed:

-100.6
65.542
0.985
21

-
1

10094 .1 mifmin
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Extrapolation of the CO2 flow rate

date:

6/01/94

membrane: 7-F8-6-6

7.0
7.0
10.0
10.0

~ flowrate
pressure
oo Apsig)

(ml/min)

639.8
668.3
1016.9
1058.8
5556
591.5
593.4
1090.9
1084.3
1075.7
996.3
1007.5
1046.5

cell: 6

“atmosph.
pressure

. {mmHg)

748.5
749.5
749.5
749.5
749.5
749.5
7496
749.6
749.6
749.7
749.7
749.7
748.7

‘temp

(C)

240
240
24.0
24.0
240
24.0
24.0
24.0
24.0
24.0
240
240
24.0

(cell area 11.34 cm2)

atSTP

636.0
664.3
1010.8
1052.5
§52.3
588.0
5899
1084.5
1077.8
1069.5
990.6
1001.7
1040.5

- flowrate

. (miimin)

flow rate {mimin) at STP

Permeation rate of CO2 at STP

g2 8 8 &

&

| e —

Coupon 7-F8-6-6

|

8 0

feed pressure (psig)

14

Regression Qutput:

Constant 249.86
Std Err of Y Est 64.779
R Squared 0.9229
No. of Observations 13
Degrees of Freedom 11
X Coefficient(s) 65.406

Std Err of Coef, 5.6984

at 100 psig feed: 6790 ml/min
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Extrapolation of the CH4 flow rate

date: 6/02/94
membrane: 7-F8-6-6 cel: B {cell area 11.34 cm2}
feed flowrate atmosph. temp. flowrate Regression Output:
pressure  (ml/min)  pressure ("C) atSTP Constant 262.33
.dpsig)_ . (mmHg) {mimin) StdErrof Y Est 65.106
R Squared 0.9589
3.0 533.6 753.7 23.0 535.4 No. of Observations 15
3.0 543.8 753.7 23.0 545.6 Degrees of Freedom 13
3.0 546.0 753.7 23.0 547.8
7.5 923.1 753.7 23.0 926.1 X Coefficient(s) 97.383
7.5 913.7 753.7 23.0 916.7 Std Err of Coef 5.581
7.5 921.5 754.0 235 Q23.2
10.0 1270.6 754.0 235 12729
10.0 1194.7 754.0 235 1186.9 at 100 psig feed:  10000.6 ml/min
L 100 1232.9 754.0 23.5 1235.1
. 80 1171.4 754.0 23.5 1173.5
| 8.0 1127.3 754.0 235 1129.4
| 80 1138.2 754.4 24,0 1139.8
12.0 1409.9 754.4 24.0 14106
12,0 1395.3 754.4 24.0 1396.0
L. 120 14173 7544 240 14180
Permeation rate of CH4 at STP
Coupon 7-F8-6-6
| & 1600 —— e
— | o
2 w00 L o
E ' H
E 1000‘}- : a |
e 5°°i" P
;0 o P
:; 400' e -
2 a 6 8 10 12 14
teed pressure (psig) ’
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Extrapolation of the CO2 flow rate

date: 6/01/94
membrane: 7-F8-6-9  cell: 5 {cell area 9.62 cm2)
' feed flowrate atmosph. temp. flowrate Regression Qutput:
| pressure  (mWmin)  pressure C) atSTP Constant 127.13
. dpsig)  (mmHg) {ml/min}) Std Emr of Y Est 43.554
: R Squared 0.8201
11.0 638.3 749.5 24.0 345 No. of Qbservations 13
i 1.0 758.4 749.5 24.0 7538 Degrees of Freedom 11
o100 670.0 749.5 24.0 666.0
i 10.0 7428 749.5 24.0 738.3 X Coefficient(s) 55.19
100 7327 749.5 24.0 7283 | Std Err of Coef, 7.7936
10.0 639.8 7495 240 636.0 |
10,0 666.7 749.6 24.0 662.8
12.0 B28.2 749.6 240 8233 at 100 psig feed: 5647 ml/min
12.0 784.9 749.6 24.0 780.3
12.0 816.9 749.7 24.0 8122
14.0 916.8 749.7 24.0 9115 F
14.0 8852 749.7 24.0 880.1 .
14.6 909.1 749.7 240 9039 |

Permeation rate of CO2 at STP '
!

Coupon 7-F8-6-9
& 1000 -
G |
0 900 -
z |
E | |
800 |- - -- -
< .
g 00+ ‘
z l a J
2 600 " " R .
9 10 1 12 13 14 15
feed prassure (psig)




Extrapolation of the CH4 flow rate

date: 6/02/94
membrane: 7-F8-6-8  cell:
" feed flowrate  atmosph.
pressure  (ml/min)  pressure
~esig) . (mmHg)
3.0 812.2 753.7
3.0 811.6 753.7
6.5 878.0 753.7
6.5 883.8 753.7
6.5 869.6 753.7
10.0 1176.5 754.0
10.0 1168.8 754.0
100 11739 754.0
;75 957.4 754.0
i 75 871.2 754.0
| 7.5 871.2 754.0
| 120 1264.6 754.4
Po120 1276.6 754.4
C 120 1267.6 7544

5

temp.

(<)

(cell area 9.62 cm2)

flowrate
at STP

- mlmin)

23.0
23.0
23.0
23.0
230
235
235
23.5
23.5
23.5
235
24.0
24.0

240

614.2
813.6
880.9
886.7
872.5
1178.6
1170.9
1176.0
959.1
973.0
973.0
1265.2
1277.2
12682

Permeation rate of CH4 at STP -

Coupon 7-F8-6-9
uoai U
1200 - - n ‘
1000 - - . " .
800 - . !
{ :
600 I- '
400 - -
2 4 6 -] 10 12 14

feed pressure (psig)

Regression QOutput:

Constant 401.55
Std Errof Y Est 2G.948
R Sguared 0.992
No. of Obserations 14
Degrees of Freedom 12
X Caeflicient(s) 74.452

Sid Err of Coef. 1.9348

at 100 psig feed:  7846.8 mimin
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Gas saparstion Issting

coll arow s 12 48 e

membranes;
celi &3 2.JC-8-19  ansyrremic, J0% PPO (BHPP 220 in chiorolorm
thickness 8 mul when casted
metianoi coagulation bah
castod May 24/94
NOTE: PPC solution was hiteted
pes CH4 100 pug dale:! £a/08/%4 gax CCL 0 ox dale! 06/15/04
time from | gas perm. pressure | wmpersture gAs petr. trme from | gas petm, pressure | temperatury | Qa3 perm.
wart {rmlirmin} (mmig) {deg.C) atsTe ar {rniimin) {rwmibig) {aeg.C) atSTP
(rrwn) {rmd/rrun) {min) {rnd/rran)
-] c.oo e e Ko 0.0C9 ] 0.470 783 fed- 0.442
3 ”nye =0 L] 0.388 Tad4 p Ko 0.52%
78 S.006 Taro ot 1] 0.008 e 0.5387 . ] P13 0.519
7 2.010 T8 =0 Qo0 196 0.604 7824 3.0 0.339
=1 0.o0no 1357 o [~E-3 ] L average: Q.AJ408824
333 |0.003C8847 754 6 ) 0.002 n melen/(m 5 Pal: $.31273E.10
5.4, average’ 0.003
in molex/(m2 s Pa): S88127E-12
gas 0.4% CQA2 in CH4, 100 pwi gau 48 2% CO2 in CH4, 100 pui
date: 06/15/04 dale: 08/148/94
trne from | gas perm. pressure | wmperature QaE pefm, e from | Qaz perm, pretaute | temperatue | Qe perm.
atart (mi/min} {mmiHg) {deg.C} at5Tp start {rb/mint) {mmidg) {deg.C) at 3TP
{min} (rni/rnin} {min} {ml/min}
Q 0.20% 76820 ae @190 -] .17 23 ne 1.508
] 0.143 7028 2.5 0.132 5] 2344 7823 10 2101
hrad 0.109 7820 35 0.101 119 2507 L] .0 012
LR Bverage: o118 bep 25773
in moles/{m2 o Pa): 11967E10 368 2.643 T80.5 3 2425
2% o, dav, 4.55420E-11 LE. average: 23802
in melen!(m2 a Pa): ALIME-OD
GC Anatysls
gax: 20.4% CO2 in CHa, 100 pal
date! 08/15/94
injection  [CHA ares CO2area [comecied comrected  IWCH4 In %CO2in  [mn jennchment
tne CH4 area CO2 aren PerTTeate petmeste |tactor tackor
14:4:32 738843 | 5858390 oAt 121242 14,85 AS.3S 27 4,18
15:31:48 787922 | 5544513 20844 117968 15.02 8498 22.08 417
avernge: z:.‘«:ra 4.1748
< x 3, de c.0180 0.054
GC Analysis
ges; 40.2% COR in CH4, 100 pal
date: 08168104
injection [CHearea  {COZama |comected  |comecwd  [%CH&In  [%COZIn | or
time CH4 area Cu arsa parmeste petMean I!acuc tactr:
I permeation rate in 100 high
113747 3433008 | 8400813 143788 | 1T ad? 44.38 33.44 1,28 1,13 [rupture or damage of membrene
14:10:00 3541337 | 8437804 148802 | 19523 44.93 5$5.05 1.28 1.12
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whmrt LY (m—rrg) ey C) - 3T ot (L | ueg €} a 3TP
e [ ) (o owan)
[] 333 ™0 EcE] 2. c -1 ™3 23 Cors
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» & Sebedge T bR kg [-L ]
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T o Mg S, b ] T » vimnduny ARNN 1t
O dnatysn
[ 00O - O, 100 parg
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jnpatma KKt ave JCO2 e it Lo
s Covd arme COZame (o pormasis o parreeate [tarine s s
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—r— T FE3)
2ok dow 2. ol
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[ 83% COZ i 1, 100 payg
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At ICHa arne COame [ purmoai [ permeate [futipr water
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Gas separalio. zonss

membranen:

ceif #4

TFe-8-8
Tchness § il when casied
mehancl coagulaton bam
cazied January 6,594
NOTE! PPQ soluson wai hitered

rmarmbcare acwa Y Jd gD

Factonal deagn 1ast #8, 15% HPPS 1n chiare’or= 3 mur ovap., a7 roge omp

-1 CH4_ 100 om da'e: 08194 gen A% COTin CHA, 130 date: C8/Ct 34
R Op Miere Depet cwil: 4 no o0 il caper cull: 4
bt trom [ gazperm, | pressute | wriperature | gasz perm. tme trom | gaspern. | preazyre | tecmeratire! gasz Derm
st {rmlirmn) (memg) (deg.C) atSTP ttart e {rmmHg) deq. ) s
mmin) (rrl/rrun) {rmn) [l mam)
2 .05 TABC a5 Q.04 ] 2. 1491 793 4.0 2133
30 ey T40.% b X 0.0 30 C.r:l 7407 20 Q.158
113 a.caas TaD 4 s el 2.021 124 Q.13 750.8 b -3 Q.18
i-1] C. 1880 7309 4.5 D.189
5.1 averace Qe 3 % average. C.1e8
in moles/{m2 & Pa); 22965E-1 in moiew{m s Pa): 1.5978E-10
gax 40.0% COZn CH4A, 100 date: -0
no 150 Aiter paper cwil: 4
arme rOMm | Qes peft. | pressure | Wmpersture | gas perm.
sant {ri/rran) (mming) (deg.C} at5TP
{rnin) {rnl/mran)
[ .00 33 D0 5}
il 02079 7540 a3 c38
= 0.2%80 -3 ™0 0.298
343 0.3041 T38.2 .0 0.28t
.5, AvErEgY: o209
Iy molen/(m2 s Pa): J.2eE.10
GC unalysis
e N.4% CO2in CHE, 100 date: 08/01/T4
not top Aiter paoer enil: 4
Injpcton [CHe area COT srea [corecing [comectied RCH4 in %GO in [separaton [ensichment
CH4 area CORarea  [pwrmeate  |[permeale [tacior tactor
14:44:31 TN0A4D | ATBITAZ mna 101739.3 .39 8411 0.7 4.1
13:13:40 475008 | 2977223 12389.0 633432 1838 83.42 R1-X.} a1
13:48:30 710682 } 4730439 T801.1 101073.2 13.48 8432 1.0 4.1
GC analysit
gee 40.2% CO2 In CH4, 100 date: Q00T/04
0o 1op i prper cuit: &
iection [CHAama (COZares d {%CH4 in %CC2in P ennch
’M- CH4 area COlarea  {parmealy [Dermest [tacior tactor
13,4220 7544508 155314500 128783 ] J3M04D 3 .07 %3 1.9
13:01:47 THIXY 1134858414 16843.0 | 3I5MA54.90 S.00 .01 193 1.9
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FILE: H SAS - VM/SP CONVERSATICNAL MONITCR SYSTIM

ll---lntt...l...lll.'..'t“tlt..ll-tltt.l...‘l‘.l.!-tt...l.ll-t-tll...

SYLVIZ GAGNE

ANOVA PROCEDURE FOR ANALYSIS OF VARIANCE ON EFFECT CF CASTING .
CONDITIONS ON THE CO2/CH4 PURE GAS FERMEATION RATE RATIO FOR .
HIGH MOLECULAR WEIGHT PPO MEMSRANES .
L]
-

'l.t.ll.ll-l.l.-‘l-‘--llll-.ttiﬂlllll"-llIl“ll.-I-Illl..llII-‘-llll :
E I
QPTIONS PAGESIZEmBO LINESIZEm100 NODATE:
TITLE ANOVA PROCEDURE FOR THE MAIN EFFECTS ON C02/CH4 PERMZATION;
TITLEZ RATE RATIO OF MEMSRANES FROM HIGH MOLECULAR WEIGH PPO;
FOOTNOTE DATA USED IN ANCVA IS AVERAGE OF 1 TO 3 CCUPONS;
DATA HPPO;
INPUT T A B C D PERM RATIO;
LABEL T='RUN NUMSER’
A=*POLYMER CONC., SCALED"
B='ADDITIVE CONC., SCALED"
Cua"EVAPORATION TIME, SCALED®
D='TEMP.OF CASTING SOL., SCALED’
PERM="CO2 PERM. RATE, (MMOLES/(MIN M2 KPA)) '
RATIO="*C02/CH4, PURE GAS PERM. RATIO";
CARDS:
-1 =3 =1 =1 1.1232E-1 1.668392E2
1 =1 =1 1 9.42024E-2 2.295
-1 1 =11 2.91486147E2 5.4E-1
11 =1 -1 4,16856 2.44566667
-1 -1 1 1 6.3726E-2 1.25885E2
1 =1 1 -1 5.45207E-2 1.099E2
-1 1 1 -1 1.0944E1 1.40
1111 4.182871222 7.0E~1

s BNOUMA R -

PROC PRINT;

* TO PRINT DATA:

TITLE DATA FOR HMIGH MOLECULAR WEIGHT PPO MEMBRANES (AVERAGED) ;
PROC ANQVA;

CLASS AB C O

MODEL RATIOm A B C D A®C A®D C*D;
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FiLE: HP SAS . VM/SP CONVERSATICONAL MCNITCR

'...'.'.".'l‘..l‘ll.t...ll.......-..lIl..l'.'..-..-.---_-......."'.l

. SYLViE GAGNE

-
L]
. AVOVA PROCECURS FOR ANALYSIS CF VARIANCE ON EFFECT CF CASTING .
* CONDITIONS ON THE CO2 PURE GAS P-RMEnTICN RATE FCR .
* HIGH MCLECULAR WEIGHT PPQ MEMSRANIS -
L] L
- -
..

‘.-...‘....'.-..-.G...."-"-‘--...l..'.....--.‘.-I.......I‘--l.--.. .
.

CPTIONS PAGESIZEw80 LINESIZE=100 NODATE NONUMBER:
TITLE ANOVA PROCEDURE FOR THE MAIN EFFECTS ON CO2 PERMEATION;
TITLE2 RATE OF MEMBRANES FRCM HIGH MOLECULAR WEIGH PPO;
FOOTNOTE DATA USED IN ANOVA IS AVERAGE OF 1 TO 3 CQUPONS:
DATA HPPO:
INPUT T A 8 C D PERM RATIO:
LABEL T='RUN NUMSER’
A="POLYMER CONC., SCALED”
Bw ADDITIVE CONC., SCALED”
Cwm’EVAPORATION TIME, SCALED®
Dw'TEMP.OF CASTING SOL., SCALED®
PERMm*CO2 PERM. RATE. (MMOLES/{MIN M2 KPA))"
RATIOm'CO2/CH4, PURE GAS PERM. RATIO":
CARDS:
1 -1 =1 =1 =1 1.1232E-~1 1.668392E2
2 1 =1 =1 1 9.42024E-2 2.295
371 =11 2.91486147E2 5.4E-1
411 -1 =1 4,16856 2.44665667
§ -1 =111 6.3726E-2 1.25885E2
6§ 1 -11-15,45207E-2 1.09%E2
7 =111-11.0944E1 1.40
81111 4.1825871282 7.0E-1

PROC PRINT:

* TQO PRINT DATA:

TITLE DATA FOR HIGH MOLECULAR WEIGHT PPO MEMSRANES (AVERAGED) ;
PROC ANOVA;

CLASS A B CD;

MODEL PERM= A B C D A*C A®D C*D:

SYSTEM
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FILE: HALFN SAS . VM/SP CONVERSATIONAL MONITOR SYSTEM

.I.......'.I....-‘.-..‘.....'OI‘.'...‘..l...I....--.-D‘......l-.-l--..

* SYLVIE GAGNe

HALF NORMAL PLOT TO DETERMINE MAIN EFFECTS QF CASTING CONDITIONS =
ON THE CO2/CH4 PURE GAS PERMEATICN RATE RATIO CF HIGH MOLECULAR -
WE IGHT PPO MEMESRANES -

-
-
-
-
.........‘....‘..-..-......‘.‘......-‘.--....‘...-...--......-...-‘.- :
-

OPTIONS PAGESIZE=80 LINESIZE=100 NODATE NONUMBER;

* DATA OBTAINED FRCM ANOVA PROCEDURE: .
DATA:

INPUT EFFECT $ ASS:

LABEL EFFECT= "EFFECT NAME®

ASS="ANOVA SUM OF SQUARSS®;

X = SCRT(ASS):

ABSX=s ABS(X):

CARDS;
4020.01968882
19984 .25643247
540.77957691
2836.01200359
2662.40287935
570.33253169
4128.94500645

TerONMMOOE >

ROC RANK OUT=RANKS;
VAR ABSX;
RANKS R;
DATA PLOTDATA:
LABEL V=PROBASILITY FOR NORMAL DISTRIBUTION
ADSX= SQUARE ROOT OF ANOVA SUM OF SQUARES:
SET RANKS:
RSTAR=(R-.5)/7:
P=RSTAR/2+.5;
v=PROBIT(P):
PROC PRINT;
TITLE DATA FOR HALF-NORMAL PLOT OF THE EFFECTS ON THE RATIO:;
PROC PLOT:;
PLOT V®ABSX = EFFECT/VREF = 13
TITLE HALF-NORMAL PLOT OF THE EFFECTS ON THE RATIO;
TITLE2 ALL EFFECTS;
FOOTNOTE E-AC EFFECT F-BC EFFECT G-AB EFFECT:
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FILE: HALFNP SAS . VM/SP CONVERSATIONAL MCNITCR SYSTEM

T A ayyryrrxa 'y x rar rr R RS RN R R R R R R E R R AR R AR N LD AN A A

SYLVIZ GAGNe

HALF NORMAL PLOT TO DETERMINE MAIN EFF
ON THE CO2 PURE GAS PERMEATION RATE OF
WEIGHT PPO MEMSRANES

ECTS CF CASTING CONDITICNS .
HIGH MOLECULAR .

““‘..-...l..“‘.l...-Ill'.l-....l.ll'Il.l!l......ll....ll.--..l-I-‘ :
CPTIONS PAGESIZEmSO LINESIZE=100 NODATE NONUMEBER;
* DATA OBTAINED FROM ANOVA PROCEDURE:
DATA;
INPUT EFFECT $ ASS:
LABEL EFFECT= ‘“EFFECT NAME®
ASS="ANOVA SUM OF SQUARES®;
X = SQGRT(ASS):
A3SX= ABS(X):
CARDS;
1799.94930336
65623.57271412
2227.38858718
60317.62211870
60320.75236404
2233.27778404
1801.58302430

ROC RANK OQUT=RANKS:
VAR ABSX:
RANKS R:
DATA PLOTDATA:
LABEL v=PROBABILITY FOR NORMAL D{STRIBUTION
ASSX= SQUARE ROOT OF ANOVA SUM OF SQUARES:
SET RANKS:
RSTAR=(R-.5)/7:
PaRSTAR/2+.5;
vaPROBIT(P) ;
PROC PRINT;
TITLE DATA FOR HAL; -NORMAL PLOT OF THE EFFECTS ON CO2 PERMEATION;
PROC PLOT:
PLOT V*ABSX = EFFECT/VREF = 1.0 HAXIS= 25 TO 275 BY 25
VAXIS= 0.0 TO 1.8 BY 0.2:
TITLE HALF-NORMAL PLOT OF THE EFFECTS ON CO2 PERMEATION:
TITLE2 WITH ALL EFFECTS:
FOOTNOTE E-AC EFFECT F-BC EFFECT G-AB EFFECT:

aomMmmoOoo»

Ter
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ry
-+
O}
.It

"""f“"**tt*f**"t""**i‘?"if'*if"*""t"'f*t'f"""*'.""i

* SYLVIE GAGNE

= MODELLING OF CO2/CH4 DPURE GAS PERMEATION RATE RATIC

l],

OR

* % 4 % #

TemiIL

-

'*f*'**"i*'**’t*"**ﬁ'*iff""f"*f*"*ti'*"i**‘*I*""*'*"'t'*t*f.
r

OPTIONS PAGESIZE=80 LINESIZE=100 NODATE NONUM3ER;
DATA FACT;
INPUT N A B € D PERM RATIO VARP VARR;
BC= B~*C;
AC= A*C;
ARB= A*B;
WP=1/VARP;
WR=1/VARR;
LABEL N='OBSERVATIONS'
PERM = 'CO2 PERM. {(MMOL/(MIN M2 KPA))'
RATIO = 'CO2/CH4& PERMEATION RATE RATIO’
A='POLYMER CONCENTRATION, SCALED'
B='PRESENCE QF ADDITIVE, SCALED'
-~ ' EVADPORATION TIME BEFORE GELATION, SCALED’
D='TEMP. OF CASTING SOLUTION, SCALED'
WP='INVERSE PERMEATION COUPON VARIANCE'
WR="'INVERSE QF THE RATIO COUPON VARIANCE';
CARDS ;
-1 -1 -1 -1 1.5444B-1 124.75 0.0035481888 3543.0159
-1 -1 -1 -1 7.02E-2 2.08928571E2 0.0035481888 3543.0159
1 -1 -1 1 6.90168E-2 1.03 0.0012686288% 0.06845
1 -1 -1 1 1.19388E-1 1.40 0.00126862889 0.06845
-1 1 -1 1 2.597721E2 0.6 2011.55812512 0.0072
-1 1 -1 1 3.2320014E2 0.48 2011.55812912 0.0072
11 -1 ~1 4.788 2.49 0.81102912480 0.0129333333
1 1 -1 -1 4.5822 2.43 0.81102912480 0.0129333333
1 1 -1 -1 3.13548 2.65 0.81102912480 0.012%333333
10 -1 -1 1 1 6.5532E-2 34.79 6.523272E-6 1.11744843E4
11 -1 -1 1 1 6.192E-2 1.84285714E2 6.523272E-6 1.11744843E4
12 1 -1 1 -1 5.03034E-2 176 3.72781586E-5 8.73842E3
13 1 -1 1 -1 5.B938E-2 43.80 3.72781586E-5 8.73842E3
14 -1 1 2 -1 1.0944E1 1.40 1 1
15 1 1 1 1 4.5676122E2 0.68 2.96051274E3 8E-4
16 11 1 1 3.7981302E2 0.72 2.96051274E3 8E-4

VwoJanb W

PROC STEPWISE;
MODEL RATIO= A B C D AC AB BC/ BACKWARD SLSTAY=0.35 DETAILS;
* WEIGHT WR;
PROC REG;
MODEL RATIO = A B D AC AB/ALL;
* WBIGET WR;
QUTPUT OUT=BOB
P=PREDICT
R=RESID;

PROC PRINT;
TITLE DATA FOR MODEL FITTING OF CO2/CH4 RATIO FOR HPPO;

TITLE2 PARAMETERS B AND CD;

iPPOR SAS - VM/SP CONVERSATICONAL MONITO
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FILE: HPPOR SAS > VM/SP? CONVERSATIONAL MONITOR SYSTEM

PROC PLOT:
PLOT RESID = PREDICT;
TITLE PLOT OF RESIDUALS VS. PREDICTED VALUE OF RATIO;
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TILE: EPPOP SAS * WM/S2 CONVERSATIONAL MONITOR SYSTEM

*'*'"**f*"""’i'f*"""""’"*"'f"*f'ﬁ't'tt.‘f"'*"""it'f***'l’*

* SYLVIE GAGNE
+ MODELLING OF CO2 PURE GAS PERMEATION RATE FOR
* HIGH MOLECULAR WEIGHT PPO MEMBRANES

w”

*

w

-

L4

'"*"'"'i"’t*f'**ﬁ'-'**f‘l""ﬁ"'*'"'i*f**"""f***"ﬂfﬂ""t"*i****
¥

w .
’

L |
(]
m
]

’.l
o
o
Z
Q
Y
)
1]
2z
o
g
0]
n
~

OPTIONS PAGESIZE=80 LINES
DATA FACT;
INPUT N A B C D PERM RATIO VARP VARR;
BC= B*C;
AC= A*C;
AS= A*B;
WP=1/VARP;
WR=1/VARR;
LASEL N='OBSERVATIONS'
PEaM = 'CO2 PERM. (MMOL/{MIN M2 KPA}}'
RATIO = 'C02/CH4 PERMEATION RATE RATIO'
A='POLYMER CONCENTRATION, SCALED'
B='PRESENCE OF ADDITIVE, SCALED’
C='EVAPORATION TIME BEFORE GELATION, SCALED'
D='TEMP. OF CASTING SOLUTION, SCALED'
WPa' INVERSE PERMEATION COUPON VARIANCE'
WR='INVERSE OF THE RATIO COUPON VARIANCE';
CARDS ;
-1 -1 -1 -1 1.5444E-1 124.75 0.0035481888 3543.0159
-1 -1 -1 -1 7.02E-2 2.08928571E2 0.0035481888 3543.01559
1 -1 -1 1 6.90168E-2 1.03 0.00126862882 0.06845
1 -1 -1 1 1.19388E-1 1.40 0.0012686288% 0.06845
-1 1 -1 1 2.597721E2 0.6 2011.55812512 0.o0072
-1 1 -1 1 3.2320014E2 0.48 2011.55812912 0.0072
11 -1 ~1 4.788 2.49 0.81102912480 0.0129333:.3
11 -1 -1 4.5822 2.43 0.81102512480 0.0129333333
11 -1 -1 3.13548 2.65 0.81102912480 £0.0129333333
10 -1 -1 2 1 6.5532E-2 34.78 6.523272E-6 1.11744843E4
11 -1 -1 1 1 6.192E-2 1.84285714E2 6.523272E-6 1.11744843E4
12 1 -1 1 -1 5.03034E-2 176 3.72781586E-5 8.73842E3
13 1 -1 1 -1 5.8938E-2 43.80 3.72781586E-5 8.73842E3
14 -1 1 1 -1 1.03544E1l 1.40 1 1
15 1 1 1 1 4.5676122E2 0.68 2.96051274E3 8E-4
16 1 1 1 1 3.7981302E2 0.72 2.96051274E3 8E-4

WM Udb W

’
PROC STEPWISE;

MODEL PERM= A B C D AC AB BC/ BACKWARD SLSTAY=0.1 DETAILS;
hd WEIGHT WR;
PROC REG;

MODEL PERM = A B C D AC AB BC/ALL;
* WEIGHT WP;

OUTPUT OUT=ECBE

P=PREDICT

=RESID;

PROC PRINT;
TITLE DATA FOR MODEL FITTING OF CO2 PERMEATION FOR HPPO;

TITLE2 ALL PARAMETERS;
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* PREDICT;
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VM/8P CONVERSATIONAL

MONITOR SYSTEM
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FILE: PLOT SAS * VM/S? CONVERSATIONAL MONITOR SYSTEM

* SYLVIZ GAGNE *
- w
* CONTOUR PLOTS FOR OPTIMIZATION OF CO2/CH4 PURE GALS PERMEATION *
+ RATE RATIO FOR H1GHE MOLETTAR WEIGHT PPO MEMBRANES *
L 4 -
**"‘f*"’*'*t'*"'7"*'1"!*""!*"'*"*'!**"l*'t*"“ff"‘"**'*""ﬁt**”'-
* .
OPTIONS PAGESIZE=80 LINESIZE=100 NODATE NONUMBER;
DATA AREA;

C=-1;

A=0;

DO B =-1 TO 1 BY 0.1;
DO D=-1 TO 1 BY 0.1;
RATIO=49.11633924-20.51455353*A—47.75669638*3-21.11812499'D+
+ 20.37848213*B*D+20.50098210~A*B;
OUTPUT;
END;
END;
PROC PLOT DATA=AREA;
PLOT D*B=RATIO/ CONTOUR;
TITLEL CONTOUR PLOT OF THE RATIO AS A FUNCTION OF;
TITLE2 ADDITIVE CONCENTRATION (B), CASTING SOLUTION TEMPERATURE (D);
TITLE3 WITE POLYMER CONCENTRATION (A)=0 AND EVAPORATION TIME C=-1;
FOOTNOTE ALL VARIABLES ARE CODED;
RUN;
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PLOTE SAS - VM/SP CONVERSATIONAL MCONITOR SYSTEM

[

IL

O]

*""*"f""'f"'t"‘fi‘f*f"f'ff"‘""'"'t'*""l’"fﬁi'ftf"'I""f“'"'fﬂfif"

* SYLVIE GAGNE hd
»* -
*  CONTOUR PLOTS FOR QPTIMIZATION OF CO2 PERMEATION RATE FOR *
* HIGHE MOLECULAR WEIGHT PPO MEMBRANES b
- w
*""'*tt"***f**'**"**'**"*"'T"*f"f*'ff""'""'f*"'**f“"'""'ff""ﬁ
- .
OPTIONS PAGESIZE=80 LINESIZE=100 NCDATE NONUM3ER;
DATA AREX;

==1;

D=1;

DO B =-1 TO 1 BY 0.1;
DO A=-1 TO 1 BY 0.1;
PERM=90.65133363+14.99979214*A+90.570116358+3+16.68603304-C+

+ 86.83145846*D+86.83371154*5*D+15.00659786*A*3+16.708076%6+*3*C;

QUTPUT;
B2 H
END;

PROC PLOT DATA=AREA;
PLOT A+BsPERM/ CONTOUR;
TITLE1 CONTOUR PLOT OF THE C02 PERMEATION RATE AS A FUNCTION OF;
TITLE2 ADDITIVE CONCENTRATICN (B) AND POLYMER CONCENTRATION (A);
TITLE3 WITH CASTING SOL. TEMP. (D)=1 AND EVAPORATION TIME (C)=-1;
FOOTNOTE ALL VARIABLES ARE CODED, PERMEATION RATE IN MMOLES/ (M2 MIN KPA);

RUN;
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FILE: ITETD SAS * WVM/SP CONVERSATIONAL MONITOR SYSTEM

**"**1"'**'***""i'fl‘***‘l’***"""'"**"“'i"'*t*"*’i***'ti"'**"""

SYLVIE GAGNE >

-

MODELLING OF C02 PURE GAS PERMEATION RATE FOR *
HIGH MOLECULAR WEIGHT PPO MEMBRANES >
2Y BEATON-TUXKEY BIWEIGHT (ITERATIVELY REWEIGHED LEAST SQUARES} ™

-

‘i‘*t********ﬂ‘*********t*t**ttf*****ti*****tttt*I**wt*tt***t******.
’

Ak kK % % % %

-~

OPTIONS PAGESIZE=80 LINESIZE=100 NODATE NCNUMBER;

DATA FACT;

INPUT N A B C D PERM RATIO;

BC= B*C;

AC= Ar*C;

AB= A*B;

LABEL N='OBSERVATIONS'
PERM = 'CO2 PERM. (MMOL/(MIN M2 KPA})'
RATIO = 'CO2/CH4 PERMEATICN RATE RATIO'
A='DOLYMER CONCENTRATION, SCALED’
B='DPRESENCE OF ADRITIVE, SCALED'
C='EVAPORATION TIME BEFORE GELATION, SCALED'
D='TEMP. OF CASTING SOLUTION, SCALED';

CARDS;

1 -1 -1 -1 -1 1.5444E-1 124.75

2 -1 -1 -1 -1 7.02E-2 2.08528571E2
31 -1-121 6.90168E-2 1.063

41 -1 -2 1 1.19388E-1 1.40

5 -1 1 -1 1 2.597721E2 0.6

6 -1 1 -1 1 3.2320014E2 0.48
711 -1 -14.788 2.49

8131 -1 -1 4.5822 2.43

911 -1 -1 3.13548 2.65

20 -2 -1 1 1 6.5532E-2 34.79

11 -1 -1 1 1 6.192E-2 1.B4285714E2

12 1 -1 1 -1 5.03034E-2 176
13 1 -1 1 -1 5.8938E-2 43.80
14 -1 1 1 -1 1.0944E1 1.40
15 1 1 1 1 4.5676122E2 0.68
26 111 1 3.7981302E2 0.72

PROC NLIN NOHALVE;
PARMS BO90.7 B1<15 B2=90.6 B3=16.7 B4=86.8 B5=86.8 B6=15 B7=16.7;

* GUESSES FOR PARMS OBTAINED BY REGULAR LEAST SQUARES;

MODEL PERM= BO+B1l*A+B2*B+B3*C+B4*D+B5*AB+B6*AC+B7*BC;
* DPARTIAL DERIVATIVES;

DER.BO=1;

DER.Bl=A;

DER.B2=B;

DER.B3=C;

DER.B4=D;

DER.BS=AB;

DER.B6=AC;

DER. B?=BC H

RESID=PERM-MODEL.PERM;

SIGMA=162;
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FILE: ITERP SAS - VM/SP CONVERSATIONAL MONITOR SYSTEZM

0y
(1

* SIGMA IS MEASURE CF SCALE O RROR STANDARD DEVIATICN;
T= 0.8;
»T IS TUNING CONSTANT:
R= ABS (RESID/SIGMA) ;
IF R<=T THEN _WEIGHT_=(1-(R/T)"E)"ZF
ELSE _WEIGHT =0;
QUTPUT QUT=SORTIE
R=RBI;
DATA SORTIE;
SET SORTIE;
SIGMA = 162;
T=0.8;
R=ABS (RBI/SIGMA);
IF Re=T THEXN _WEIGHT_=(1-(R/T)'*E)"E;
ELSE _WEIGHET_=0;
PROC PRINT;
TITLE DATA FOR MODEL FITTING OF CO2 PERMEATION FOR HPPO;
TITLE2 BY TUKEY BIWEIGHT ROBUST REGRESSION;
PROC STEPWISE;
MODEL PERM=A B C D AC AB BC/BACKWARD SLST-Y¥=0.05 DETAILS;
WEIGHET _WBIGHT_;
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DATA FCR HIGH MCLECULAR WEICHT

CBS

[CREECNLIR RPN SR

A

=1
1
-1
1
-1
1
-1
1

WY RA R AP

g

-1
-1
1

.
H

-1
-1
1
3

c

-t
-t
-1

1

- .

PPQ MEMBRANES (AVERACED)

D FERM

-1 c.112

0.094
1 291,436
t 4,169
1 0.064
1 £.0%5
1 10.544
H 418.2587

RATIO

166.839%
2.293
0.540
2.447

125.885

109.3C0
1.400
G.7c0

DATA USED IN ANOVA 15 AVERAGE OF 1 TO 3 COUPCNS
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DATA FCR HIGH MCLICULAR WEICHT PPC MEMSRANES (AVERAGID

Ceoemdent Veoriedle: PERM

Anclyziz af Voricnee Procedura

C22 PERM. TE. (MMCLES/(MIN M2 KPA))

Source CoF Sum ¢! Sgqucres
Mode! 7 194324, 14535534
Error o
Corrected Tote! 7 194324, 14559534
R=Squcre c.v.,
1.000CC0 Q
Source OF Anove 55
A 1 1799.94333335
8 1 §5623.57271412
c 1 2227.33358718
D 1 60317.62211870
AC 1 §0320.75235404
AtD 1 2333,27778404
c=0 1 1801.58302350

Meca Sguzre

2776C.5%223%19

Raot MSE

Macn Squgre

1795.94830336
§5523.57271412
2227.388658718
60317.62211870
£0320.735236404
2233.27773404
1801.53302490

DATA USED IN ANQVA [S AVERAGE COF 1 TO 3 COUPONS

F Valge

F value

Pr>F

PERM Mecn

§0.851337C1

Pr>F

178



¢8s

jovth pldp) -

0-00—-0

.C8564
.BO274
48371
.§2082
.24187
67443
.27188

A3SX

42 425
€17
+7.19%
245.596
245,503
47,258
42 445

£

il

n
m

OMMOOMm»

(83
A

ASS

1799.95
£65623.57
2227.39
6Q317.62
60320.75
223%.28

1801.58

X

42 426
256171
47,195
245,556
245603
47.258
42,245

4

ey~

TA FCR MALF=NCRMAL PLOT CF THE EFFICTS CN CO2 PERMEZATION

RSTAR

o00000O0ON

.G7143
.52857
.35714
64236
.78571
.300C0
L21425

000000

L5357
56429
.67857
82143
.89286
.75000
L6071
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CBS

AN

CATA FGR MALF-NCRMAL PLOT CF THE EFFECTS

v

Q.1573:
0.827315
1.53<12
C.48873

AZSX

424258
47.1952
47.2576
42,4451

EFFECT

ASS
1799.55

2227.39
2233.28
1801.%8

CN CQ2 FERMIZATION

T x

%2
+7
47

-2

.4253
L1952
L2578
L4453

a

(S IR N P

RSTAR

e.125
G6.625
C.875
£.37%

0000

L8625
.82s
L8273
L6875
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CATA FCR MIGH MCLECULAR WEICHT PPO MEWSRANES (AVERASED]
Anglysis of Vgrience Praocedure

Demendent Varichle: RATIQ  CO2/CH4, PURS GAS PEIRM. RATIC

Saurce oF Sum of Sgucres Mecn Sgucre
Madal 7 34762, 74811929 43556_ 10637418
Error s}
Correcied Totel 7 34752.74311929

R=-Sgquere Cc.v. Root MSE

1.C00G00 Q [+f
Seurce CF Anove 55 Mucn Sgucre
A 1 4020.01968882 4020.01968882
8 1 15984.25643247 19984, 25643247
c 1 240, 77957691 545,.77557691
o] 1 2855.01200359 2856.01200359
A*C H 2662,402875335 28562.402973935
A*D 1 570.33253169 570.33233189
c*D 1 4128,.94500645 £138.5350C645
r

DATA USED IN ANOVA 1S AVERAGE OF 1 TO 3 COUPONS

F velue Pr > F

RATIO Mecn
$1.25158333

F vglue Pr >F
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0
m
v

MO R

v

.52082
.80274
.C8964
57349
L4637
¢.2788
1.24187

OO0 ~0

CATA FOR MALF-NCAMAL PLOT CF THE EFFLZLTS ON THE RATIO

ABSX

63
141

s3.

St

23.
&4,

404
366
.255
442
.598
as2
257

m

n

CTMIMO W3-

[s]

ASS

4320,
1988+,
54C.
2886,
2862,

-
S

43128,

c2
28

X

63.
.255
L2535
53.
113
23.
64,

141

51

404

4d2

B32

57

LN ENE R R Y] 0

Qo000 0

RSTAR

54236
.92857
L7143
[-Telofele]
L3574
.21429
L7357

0000 aO0

LEB2143
55428
L5357
.73CC0
87857
LEQTI
.85286
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cas

[ER NP NS R

OO~ 0O-

DATA FCR HALF-NCRMAL FPLCT CF THE SFFIZTS ON THE RATIQ
WITHCUT EFFECTS B AND CD(AB)

L6449
. 12568
LQI6L3
67449
.38532

AQsSX

63.4035
23.2547
53.4417
51.5985
23.8816

EFFECT

mTMOoO»

ASS

4020.
340.
2856.
2662,
870.

§3.
L2547
33.
.5883
23.

-
-

51

X
4035
4417

8315

R
-
1
4
3
2

RSTAR

O0000
[ERT RN N ]
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The SAS Svstenm

Backward Elimination Procedure for Dependent Variable PERM

Step O All Variables Entered R-square = 0.98740023 C{p) = 8.0000C000
DF Sum of Squares Mean Sguare F ProbsF
Regression 7 3B9771.41224126 55681.63032018 89.56 c.co001
Exror 8 4973.697785%61 §21.71222370
Total is 394745.121003087
Parameter Standard Type IX
Variable Estimate Exror Sum of Sguares F Probs>F
INTERCEP 90.65133364 6.45807356 121368.53028888 195.22 0.0001
A 14.99979214 6.48807358 3322.98482464 5.34% 0.0495
B $0.57011636 6.48807355 121151.20213539% 154.87 0.0001
c 16.68603304 5.48807356 4112.10385519 6.61 0.0330
D 86.83145846 6.48807356 111355.60140886 179.11 0.0001
AC 86.83371154 6.4B8807356 111361.38032312 179.12 0.0001
AB 15.00659786 6.48807356 3326.00092682 5.35 0.0495
BC 16.70807696 6.48807356 4122.97603621 6.63 0.0325
Bounds on condition aumber: 1.083333, 52.608937

Statistics for Removal: Step 1

DF = 1,8

Partial Model
Variable Rw*2 R¥¥*2
A 0.00845 0.9780
B 0.3069 0.6805
C 0.0104 0.9770
D 0.2821 0.7053
AC 0.2821 0.7053
AB 0.0084 0.97%0
BC 0.010a 0.9770

All variables left in the model are significant at the 0.0500 level.

184



The SAS System

Model: MODEL1
Dependent Variable: PERM 02 PERM. (MDMOL/ ({MIN M2 XPA))
Analvsis of Variance
Sum of Mean
Source DF Sgquares Square F Value Probs>F
Model 7 389771.41224 535681.63032 §9.562 0.0001
Erxor 8 4973.69773 621.71222
C Total 15 394745.11003
Root MSE 24.934516 R-sguarxe 0.95874
Dep Mean $0.22787 Adj R-sg 0.5764
c.V. 27.63465
Parameter Estimates
Parameter Standard T for HO:
Variable DF Estimate Error Parameter=0 Prob > |T|
INTERCEP 1 90.651334 6.48807356 13.972 c.0001
A 1 14.9997%2 6.48807356 2.312 0.0495
B 1 90.570116 6.48807356 13.859 0.0001
c 1 16.686033 6.48807356 2.572 0.0330
D 1 86.831458 6£.48807356 13.383 0.0001
AC 1 B6.833712 6.48807356 13.384 ¢.0001
AB 1 15.006598 6.48807356 2.313 0.0495
BC 1 16.708077 6.48807356 2.575 0.0329
variable
Variable DF Label
INTERCEP 1 Interxrcept
A 1 POLYMER CONCENTRATION, SCALED
B 1 PRESENCE OF ADDITIVE, SCALED
C 1 EVAPORATION TIME BEFORE GELATION, SCALED
D 1 TEMP. OF CASTING SOLUTION, SCALED
AC 1
AB 3
BC i

185



Backward Elimination Procedure for Dependent Variable RATI
Step O All variables Entered R-sguare = 0.73541005 C(p) = 8.0C000000
DF um of Squares Mean Square T Prob>F
Regression 7 65194 .44559897 9313.49222842 .18 G.ce38
Error 8 23456.02247665 2932.00280558
Total 15 £8650.46807563
Parameter Standard Tvpe II
Variable Estimate Error Sum of Squares F Prob»F
INTERCEP 49.038193448 14.08574888 35579.61293121 12.13 0.0083
A -20.49735115 14.08974888 6205.16535132 2.12 C.1838
B ~47.79210115 14.08974888 33732.76576588 11.51 0.0085
C 6.30252977 14.08974888 586.6616346% 0.20 0.6665
D -21.,08372023 14.08974888 6565.26659006 2.24 0.1729
AC 20.41288690 14.08974888 6154.13097485 2.10 0.1854
AB 20.818184% 14.08974888 6400.93742782 2.18 0.1778
BC -6.54336310 14.08974888 £32.35348745 0.22 0.6547
Bounds on condition number: 1.083333, 52.60937
Step 1 Variable C Removed R-square = 0.72875236 Cip)} = 6.20008504
DF Sum of Sguares Mean Square F Prob>F
Regression 6 64607.78396433 10767.963%9406 4.03 0.0306
Error 9 24042.68411129% 2671.40934570
Total 15 88650.46807563
Parameter Standard Type II
Variable Estimate Errox Sum of Squares F Probs»F
INTERCEP 48.1123145£ 13.28892658 35016.53236730 13.11 0.0056
A -20.01254116 13.40%15081 5950.31251389 2.23 0.1698
B -48.76072111 13.28892658 35966.72349313 13.46 ¢.0052
D -20.11410026 13.28892658 6120.14706364% 2.29 0.1644
AC 21.38250686 13.28892658 6916.36456%87 2.59 0.1421
AB 21.3029%446 13.40519081 6742.43251356 2.52 0.1466
BC -7.02817309 13.40918081 733.87179445 0.27 0.6128
Bounds on condition number: 1.060096, 38.120195
Step 2  Variable BC Removed R-square = 0,72051410 C{p) = 4.45038614
DF Sum of Sgquares Mean Square F  Prob»F
Regression S 63873.91216988 12774.78243398 5.16 0.0135
Brror 10 24776.55590575 2477.65559057
Total i5 B8650.46807563
Parameter Standard Type II
Variable Estimate Brror Sum of Squares F  Prob»F

The SAS System
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DATA FOR MODEL FITTING OF CO2 PERMEATION FOR HPPO
ALL PARAMETERS

cBS N A B c D PEPM RATIO VARP VARR
1 X -1 -1 -1 -1 .i%4 1245.750 0.00 3543.02
2 2 -1 -2 -1 -1 0.070 208.929 0.C0 3543.02
3 3 1 -1 -2 1 0.069 1.030 0.00 0.07
4 4 1 -1 -1 1 0.119 1.400 0.0¢C 0.07
5 C) -1 1 -1 1 25%.772 0.600 2011.56 0.01
6 6 -1 1 -1 h 323.200 0.480 2011.56 0.0%
7 7 1 1 -1 -1 %.788 2.490 0.81 0.02
8 8 1 1 -1 -1 4.582 2.430 0.81 0.01
S S 1 1 -1 -1 3.135 2,650 0.81 0.01
10 10 -1 -1 1 1 0.066 34.730 6.00 11174.48
11 11 -1 -1 1 1 0.062 184.286 0.00 11174.48
12 12 1 -1 1 -1 0.0590 176.000 0.00 8738.42
13 13 1 -1 1 -1 0.059 43.800 0.00 8738.42
14 14 -1 1 1 -1 10.944 1.400 1.00 1.00
15 15 1 1 X 1 456.761 0.680 2960.51 0.00
16 is 1 1 1 1 379.813 0.720 2960.51 0.00
oBs BC AC A3 WP WR PREDICT RESID
1 1l 1 1 281.83 .00 0.112 0.0421
2 1 1 1 281.83 0.00 0.112 -0.0421
3 1 -1 -1 788.25 14.61 0.0%4 -0.0252
4 1 -1 -1 788.25 14.61 0.0%4 0.0252
5 -1 1 -1 0.00 138.89 291.486 -31.7140
6 -1 1 -1 0.00 138.89 291.486 31.7140
7 -1 -1 1 1.23 77.32 4.169 0.6194
8 -1 -1 1 .23 77.32 4.169 0.4136
9 -1 -1 1 1.23 77.32 4.169 ~1,0331
10 -1 -1 1 153297.30 0.00 0.064 0.0018
11 -1 -1 1 153297.30 .00 0.064 -0.0018
12 -1 1 -1 26825.36 0.00 0.055 -0.0043
i3 -1 1 -1 26825.36 0.00 0.0S5 0.0043
14 1 -1 -1 1.00 1.00 10.944 -0.0000
15 1 1 1 0.00 1250.00 418.287 38.4741
16 1 1 1 0.00 1250.00 418.287 -38.4741
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PLOT OF RESIDUALS VS. PREDICTED VALUE OF CC2 PIZRMEATION

Plo- of RESID*PREDICT. Legend: A = 1 obs, B = 2 cbs, etc.
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Predicted Value of PERM
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025

Gy b WY

Q.
0.
1

oo

DATA FOR HALF-NORMAL PLOT OF THE

v

10463
54852

.15035
.73166
.81222
.31864

ABSX

42.426
47.185
245.596
255.603
47.258
42.445

t13
3
i)
iy

Mmoo ny

q

1801.58

FECTS ON CO2 PERMEATICON

X

42.426
47.195
245.5%¢6
245.603
47.258

42.445

R

bW

RSTAR

0.08333
0.51667
0.75000
0.91667
0.58333
0.25000

2

0.54187
0.70833
0.87500
0.95833
0.75167
0.62500
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INTERCEP 49.11633525
A -20.51455353
B -47.75669638
D -21.11812499
AC 20.37848213
A3 20.80098210

All variables left in the model are significan

Surmaxry of Backward Elimin

Step

12.66427873
12.88077781
12.664273873
12.66427873
12.66427873
12.8807778%

ation Procedure for Depe

37267.64902203
6284 .64713562
35232.91441597
6889.54796573
£§515.39914721
6461.36745334

26.08259

variable Number partial Model

Removed In Re*2 Rw*2 Ci{p}
Label

C 6 0.0066 0.7258 §.2001
EVAPORATION TIME BEFORE GELATION, SCARLED

BC 5 0.0083 0.7205 4.450%

=]

[
[SENESE O SR

gy -} O

IRV N T

t ar the D.2500 level.

F

0.2001

0.2747

0.0032
0.1423
0.00237
0.1264
0.1387

¢.1374

ndent Variable RATIO

Probs>F

0.6665

0.6128
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The SAS Systenm

Model: MODELL )
Dependent Variable: RATIO CO2/CH4 PERMEATION RATE RATIO

Analysis of Variance

Sum of Mean
Source DF Sguares Square F Value Prob>F
Model S 63873.91217 12774.78243 5.156 0.0135
rroT 10 24776.55591 2477.65559
C Total 15 88650.46808
Root MSE 49.77605 R-square 0.7205
Dep Mean 49.15214 Adj R-sqg 0.5808
c.v. 101.26935

Parameter Estimates

Parameter Standard T for EO0:

Variable DF Estimate Error Parameter=( Prob > |T|
INTERCEP 1 49.116339 12.66427873 3.878 0.0031
A 1 -20.514554 12.88077781 -1.593 0.1423
B 1 -47.756696 12.66427873 -3.771 0.0037
D 1 -21.118125 12.66427873 ~1.668 0.1264
AC 1 20.378482 12.66427873 1.609 0.1387
AB 1 20.800982 12.88077781 1.615 0.x3"*

Variable
Variable DF Label
INTERCEP 1 Intercept
A 1 POLYMER CONCENTRATION, SCALED
B 3 PRESENCE OF ADDITIVE, SCALED
D 1 TEMP. OF CASTING SOLUTION, SCALED
AC 1
AB 1
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&

LT N T R DN PV S B

OmJnhndwioH

HHMpRBHPP
oA wWwNHO

“

WE-Jnndhwiao

(WEwgwgw]

-1
-1

-1
-1
-1
-1
-1
-1

1

D

1
1

FOR MO

-1
-1

1
1

-

D

HH P HB R R

Wy

281.83
281.83
788.25
788.25
0.00
0.00
1.23
1.23
1.23

153287.30
153297.30
26825.36
26825.36

1.00
0.00
0.00

1, PITTI
L Fidd

379.813

WR

0.00
0.00
l14.61
14.61
138.89
138.89
77.32
77.32
77.32
0.00
0.00
0.00
0.00
1.00
1250.00
1250.00

RATIO

124.750
208.929
1.030
1.400
0.600
0.480
2.490
2.430
2.650
34.790
184.286
176.000
43.800
1.400
0.680
0.720

PREDICT

179.685
179.685
15.061
14.081
0.334
0.334
2.386
2.386
2.386
96.692
96.692
57.054
97.054
1.813
0.906
0.906

G OF CO2/CH4 RATIO FOR EPPO
PARAMETERS B AND CD

O0O000
o
[=]

2011.56
2011.56
0.81
0.81
0.81
0.00
¢.00
0.00
0.00
1.00
2960.51
2860.352

RESID

-54.9352
29.2434
-13.0308
-12.6609
0.2664
0.1464
0.1043
0.0543
0.2643
-61.9020
87.5937
78.945%
-53.2541
-0.4128
-0.2264
-0.1864

VARR

3543.02
3543.02
0.07
0.07
0.01
0.01
0.01
0.0
0.01
11174.48
11174.48
8738.42
§738.42
1.00
.00
0.00

192



HOCOROnON
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PLOT OF RESIDUALS VS. PREDICTED VALUE OF RATIO

Ploz of RESIDTPREDICT. Legend: A = 1 obs, B
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= 2 obs, etc.
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The SAS System

Non-Linear Least Sguares Iterative Phase
Dependent Variable PERM  Method: Gauss-Newton

iter BO 32 B2 =k} Weighted S5
B4 BS B6 37

¢ S0.700000 15.000000 90.600000 16.706000 3274.678270
86.80Q000 86.803000 15.000000Q 16.700060

i 90.660655 15.0324%5 146.5713484 -39.314050 8557.056524
§6.800000 86.841554 15.1000000 16.700000

2 88.565018 15.031732 146.571234 -39.314814 4287.006221
86.800000 73.126181 28.714510 18.79%4873

3 90.141747 15.631732 146.571149 -39.314814 2242.691813
86.799705 71.549157 30.2%1338 17.217850

4 90.545157 15.031618 156.571035 -39.314814 4239.753360
86.799705 71.145519 30.594863 16.814326

5 90.647598 15.031618 146.570591 -39.314814 4239.562348
86.799661 71.042633 30.7%7704 16.711440

& 90.674201 15.031628 146.57097% -39.314814 £239.549948
86.799644 71.016414% 30.823906 16.685221

7 90.680877 15.031618 146.570967 -35.314814 4239.549143
86.799637 71.009731 30.830582 16.678538

8 90.682578 15.031618 146.570965 -39.314814 4239.549050
86.799634 71.008028 30.832283 16.676835

9 90.683010 15.031617 146.570964 -39.314814 4239.5495087
86.799634 71.007583 30.832717 16.676401

NOTE: Convergence criterion met.

Non-Linear Least Sguares Summary Statistics Dependent Variable PERM

Source DF weighted S8 weighted Ms
Regression 6 441273.51718 73545.58620
Residual 5 4239.54909 B47.90982
Uncorrected Total 11 445513.06627
{Corrected Total) 10 302269.30338

NOTE: The Jacobian is singulax.
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Parameter Estimate

B0 90.6830101
B1 15.0316167
B2 146.5709636
B3 -39.3148136
B4 86.7996345
B85 71.0075933
B6& 30.8327187
B7 16.6764011

The SAS System

Asymptotic

5tdé. Exrror

11.660571573

0.000000000
11.731177126

0.000000000
11.741177126
10.716392479
11.660571573
10.716392479

Asymptotic 55 %
Confidence Intexrval

Lowear
60.70899104
15.03161674

116.38974441
-39.3148135%
56.61841529
43.46062869
0.85869771
-10.87056343

Uppex
120.65702911
15.03161674
176.75218281
-39.31481359
116.98085368
$8.55455785
60.80673578
44.22336573

Asymptotic Correlation Matri

PR et b bt

6.1935388316

-0.580616658
-0.027873203
-0.169260444
-0.451966327

-0.580616658
-0.153261163

i
0.0426735897
0.1935388316
0.4638552606

-0.027873203
0.4638552606

0.0426735897

1
-0.451966327
0.0770833704

0.1935388316
1

-0.153261163
0.4638552606
-0.580616658
0.0426735897

-0.169260444
-0.580616658

0.1935388316
-0.451966327

1
-0.027873203

-0.451966327
0.0426735897
0.4638552606

0.0770833704
-0.027873203
1
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DATA FOR MODEL FITTING OF €02 PERMEATION FOR
3Y TUKEY BIWEIGHT ROBUST REGRESSION

gas N A B C D PERM RATIO BC AC AS R8I SIGMA
1 1 -1-1 -2 -3 0.154 124.75¢0 1 1 1 0.032 1is2
2 2 -1 -1 -1 -1 0.070 208.929 1 1 12 -0.052 162
3 3 1 -1-1 1 0.06% 1.030 1 -1 -1 -0.025 e62
4 4 1 -1 -1 1 0.119 1.400 I -3 -1 0.025 162
§ 5 -1 1 -1 1 259.772 0.600 -2 1 -1 -31.713 162
6 6 -1 1 -1 1 323.200 0.480 -1 1 -3 31.715 1e82
7 7 1 1 -1-1 4.788 2.490 -1 -1 1 -223.511 1e2
g8 8 1 1 -1 -1 4.582 2.430 -1 -1 1 -223.717 162
$ 9 1 1 -1-1 3.135 2.650 -1 -1 1 -225.164 162
10 10 -2 -1 1 1 0.066 34.7%0 -1 -1 1 0.002 162
12 11 -1 -1 b3 0.062 184.286 -1 -1 1 -0.002 162
12 12 1 -1 1 -2 0.050 176.000 -1 1 -1 223.872 162
13 13 1 -1 1 -1 0.059 43.800 -2 1 -1 223.881 162
14 14 -1 1 1 -1 10.944 1.400 1 -1 -1 -0.000 182
15 15 1 1 1 1 456.761 0.680 1 1 1 38.474 162
16 16 2 1 1 1 379.813 0.720 1 1 1 -38.474 1162



DATA FOR MODEL FITTING OF €02 FIRMEATION FOR HPPO
BY TUKEY BIWESIGHT ROBUST REGRESSION

Backward Elimination Procedure for Dependent V riable PERM
Step 0 All variables Entered R-square = 0.98597427 Cilp) = 6.00000000

KOTE: The model is net of full rank. A subset of the model which is of full
rank is chosen.

DF Sum of Sguares Mean Sguare F  Prob:»F
Regression 5 298029.75429027 59605.95085605 70.30 0.0001
Errox S 4239.54908670 847.90981734
Total 10 302269.30337697
Parameter Standard Type i1
Variable Estimate Error Sum of Squares F  Probx»F
INTERCEP 107.35931084 11.74217713 70893.53350143 83.61 0.0003
A 31.707907059 10.71639248 7423.13504598 8.75 0.0316
B 75.56348075 11.660571357 35606.87793132 41.%9 0.0013
C 31.69266889 10.71639248 7416.00593352 8.75 0.0316
D 70.12334375 11.66057157 30664.45273606 36.16 0.0018
AC 101.84030964 11.74217713 63791.93547606 75.23 0.0003
Bounds on condition number: 1.692951, 36.91512

All variables left in the model are significant at the 0.0500 level.
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Half-normal plot of the effects on the CO2 permeation rate

Effect v ahsx

{probability) (square root
of anova sum of

sguares)
5 1.80274 256,171
Al 1.24187 225,603
[ 0.92082 225.596
=1 0.67429 47.258
o 0.86371 a7.185
AB 027188 42.445
A 0.08964 42,426

Half-normal plot of the effects on the CO2 permeation rate, without main effects

Etfect v absx
{probability) (square roo!
of anova sum of

sguares)

8C 1.53412 47.2576
c 0.82715 47.1952
AB 0.48878 42,4451
A 0.15731 42,4258

Hailf-normal plot of the effects on the CO2 permeation rate, without B effect

Effect v absx
{probability) (square root
of anova sum of

squares)

AC 0.95833 245,603
D 0.875 245596
BC 1.53412 47.2576
c 0.88715 47.1552
AB 0.48878 42.4451
A 0.15731 £2.4258
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Half-normal plot of the effects on the CO2/CH4 permeation rate ratio

Effect v absx
(probability) (square root
ot anova sum of

squares)

A 0.92082 63.404

B 1.80273 131,366

C 0.0896% 23255

D 0.6732% 83842

8D 0.48371 51.598

BC 027188 23.882

AB 1.24187 63257

Half-normal plot of the effects on the CO2/CH4 permeation rate ratio, without B and C

Etfect v absx
{probability) {square root Best fit
of anova sum of line
squares)
100 1,840034369585
c 0.12568 232537 0.451149172544
BC 0.385232 238816 0.46331 1248007
AC Q.67339 51.5985 1,0010286331H
D 1.03633 53,4217 1.035787247691
A 1.62485 63.2036 1.230051631555
[*] 2]

Linear regression to determine the variance

Regression Output:

Constant
Std Erof Y Est
R Squared
No. of Observations
Degrees of Fresdom

X Coetficient(s)
Std Err of Coel.

variance estimate
at probability=1 vanance=

-

0.312533450097
0.722617854035

0.019400333696
0.003028532859

51.85

for graph

for graph
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Backwaxrd Elimination Procedurxe for Dependent Variable PERM

Step 0 All Variables Entered R-sguare = £.97869490 C{p) = 10.00000000
pr Sum of Scuares Mean Square F Probs?
Ra2gression g 418930.90427241 46547.87825249% 71.46 0.0002
Error 14 8119.65915568 651.40422826
Total 23 428050.563456808
Parametexr Standard Type II
Variable Estimate Error Sum of Squares by ProbsF
INTERCEP 36.17985264 15.05807904 43145.469443537 5.62 0.0221
A 15.08101158 6.64110910 335%.15690715% 5.16 0.0385
B 91.44441338 6.63102916 123880.52992274 190.17 0.0001
o 17.18458214 6.63789238 4365.845258649 6.70 0.0214
D 83.527982261 6.49452412 107750.49282918 165.41 0.0001
AC 66.19256214 16.69574070 10239.00073969 15.72 C.0014
A8 14.64715865 6.639457936 3170.21921536 %.87 06.044
B3 4.70572651 15.15661940 B486.16495568 13.03 ¢.0228
BD 19.82733494 17.08541720 B76.23349735 1.35 0.2655
BC 16.56637496 6.6209298%9 4053.66408157 6.22 0.0257
Bounds on condition number: 7.969977, 215.8758%
Step 1 Variable B2 Removed R-square = 0.97£64787 Cl{g) = 9.34514555
DF Sum of Squares Mean Square F  Prob>F
Regression 8 418054.67077485 52256.83384687 78.42 ¢.0001
Exrror 15 $995.89269313 666.39284622
Total 23 428050.56346808
Parameter Standaxd Type II
Variable Estimate Error  Sum of Scquares F ProbsF
INTERCEP 28.891739668 12.71941898 3438.30880600 5.16 0.0383
A 17.51362944 6.37327887 5032.18726835 7.55 0.0149
B 90.33331281 6.63653302 123465.22251650 185.27 0.0001
c 17.36850598 6.71150979 4462.34382282 6.70 0.0206
D 84.87823534 £.46240425 114956.83762138 172.51 0.0001
AC 84.06961131 6.48906872 111851.97534545 167.85 0.0001
AB 15.70850235 6.65134031 3716.%0577302 5.58 0.0321
BB £1.327326%4 14.20082881 12428.27954586 18.65 0.0008
BC 17.19504344 6.6944B630 4396.45230738 6.60 0.0214
Bounds on condition number: 1.3%0848, 75.69724
Step 2 Variable AB Removed R-square = 0.96796454 C(p) = 13.05113518
DF Sum of Sguares Mean Square F  Prob>F
Regression 7 414337.76500194 59191.10928599 69.06 0.0001
Error 16 13712.79846615 857.049%0413
Total 23 428050.56346808
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_ Parameter Standard Type II
Variable Estimate Erxor Sum of Squares F Prob>F
INTERCEP 27.59721585 14.41125317 3143.0755%010 3.67 £.0738
A 16.976573%¢6 7.22310934 4734.322453166 5.52 0.0319
B 92.45560784 7.45668702 131770.55508666 153.75 0.0002
C 168.64211049 7.58713267 $174.17256652 6.04 0.0258
D 82.87662680 7.26548577 111516.96221106 130.12 0.0001
AC 8l1.06464381 7.21617168 108157.17988363 126.20 0.0001
BB 64.88962624 16.01355763 14072.81576313 16.42 0.0009
BC 18.61087139 7.561247927 5191.85612661 6.06 0.0256
Bounds on condition number: 1.375157, 57.75364
Step 3 Variable A Removed R-square = 0.55690434 C{p) = 18.31900700
DF Sum of Squares Mean Square F  Prob>F
Regression 6 409603.44257027 668267.24042838 €62.51 0.0001
Error 17 18447.12089781 1085.12475869
Total 23 428050.56346808
Parameter Standard Tvpe II
Variable Estimate Error Sum of Sguares F  Prob>F
INTERCEP 23.57667061 16.10122571 2326.65581775 2.14 0.1614
B 94.42408291 §.33752284 139178.17500342 128.26 0.0001
Cc 20.18871623 8.50501007 6114.30945337 5.63 0.0297
D 81.07750212 8.12975620 107925.81805044 99.46 0.0001
AC 76.76585456 7.85461936 103649.10663245 95.52 0.0001
BB 71.21001373 17.76286016 17439.57985901 16.07 0.0009
BC 20.49214430 8.46050970 6365.92368868 5.87 0.0269
Bounds on condition number: 1.336376, 41.62251
Step 4 Variable C Removed R-square = 0.9426202¢ C(p} = 25.70535911
DF Sum of Squares Mean Sguare F  ProbsF
Regression 5 403489.13311691 80697.82662338 59.14 0.0001
Exrror i8 24561.43035118 1364.52390840
Total 23 428050.56346808
Parameter Standard Type II
variable BEstimate Exrror Sum of Squares F Prob>F
INTERCEP 2.85201247 15.17048628 4B.22641574 0.04 0.8530
B 91.64946960 9.25715092 133747.71574779 98.02 0.0001
D £3.79721108 6.02551273 117624.15401392 86.20 G.0001
AC 75.02618340 B8.74300634 111481.20261605 81.70 0.0002
BB 89.21000217 18.01257341 33470.07780883 24.53 0.0001
BC 15.28158194 9.47016115 5656.78607155 4.15 0.0567
Bounds on condition number: 1.092831, 26.54655

.—-———--------—------_--—--—------—---_-----------q._----------_..----_-q.-------—-
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Step 5 Variable BC Removed R-square = 0.92550503 C(p) = 32.38934645
DF Sum of Squares Mean Square F Prob»F
Regression 4 397832.347045136 99458.085676134 62.54 0.3001
Error 19 30218.21642272 1590.43244330
Total 23 428050.56346808
Parameter Standard Type II
Variable Estimate Error Sum of Squares F Probs>F
INTSRCEP 0.16619678 16.31618071 0.16501501 0.00 0.9920
B 88.97753885 $.89318598 128648.18315553 §0.89 0.0001
D B6.58326925 9.63140170 128529.90713735 §0.81 0.0002
AC B0.71261773 9.39658782 117343.14886820 73.78 0.0001
BB 89.37672020 19.44635971 33595.98B849481 21.12 0.0002
Bounds on condition number: 1.092809, 16.80128
All variables left in the model are significant at the 0.0100 level.
Summary of Backward Elimination Procedure for Dependent Variable PERM
Variable MNumber  Partial Model
Step Removed in R=*=2 Rw*»2 C{p) F Prob>F
1 BD 8 0.0020 0.9766 9.3451 1.3451 0.2655
2 AB 7 0.0087 0.9680 13.0511 5.5776 0.0321
3 A 6 0.0111 0.9569 18.3190 5.5240 0.0319
4 o 5 0.0143 0.942% 25.7054 5.6347 0.02%57
5 BC 4 0.0132 0.92%4 32,3893 3.1456 0.0567

202



Model: MODELL

Dependent Variable:
Source
Model
Error
C Total
Root MSE
Dep Mean
c.V.
Variable DF
INTERCEP 1
B 1
D 1
AC 1
BB 1

The SAS Syste

fay]

PERM
Analysis of Variance
Sum of Mean
DF Squares Square F Value rob»F
4 397832.34705 99458.08676 62.535 0.0001
19 30218.218642 1590.43244
23 428050.56347
39.88023 R-square 0.9294
65.22750 Adj R-sg 0.914%
61.14021
Parameter Estimates
Parameter Standard T for EKEO:
Estimate Error Parameter=0 Probk > |T]|
0.166197 16.31618071 0.010 ¢.9920
88.977539 $.89318598 8.994 0.00G1
86.583269 9.63140170 8.9%¢0 0.0002
80.712618 $.35658782 8.590 0.0001
89.376720 19.44635971 4.596 0.0002
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OBS

I@~JNnND W

2

QOdnunbh WP

MHHOOOOOHKHK

LY

-1
-1

-1
-1

-1

i
HOoOOCC

-1
-1

&

HFHEHHBRHHBEP PR

OO0OO0OQRDOOOOHHPHE

« 4 3w

MDD OOOOO0OO0OO0O0O0OOD0DO0O00000000

« & & & * = 4w

BB

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.6000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0000
0.6000
0.0900
0.0625
0.0625
0.1600
0.1600
0.1600

DEL FITTING OF CC2 PERMEATION FOR
vITH NEW DATA FROM OPTIMIZATION
D PERM RATIO VARP
-1.00 0.154 124.750 0.00
-1.00 0.070 208.%2% 0.00
1.00 0.069 1.030 0.00
1.00 0.119 1.400 0.30
1.00 25%.772 0.600 2011.5%
1.00 323.200 0.480 2011.56
-1.00 4.788 2.490 0.81
-1.00 4.582 2.430 0.8%
-1.00 3.135 2.650 0.82
1.00 0.066 5.790 0.00
1.00 0.062 184.286 0.00
-1.00 0.050 1v6.000 0.00
-1.00 0.05% 43.800 0.00
-1.00 10.944 1.4500 1.00
1.00 456.761 0.680 2960.51
1.00 379.813 0.720 2960.51
0.00 0.409 119.000 1.00
.00 0.714 17.000 1.00
0.00 0.412 21.100 1.00
-0.85 0.553 15$.200 1.00
-0.85 0.966 14.400 1.00
-0.65 85.400 0.700 1.00
-0.65 25.320 6.700 1.00
-0.65 38.040 0.700 1.00
BD wWe WR
1.0000 281.83 0.00
1.0000 281.83 0.00
-1.0000 788.25 14.61
-1.0600 788.25 14.61
1.0000 0.00C 138.88
1.0000 0.00 138.89
-1.0000 1.23 77.32
-1.0000 1.23 77.32
-1.0000 1.23 77.32
-1.0000 153297.30 0.00
~-1.0000 153297.30 0.00
1.0000 26825.36 0.00
1.0000 26B825.36 0.00
-1.0000 1.00 1.00
1.0000 0.00 1250.00
1.0000 .00 1250.00
0.00C0 1.00 1.00
0.0000 1.00 1.00
0.0000 1.00 1.00
-0.2125 1.00 1.00
-0.2125 1.00 1.00
-0.2600 1.00 i1.00
-0.2600 1.00 1.00
-0.2600 1.00 1.00

HPPO

VARR

3543.02
3543.02
0.07
.07
6.0
.02
0.0
0.01
0.01
11174.48
11174.48
8738.42
§738.42
1.00
0.00
0.00
1.00
1.00
1.00
1.00
1.00
1.00
i.00
1.00

PREDICT

-5.305
-5.305
6.436
6.436
345.816
3545.818
11.225
11.225
11.225
6.436
6.436
-5.305
-5.305
11.225
345.816
345.816
0.166
0.166
0.166
-45.598
~45.599
74.491
74.491
74.491

-0.40
-0.40
-0.40

RESID

5.460
5.37S5
-6.367
-6.317
-86.044
-22.6186
-6.437
-6.642
-8.089
-6.370
-6.374
5.356
5.364
-0.281
110.945
33.957
0.242
0.548
0.246
46.152
46.565
-19.091
-49.171
-36.451
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Backward Elimination Procedure fox Dependent Variable RATIO

Step 0O All Variables Entered R-square = 0.69608250 Ci{p) = 10.000G0000
DF Sum of Squaxes Mesan Square F Proba»F
Regression 9 71573.97311452 7952.663673939 3.56 0.0166
Error 14 31249.9475450% 2232.13911036
Total 23 102823.92065961
) Parameter Standard Type II
Variable Bstimate Error Sum of Sguares F Prob>F
INTERCEP 48.23925385 26.02323733 7670.0779G611 3.44 0.0850
A -20.54197833 12.29351164 6232.37931074 2.79 0.1169
B -48.27149616 12.27485242 34519.95475389 15.46 0.0015
C 6.02859482 12.28755709 537.30681911 0.24 0.6313
D -19.26854513 12.02216478 5733.94804531 2.57 0.1313
AC -36.73%20172 30.90587424 3154.26823235 1.4 0.2543
AB 21.01568351 12.29049479 6526.33799372 2.92 0.1083
BB 0.71408076 28.05677097 1.44590760 0.00 0.9801
BD 5§7.59925063 31.64572471 7394.77274437 3.31 0.0%902
BC -6.46550291 12.29317%5%0 617.44376014 0.28 0.6072
Bounds on condition number: 7.969977, 215.8759
Step 1 Variable BB Removed R-square = 0.69606884 C{p) = £.00064777
bF Sum of Sguares Mean Square F Prob>F
Regression 8 71572.52720692 8946.56530086 4.29 0.0074
Erc-or is 31251.39345270 2083.42623018
Total 23 102823.92065961
Parameter Standard Tvpe II
Variable Estimate Error Sum of Squares F  Prob»F
INTERCEP 48.83491955 10.99225794  41121.15069389 19.74 0.0005
A -20.53226783 11.87121409 £232.49149686 2.99 0.1042
B -48.26994506 11.85876224 34518.58724381 16.57 0.0010
C 6.135947275 11.10002353 637.37126586 0.31 0.5883
D -15.24510359 11.58084772 5753.77576347 2.76 0.1173
AC -37.04476466 27.51363252 3776.90397340 1.81 0.1582
AB 21.02592761 11.886170370 6548.76702567 3.14 0.0865
BD 57.90264020 28.32141525 8708.53211364 4.18 0.0589
BC -6.47459115 11.87160336 619.70367202 0.30 0.5935
Bounds on condition number: 6.767278, 159.5944
Step 2 Variable BC Removed R-square = 0.69004200 C(p) = 6.27827548
DF Sum of Squares Mean Square F  Prob>F
Regression 7 70952,.82353490 10136.11764784 5.09 0.0034
Error 16 31871.05712471 1591 .9435702%
Total 23 102823.92065961
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Parameter Standaxd Type II
Variable Estimate Error Sum of Squares F Prob>F
INTERCEP 49.76155310 10.61904588 43741.52191334 21.96 0.0002
A -21.02463354 11.57404337 6573.00G87339 3.30 0.0881
B -47.26878600 11.45571488 33914.15680295 17.03 0.0008
c 6.70651599 10.80587098 767.27563087 0.39 0.543¢
D -20.24015617 11.18212797 6526.13168786 3.28 0.08%1
AC -36.86703265 26.90090670 3741.27439687 1.88 0.1895
AB 20.53866961 11.56486851 62B2.61215879 3.15 0.0%948
BD 56.72359710 27.61184639 8406.46987504 4.22 0.0567
Bounds on condition number: 6.766329, 131.2324
Step 3 Variable C Removed R-square = 0.682579%6 C(p) = 4.62201554
DF Sum of Squares Mean Square F  Prob>F
Regression 6 70185.54790403 11697.59131734 6.09 0.0015
Error 17 32638.37275558 1919.90427974
Total 23 102823.92065961
Parameter Standard Type II
Variable Estimate Exrror Sum of Scquares F ProbsF
INTERCEP 47.63155027 9.86577712% 44751.37621515 23.31 0.0002
A -20.39385696 11.31893283 6232.57264212 3.25 0.08%3
B -48.32860061 11.12100608 36257.66739794 18.89 0.0004
D -18.99798783 10.80078559 5935.96789421 3.09 0.0966
AC ~38.82617523 26.22752839 4207.40254866 2.1% 0.1571
AB 21.20252475 11.30515214 6753.08027362 3.52 0.0780
BD 59.73801408 26.68527721 $621.38739174 5.01 0.0388
Bounds on condition number: 6.673158, 103.3172
Step 4 Variable AC Removed R-gquare = 0.64166144 C(p) = 4.50693504
DF Sum of Squares Mean Square F  Probs>F
Regression 5 65978.14535537 13195.62907107 6.45 0.0013
Error 18 36845.77530424 2046.98751690
Total 23 102823.92065961
Parameter Standard Type II
Variable Estimate Error Sum of Sguares F  Probs>F
INTERCEP 42.10507548 9.43072334 40810.94001362 15.94 0.0003
A -12.88593465 10.44864021 3113.34675622 1.52 0.2333
B -51.88520500 11.21200429 43836.48845044 21.42 0.0002
D -14.,29000528% 10.65809595 3679.77040678 1.80 0.1967
AB 25.45038782 11.29102968 10400.08540073 5.08 0.0369
BD 23.72069900 11.31824748 899L.07847481 4.39 0.0505

Bounds on condition numbex: 1.024721, 25.35834
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Step S

Regression

'-"vvov
o aw)a

Total

Variable

INTERCEP
B

D

A3

BD

Bounds on condition number:

Step 6

Regression
Error
Total

Variable

INTERCEP
B

AB

BD

Bounds on condition number:

R R M G e e R R S S S S L SN S R A M R R L L ML AL EE S SR A AL e e R R N e e v B B EP TE R MR TR AR M M M U ek o W W e e

Variable A Removed

D

A
1

19
23

Parameter
Estimate

42.76512603
-52.47305124
~14.26125492

24.62998167

24.63247756

Variable D Removed

DF

3
20
23

Parameter
Estimate

24.82892664
-51.73861819
25.46640618
24.13064601

The SAS System

R-sguare = 0.611383(C2

Sum of Sguares

62864.7985591%
39959.12206047
102823.92085961

Standard

o~
LITOT

$.54391485
11.35439551
10.803198357
11.42485059
11.44785812

1.021164,

R-sgquare

Sum of Sguares

591589.80258314
43624.11807647
102823.92065861

Standard
Error

5.58820852
11.54939450
11.61716916
11.65203613

1.018024,

Mean Scquare

15716.199645979
2103.11168739

Type II
Sum of Squares

42226.85501897
44916.58%42062
3664.95601601
9774.31688848
9737.105944625

16.20328

= 0.57573960
Mean Square
18733.26752771
2181.20590382
Type I
Sum of Squares
47680.25682575
43773.15533055
10481.69120325%
9354.72267139

5.109558

C(p)

l]l

20.08
21.38
1.74
4.65
%.63

a 3.
)

9.05

o]

21.86
20.07
4.81
4.29

All variables left in the model are significan:t at the 0.1000 level.

Probs>F

0.0003
0.0002
0.2025
0.0441
0.0445

54383770
Prob>F

0.0005

Prob>»F

0.0001
0.0002
0.0404
0.0515

Summary of Backward Elimination Procedure for Depeandent Variable RATIO

Variable
Removed

Step

BB
BC
c
AC
A
D

A bW

Numberx
In

Wb amw

Partial Model

R*w*2 Rwv2 Cip}
0.0000 0.6961 8.0008
0.0080 0.6500 6.2783
0.C075 0.6826 4.6220
0.0409 0.6417 4.5069
0.0303 0.6114 3.9017
0.0356 0.5757 3.5436

F

0.0006
0.2874
0.3852
2.1915
1.5209
1.7427

Prob>F

0.9801
0.5935
0.5436
0.1571
0.2333
0.2025
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Model: MODELL

Dependent Variable:

Source

Model
Error
C Total

Root MSE
Dep Mean

c.v.

Variable DF

INTERCEP
B

AB
ED

HHEH

The SAS System

RATIO
Analysis of Variance
Sum of Mean
DF Sgquares Square F Value Probs>F
3 55195.80258 15733.26753 $.047 0.0005
20 43624.11808 2181.20550
23 102823.92066
46.70338 R-square 0.5757
4£0.80143 Adj R-sg 0.5121
114.46507
Parameter Estimates
Parameter Standaxd T for HO:
Estimate Error Parametera( Prob > |T]
44.828927 9.58820652 4.675 0.0601
-51.738618 11.54939490 -4.480 0.0002
25.466406 11.61716916 2.192 0.0404
24.130646 11.65203613 2.072 0.0515
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DATA FOR MODEL FITTING OF CO2/CH4 RATIO FOR HPPO
WITH THE NEW DATA FROM OPTIMISATION

0BS N A B c D PERM RATIO VARP VARR aC
1 I -1 -1.00 -%1 -1.00 0.154 125.750 0.c¢0 3553.02 1.00
2 2 -1 -1.00 -1 -1.00 0.070 208.s29 0.00 3543.02 1.00
3 3 1 -1.00 -1 1.00 0.089 1.030 0.00 0.07 .00
4 4 i -1.00 -2 1.00 0.119 1.400 0.60 0.07 .00
5 5 -1 1.00 -1 1.00 25%.772 0.600 2011.56 0.01 -1.00
) 6 -1 1.00 -2 1.00 323.200 0.480 2011.86 .01 -i.00
7 7 1 1.¢0 -z =-1.00 4.788 2.490 0.8 0.01 -1.00
8 8 1 1.00 -1 -1.00 4.582 2.430 0.81 0.01 -1.00
9 9 1 1.00 -1 -1.00 3.135 2.650 0.81 0.01 -1.00
16 10 -1 -1.00 1 1.00 0.066 4.790 0.00 1:174.48 -1.00
11 11 -1 -1.00 1 1.00 0.062 184.286 0.00 11175.48 -1.00
iz 12 i -1.00 1 -1.00 0.050 17e.000 0.00 8738.42 -1.00
13 13 1 -1.00 i1 -l.00 0.059 43.800 0.09 8738.42 -1.00
14 & -1 1.00 I -1.00 10.3%44 1.400 1.00 1.00 1.00
15 15 1 1.00 1 1.00 456.761 0.880 2960.51 0.00 1.00
is 16 1 1.00 1 1.00 375.813 0.720 2960.51 0.00 1.00
i7 17 ¢ 0.00 -1 0.00 0.409 119.000 1.00 1.00 0.00
18 18 0 0.00 -1 0.00 0.714 17.000 1.00 1.00 0.00
15 119 0 0.00 -1 .00 0.412 21.100 1.00 1.00 0.00
20 20 o 0.25 -1 -0.85 0.553 19.200 1.00 1.00 -0.25
21 21 0 0.25 -1 -0.85 0.966 15.400 1.00 1.00 -0.25
22 22 -1 .40 -1 -0.65 55.400 0.700 1.00 1.00 -0.50
23 23 -1 0.40 -1 -0.65 25.320 0.700 1.00 1.0¢ -0.40
24 24 -1 ¢.40 -1 -0.85 38.040 g.700 1.00 1.00 ~-0.40
0BS AC AB BB BD WP WR PREDICT RESID
1 1 1.0 1.0000 1.0000 281.83 0.00 146.165 -21.4146
2 1 1.0 1.0000 1.0000 281.83 0.00 146.165 62.7640
3 -1 -1.0 1.0000 -1.0000 788.25 14.61 46.870 -45.9405
4 -1 -1.0 1.0000 -1.06000 788.25 i4.62 46.970 ~-45.5705
5 1 -1.0 1.0000 1.0000 0.00 138.8% -8.245 8.84S55
& 1 -1.0 1.0000 1.0000 0.00 138.89 -8.245 8.7255
7 =1 1.0 1.0000 -1.0000 1.23 77.32 -5.573 B.0635
g8 -1 1.0 1.0000 -1.0000 1.23 77.32 ~5.574 8.0039
s -1 1.0 1.0000 -1.0000 1.23 77.32 -5.574 8.2239
0 -1 1.0 1.0000 -1.0000 153297.3¢0 0.00 97.903 -63.1133
1 -1 1.0 1.0000 -1.0000 153257.30 0.00 97.903 86.3824
12 1 -1.0 1.0000 1.0000 26825.36 0.00 $5.232 80.7682
13 1 -1.0 1.0000 1.0000 26825.36 0.00 95.232 -51.4318
4 -1 -1.0 1.0000 -1.0000 1.00 1.00 -56.507 57.9067
is5 i 1.0 1.0000 1.0000 0.00 1250.00 42.687 -42.0074
16 1 1.0 1.0000 1.0000 0.00 1250.00 42.687 -41.9674
17 0 0.0 0.0000 0.0000 1.00 1.00 44.829 74.1711
18 0 0.0 0.0000 0.0000 1.00 1.00 44.829 -27.8285
19 0 0.0 0.0000 0.0000 1.00 1.00 44.829 -23.7289
20 o] 0.0 0.0825 -0.2125 1.00 1.00 26.767 -7.5665
21 0 0.0 0.0625 -0.2125 1.00 1.00 26.787 -12.3665
22 1 -0.4 0.1600 -0.2600 1.00 1.00 7.673 -6.9729
23 1 -0.4 0.1600 -0.2600 1.00 1.00 7.673 -6.9729
24 1 -0.4 0.2600 ~0.26060 1.00 1.0¢ 7.673 -6.972%
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Appendix D

Gas Chromatograph Settings

initial column temperature: 50 °C
initial column hold: 3 min

final temperature: 210 °C
rate: 26.6 °C/min

hold: 8 min

injection temperature: 60 °C
detector temperature: 160 °C
detector: A

attenuation: 256

attenuation range: 0.5
autozero: yes

filament temperature: 250 °C
polarity: positive

TCD time: 17 min
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