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Abstract

Polymeric membranes have been essential to increasing the efficiency of membrane
separation processes. The viability of membrane systems for industrial gas applications lies in
the tolerance of such membranes to contamination. While membrane contamination from volatile
species can be addressed using purge streams and heat treatment, contamination from non-
volatile hydrocarbons can cause a significant decline in membrane permselectivity. This study
was focused on the characterization and remediation of cellulose acetate (CA) hollow fibre
membranes contaminated by heavy hydrocarbons.

CA membranes have a moderate resistance against performance decline from
hydrocarbons found in natural gas. Hollow fibre CA membranes were coated with motor oil
lubricant to simulate heavy hydrocarbon contamination from large-scale gas compressors and
industrial feed streams, and remediation of the CA fibres was conducted using solvent extraction
methods. The permeabilities of the membranes to carbon dioxide, helium, hydrogen, methane,
nitrogen and oxygen were measured at pressures 300 — 1500kPa and at temperatures 25° — 50°C.

It was shown that even a thin layer of oil on the membrane surface can result in
substantial losses in membrane performance, with faster permeating gases (e.g. He and Hy)
suffering the worst losses. Solvent exchange, in which the membrane was washed using a series
of solutions of varying organic content, was unable to remediate the membrane effectively, while
the removal of the heavy hydrocarbons by a direct cyclohexane rinse was found to work well to

restore the membrane performance.
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Chapter 1

Introduction

The application of membrane technology to industrial gas separation is currently a subject
of intense research. Polymeric membranes are becoming more competitive with traditional
cryogenic and absorption processes for gas separations, gaining greater acceptance in natural gas
processing (Baker, 2008), hydrogen recovery (Kerry, 2007) and nitrogen production (Bernardo,
2009). Despite these advances, polymeric membranes remain susceptible to damage caused by
high operating temperatures, harsh chemical conditions and contaminants in feed streams.
Because of such limitations, of the hundreds of membranes developed in laboratories, only eight
types of polymers are used industrially (Baker, 2008).

Hydrocarbon contaminants are present in a variety of industrial gas streams and can
negatively affect the performance of a membrane. One of the largest applications of membrane
gas separation today is in natural gas processing, where the feed streams often contain light-to-
heavy hydrocarbons (Baker, 2008). The presence of light hydrocarbons in the carbon
dioxide/methane feed streams has been shown to reduce the permeability and selectivity of both
polyimide (Al-Juaied & Koros, 2006) and cellulose acetate membranes (Schell, 1989). Such
contaminants are somewhat volatile and can be removed through the use of purge streams and
temperature treatments, restoring membrane performance (Al-Juaied & Koros, 2006; Schell,

1989). While the effects of such contaminants are temporary, hydrocarbons with higher
1



molecular weights are usually non-volatile and can foul the surface of a membrane, reducing the
lifespan of the membrane (Baker, 2008). The large-scale compressors used in gas processing can
generate mists of aerated, oil-based, lubricants during operation, which may also contribute to
this contamination (Majors, 2001).

To minimize contamination, most membrane processes employ various pre-treatment
processes to remove particulates and condensable impurities from feed streams (Baker, 2008). A
better control of the feed stream quality will improve the reliability of a membrane, although
hydrocarbon contaminants in the feed are still believed to be the source of some membrane
failures (Al-Juaied & Koros, 2006). To date, as far as we know, there has been no effective
method reported in the literature to remove the hydrocarbon foulant from contaminated

membranes in order to remediate the membrane performance.

1.1 Objectives

The focus of this thesis was to assess how the presence of heavy hydrocarbons affected
the performance of gas separations and to determine if such contamination could be remediated.
Cellulose acetate hollow fibre membranes were used as a model membrane because of their
current use in natural gas processing and their resistance to benzene, toluene, and xylene (BTX)
contamination (Schell, 1989). These hollow fibres were coated with a thin layer of motor oil
lubricant to simulate heavy hydrocarbon contamination from large-scale gas compressors and
industrial feed streams. Remediation of the membrane was conducted using a solvent exchange
process because of the non-volatile nature of the contaminants. The hollow fibres were kept
within their housing module during the remediation process to determine if the remediation

could be conducted in a straightforward manner.
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Gas permeation tests were conducted on the pristine, contaminated and remediated
membranes at a variety of pressures and temperatures. The resistance models were used to
estimate the gas transport properties of the lubricant. The permeability and selectivity of the
membrane were used to evaluate the efficacy of the solvent exchange methods for remediation of

contaminated membranes.

1.2 Thesis Outline

The theoretical aspects of membrane technology and gas separation are presented in
Chapter 2. Factors affecting gas permeation such as pressure, temperature and contamination are
discussed, and the resistance model is introduced in the context of contaminated membranes.
Previous work regarding cellulose acetate gas separation membranes is also reviewed. Chapter 3
presents the experimental procedures used in this study, including membrane preparation,
membrane contamination, gas permeation tests and contact angle measurements. Remediation
methods based on solvent exchange are also presented in this chapter. Chapter 4 presents the
results of this study, including the effects of heavy hydrocarbons on membrane performance, the
estimated gas transport properties of heavy hydrocarbons and the efficacy of solvent extraction
as a remediation method. Chapter 5 presents the general conclusions drawn from this study and

offers recommendations for future work.



Chapter 2

Literature Review

The focus of this research was to determine the effects of heavy hydrocarbon
contamination on the performance of polymeric gas separation membranes. This literature
review covers the fundamentals of membrane transport theory as well as the current literature on
contamination in gas separation processes. Using the mass transport models presented here, the
separation performance of a membrane system is defined using the gas transport properties of the
contaminant and polymer layers. Methods to remediate contaminated membranes using solvent

exchange and solvent extraction are also discussed.

2.1 Overview of Membrane Separation Technology

Membranes are thin, semi-permeable barriers between two phases that allow for the
selective permeation of certain chemical species while hindering others. Such separations are
conducted under such a driving force as an electrical or chemical potential difference across the
membrane. Changes in chemical potential (Au) are often induced by creating gradients in
concentration (AC), pressure (AP) and temperature (AT) across the membrane layer, as seen in

Figure 2.1 (Mulder, 1991).
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Figure 2.1: Basic schematic of membrane permeation (Mulder, 1991).

Membranes can be constructed out of a variety of materials depending on the
requirements of the separation. Generally speaking, synthetic membranes can be composed of
both inorganic and organic materials, with most gas separation membranes constructed out of
organic polymers. Polymeric membranes are often favored due to their ease of production,
reproducibility and low cost (Bernardo, 2009). One classification scheme by Pinnau & Freeman
(2000) categorizes synthetic membranes based on their geometries, morphological structures and
applications.

Polymeric membranes can take different geometries depending on their application. Flat-
sheet membranes are simple to manufacture and can be used in a plate-and-frame or spiral-
wound configuration (Baker, 2004c). Hollow fibre membranes must be produced through an
extrusion process that requires specialized machinery and rigorous quality control (Baker,
2004c). The cylindrical structure of hollow fibre membranes allows for a much greater area-to-
volume ratio than flat-sheet membranes. Most membrane gas separation processes use hollow

fibres and spiral-wound membrane configurations (Baker, 2004c). The small volume, easy



installation and low maintenance of such membrane units are ideal for remote locations. The
modular aspect of the membrane units also allows for a straightforward scale-up if greater
flowrates or multiple separations are required (Bernardo, 2009).

The application and performance of a given polymeric membrane is highly dependent on
its macromolecular structure. Depending on the fabrication method, a variety of membrane

morphologies can be produced, as shown in Figure 2.2.

Symmetrical membranes
A. Microporous membrane

B. Nonporous dense membrane

B

G0 SO O Asymmetric membranes
X =
Q

) C. Loeb-Sourirajan membrane

OS
9

NO=14 6O
QO
008 QO D. Thin-film composite membrane
[PO O < ng) Oo
@) -
D

C
Figure 2.2: Morphologies of polymeric membranes (Baker, 2004d).

Symmetrical membranes have a uniform morphology. Microporous membranes have
macro-voids that allow the passage of smaller penetrants, and the porosities of such membranes
may be tailored to suit the separation required (Baker, 2004d). Alternatively, dense membranes
have no discernible pore structure, and separation occurs by diffusion through the membrane

which is governed by the chemical interactions between the polymer and the penetrant (Wijmans
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& Baker, 2006). Decreasing the thickness of the membranes can produce a higher permeation
flux, although if the membrane is too thin, the driving force of the separation may cause the
membrane to break and fail.

Anisotropic membranes may be used to maximize the permeation flux while retaining a
suitable selectivity. Such membranes are composed of a thin, selective layer overtop a
microporous support layer. The support layer must be porous enough so as not to hinder the
transport of penetrants, yet rigid enough to withstand the driving forces of the separation (Baker,
2004c). Loeb-Sourirajan membranes are formed by a controlled precipitation of a polymer out of
solution, creating a thin selective layer (500-2000A thick) and a microporous substructure (50-
200um thick) out of the same material (Al-Juaied & Koros, 2006). The first Loeb-Sourirajan
membranes were formed using cellulose acetate; an in-depth discussion regarding their
fabrication will be discussed in Section 2.4. Despite having desirable separation properties,
certain polymers may not be able to form the asymmetric structures required for practical Loeb-
Sourirajan membranes (Baker, 2008). Instead, these polymers can be used to fabricate composite
membranes, which employ a greater range of materials by coating a pre-assembled microporous
support layer with a polymer of choice (Baker, 2004c).

There are a variety of applications that employ membrane technology for fluid
separations. Microfiltration and ultrafiltration membranes have been used by industry for over
three decades and are most often used to filter particulates from liquids streams (Baker, 2004d).
Reverse osmosis membranes are most commonly used to purify water, with more recent
applications involving the separation of liquid organic mixtures (Baker, 2004d). Gas separation
and pervaporation membranes are relatively recent developments in the field of membrane
technology, involving separations of gaseous and liquid mixtures, respectively (Baker, 2004d).

7



2.2 Membrane Transport Theory

There are two main models used to describe mass transport through membranes. The first
is the pore-flow model, which assumes that penetrants are transported across the membrane
through distinct pores in the polymer matrix. Separation of mixtures is based on size exclusion,
with smaller particles passing through the membrane more readily than larger particles. (Baker,
2004d). The pore size of the membrane is adjusted to suit the level of filtration required.

When the pore size required for separation falls below 5-10 angstroms, the chemical
interactions between the penetrant and membrane begin to govern mass transport (Wijmans &
Baker, 2006). In this scenario, mass transport can be described using the solution-diffusion
model. This model consists of three basic steps, as shown in Figure 2.3:

1. The penetrant is sorbed onto the surface of the membrane from the feed stream;
2. The penetrant diffuses through the membrane; and
3. The penetrant is desorbed and leaves the membrane surface into the permeate stream

(Wijmans & Baker, 2006).

1. Sorption 2. Diffusion 3. Desorption
Py, Cy

o © P - °

o O FNXc 4® o »
O [ # ] ® o O

O g g

) P 1 o

O o | P P2, Co

L d PY Py

O o < >

Length, |

Figure 2.3: Gas transport through a polymeric membrane.
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Gas transport through membranes is described using the solution-diffusion model due to
the small size of the penetrating molecules (Baker, 2004a). The driving force for gas permeation
is caused by a pressure differential between the feed and permeate streams (Mulder, 1991). Once
permeation reaches a steady state, the polymer-gas boundaries can be assumed to be at
thermodynamic equilibrium (steps 1 and 3). Thus, the rate of gas transport is determined by

diffusion through the membrane (step 2), which can be described by the Fick’s first law:
ac
J=-D— (2.1)
where D is the diffusion coefficient of the penetrant in the membrane, C is the concentration of
the gas in the membrane, and x is the distance across the membrane. If the solubility of the gas in
the polymer is low, the concentration of the gas in the polymer can be considered to the
proportional to pressure, similar to the Henry’s law (Matteucci et al., 2006):
C=—p=S'p (2.2)
where H is the Henry’s Law constant and S is the solubility constant. Substituting Equation 2.1
into Equation 2.2:
d
J=-D -Sd—z (2.3)
Integrating p from p; to pzand x from 0 to thickness I:

J= —D-lS-Ap _ —D-S-(zfz—pl) (2.4)

Equation 2.4 can be simplified further by introducing the permeability coefficient (P), an

inherent property of a membrane material, defined as:

P=D-S (2.5)



Defining gas transport properties using Equation 2.5 works well for rubbery polymers and allows
for approximate descriptions of gas transport in glassy polymers at high pressures (Baker,
2004b). By substituting Equation 2.5 into Equation 2.4, the permeability coefficient can be

defined as the gas flux normalized by the membrane thickness and the pressure differential:

N
P= (2.6)

Equation 2.6 can be used to determine intrinsic gas transport properties of a membrane using
measurable properties. When the thickness of the membrane’s selective layer cannot be
accurately determined, as is often the case with asymmetric membranes, the permeance (Q) can

be used instead, as defined in Equation 2.7:
Q=2 7

By convention, the units for permeability and permeance are the Barrer and GPU (gas permeance

unit), respectively:

cm - cm3(STP cm3(STP
(STP) 1GPU=1x10"° (STP)

1B =1x1071° )
arrer cm?-s-cmHg cm?-s-cmHg

The extent to which the membrane material is selective to one chemical species over
another is referred to as the ideal selectivity (o). Depending of the type of polymer, a membrane
may be more selective based on the relative differences in a penetrant’s solubility (solubility-
selectivity) or diffusivity (diffusivity-selectivity), as seen in Equation 2.8.

_ Qi _ P/ _Pi _ (Di) (Si
T T e TRy (Dj) (Sj) (2:8)

An ideal membrane would have both a high permeability and high selectivity. There is

generally a trade-off between these two properties in polymeric membranes, with the least

10



permeable membranes also often being the most selective (Robeson, 1991). To help address this
problem, gas separation membranes are manufactured to be as thin as possible in order to
increase the overall gas flux. Any defects in the membranes (such as a pinhole) can be detected
by comparing the selectivity of the membrane to the intrinsic values found in literature, such as

the selectivity between oxygen (O2) and nitrogen (Ny).

2.3 Factors Affecting Gas Transport

2.3.1 Polymer-Penetrant Interactions

The operating temperature affects the gas permeation in polymers. Polymers that exist
above their glass transition temperature (T4) are considered to be in a rubbery state; polymers
below this temperature are considered to be in a glassy state. The polymer chains of glassy
polymers are generally constrained in their movement, with individual segments unable to rotate
freely around their bonds or overcome intermolecular forces (Mulder, 1991). Gas permeation
through these polymers is mainly governed by the diffusivity of the penetrants through the rigid
polymer structure, a kinetic property (Matteucci et al., 2006). Conversely, the chain segments of
rubbery polymers are allowed to move more freely and rotate around their bonds, allowing for a
greater free volume within the membrane structure (Mulder, 1991). Gas transport through
rubbery polymers is mostly related to the solubility of the penetrants, a thermodynamic property
(Matteucci et al., 2006). Due to their rigid structure, glassy polymers are generally more stable
than rubbery polymers at higher temperatures and pressures (Bernardo, 2009). Rubbery polymers
generally have higher permeabilities than glass polymers due to their greater free volume
(Matteucci et al., 2006). The polymer used in this study, cellulose acetate, is considered to be a

glassy polymer for the temperature range studied.
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The solubility of a penetrant into a membrane is mainly affected by its condensability.
Penetrants with higher boiling points (T,) and critical temperatures (T¢) have been found to be
more soluble in polymeric materials (Matteucci et al., 2006). Therefore, non-condensable gases
such as helium (He) and hydrogen (H,) have relatively lower permeabilities in rubbery polymers
than such condensable gases as methane (CH,) and carbon dioxide (CO). This can be seen from
the values in Table 2.1. When a strongly sorbing penetrant dissolves into a polymer, such as
COg, the polymer may swell, resulting in plasticization of the membrane (Donohue et al., 1989;
Sanders, 1988; Visser et al., 2005). Membrane swelling increases the diffusivity of all
penetrants, thereby increasing the overall permeability of the membrane while reducing its
selectivity.

Table 2.1: Physical properties of the gases used in this study.

a a a b

Gas [Té] R&] [cm\?{/cmol] ([jli]
N, | 1262 | 7735 | 901 | 364

CH, | 19056 | 11166 | 986 | 38
0, | 15458 | 9017 | 7337 | 3.46

co, | 30412 | - 0407 | 33
H, | 3298 | 2027 | 642 | 289

He | 519 | 43 | 573 | 26

%(Poling et al., 2001), ° (Breck, 1974).

The diffusivity of a penetrant through a polymer is mainly related to its size and shape,
with larger molecules diffusing more slowly (Matteucci et al., 2006). Diffusivity is often
correlated to the kinetic diameter (dk) of the penetrant, although its critical volume (V¢) can also

be used if dk is not available (Matteucci et al., 2006). In the absence of plasticization, diffusivity
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is independent of gas concentration and pressure (Matteucci et al., 2006). The diffusivity-
selectivity is much lower in rubbery polymers than in glassy polymers due to their greater free
volume, as illustrated in Figure 2.4.

Current models predicting gas transport properties within a polymer are usually restricted
to a specific group of polymers. Most gas separation experiments determine the permeability (P)
of a polymer and then measure either the diffusivity (D) or the solubility (S) of the penetrant gas,
using Equation 2.5 to back-calculate the remaining transport term (Matteucci et al., 2006). The
above concept of diffusion and solubility through a polymer may also relate to gas transport
through liquid membranes in the absence of complex transport mechanisms, such as facilitated

transport (Noble & Koval, 2006).
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Figure 2.4: Dependence of a) diffusivity and b) solubility coefficients based on gas transport
properties in polydimethylsiloxane (PDMS) and polysulfone (PSF). PDMS data was taken from
(Merkel et al., 2000) and PSF data was taken from (Ghosal et al., 1996).

The graphs were arranged by Matteucci et al. (2006).
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Gas transport through glassy polymers may decrease over time due to aging and
compaction. Since the structure of a glassy polymeric membrane is relatively rigid, any free
volume in the polymer network created during its fabrication is frozen into the membrane
morphology (Pfromm, 2006; Struik, 1978). Over time, these voids are filled in by the segmental
motion of polymer chains, compacting the polymer structure and reducing its permeability to
gases (Huang & Paul, 2004; Rowe et al., 2010). Although the aging of glassy polymers may take
years to reach equilibrium, as shown by Rowe et al. (2010), the most significant effects of aging
take place within months of the membrane’s manufacture, after which membrane compaction is
no longer a significant effect. This study uses cellulose acetate hollow fibres that have been aged
for over 2 years to avoid significant aging effects which can cause scatter in gas permeation

measurements.

2.3.2 Feed Pressure

The effect of pressure on the permeability of gases is dependent on the diffusivity and
solubility of the penetrants. As stated above, the diffusivity of gases in glassy polymers is
relatively independent of pressure (Matteucci et al., 2006). The concentration of gases in
polymers increases proportionally to pressure, implying that the solubility coefficient is constant.
This proves to work quite well for rubbery polymers and glassy polymers at high pressures
(Baker, 2004b). Constant values for both the diffusivity and solubility coefficients in glassy
polymers means that the permeability of gases are relatively independent of pressure, as shown
by Sidhoum (1988) and Puleo et al. (1989) for cellulose acetate membranes above 300kPa for

CHg, Hy, He, N, and O,.
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There are a few exceptions to this behaviour. At very low pressures, the concentration of
gases in glassy polymers, including cellulose acetate, tends to follow a Langmuir-type isotherm
with increasing pressure (Matteucci et al., 2006; Puleo et al., 1989). The operating pressures
used in this study were kept high enough to ignore this effect. Also, plasticization from highly
sorbing gases, such as CO,, will cause an increase in the diffusivity with increasing pressure, as

shown in literature (Donohue et al., 1989; Sanders, 1988; Visser et al., 2005).

2.3.3 Operating Temperature

When the temperature increases, the polymer segments gain additional kinetic energy to
move and rotate within the polymer structure. While these movements are still relatively
restrained in glassy polymers, the larger segmental motion of the polymer chains can strongly
affect gas diffusion through the polymer. This change in permeation through a polymeric
membrane in relation to temperature can be described using the Arrhenius relationship (Ghosal,
1994):

P = PyeRqT (2.9)
where Py is the pre-exponential factor, E; is the activation energy of permeation and Rg is the gas
constant. The above relationship assumes that no substantial morphological changes occur in the
polymer during a temperature change, such as the polymer passing through its T4. Using the
solution-diffusion model, Equation 2.9 can be further described in terms of diffusivity and

solubility (Ghosal, 1994; Petropoulos, 1994):

—(Ep + AHg) -Ep —-AHg

P =D,Spe FReT = DyeReT x Sye ReT, Ep = Epp + AH; (2.10)
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where Dy and Sy are the pre-exponential factors for diffusion and sorption, respectively, Ep is the
activation energy for diffusion and AHs is the enthalpy of dissolution. The value of Ep is usually
positive since diffusivity increases with temperature (Ghosal, 1994). Any increase in diffusivity
typically results in greater transport gains for larger penetrants, which implies that the selectivity
of glassy membranes will tend to decrease at higher operating temperatures (Ghosal, 1994). The
value of AHs is dependent on the polymer-penetrant interactions and is usually negative for
strongly sorbing penetrants, meaning that an increase in temperature will generally lead to a

decrease in solubility (Matteucci et al., 2006).

2.3.4 Contamination

Despite the superior transport properties of newer membrane materials, gas separation
membranes often perform poorly outside of laboratory conditions. This is commonly attributed
to undesired interactions with contaminants found in industrial gas streams, which can often
result in a reduction in flux and selectivity (Bernardo, 2009). Of particular concern are the heavy
hydrocarbon contaminants found in natural gas streams and lubricant mists from the gas
compressors (Al-Juaied & Koros, 2006).

As most gas separation processes operate at elevated pressures, the use of gas
compressors may present a concern if the mechanical lubricant is carried over by the gas into
downstream membrane processes. The lubricant oil serves to disperse heat, reduce friction and
prevent corrosion of the mechanical parts within the compressor (Majors, 2001). During regular
operation, lubricant may be aerated into the pressurized gas to the extent that filtration systems
are often required to collect and recirculate any aerated oil (Brown, 1997). Anti-foaming agents
can be added to the lubricant to prevent aeration, while molecular sieves, knockout traps and
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aftercoolers can be used to filter the exiting gas stream (Majors, 2001). The additional cost of
these filtration systems may be necessary in membrane processes since even minute amounts of
heavy hydrocarbons can adversely affect membrane performance (Baker, 2008). The issue of
lubricant contamination can be circumvented with the use of non-lubricated compressors,
although such compressors are usually unsuitable for large, steady flowrates (Danielson, 2001).
One of the largest industrial gas separation processes today is the sweetening of natural
gas. As of 2008, membrane technology had only a 5% share of this industry, although this value
is expected to rise with the advance of membrane technologies (Baker, 2008). The exact
composition of a natural gas depends on its source, and processing the raw feed streams requires
the removal of the 2-10% carbon dioxide along with small amounts of moisture, hydrogen
sulfide and inert gases (Hugman et al., 1990). Most of these natural gas feeds also carry varying
amounts of light-to-heavy hydrocarbons which can adversely affect gas separation membranes
(Baker, 2008). Schell (1989) has shown that cellulose acetate membranes preform quite well in
the presence of BTX compounds (benzene, toluene, xylene), and are currently the most
commonly used membrane in natural gas processing aside from polyimides, as shown in
Table 2.2. Coalescing filters, molecular sieves and refrigeration units can be employed to pre-

treat inlet streams to ensure membrane stability over a 2-5 year service life (Baker, 2008).

17



Table 2.2: Membranes used in natural gas processing (Baker, 2008).

Company Gas Separation Module Type Polymer
Medal (Air Liquide) CO; Hollow-fibre Polyimide
W.R. Grace CO; Spiral-wound Cellulose acetate
Separex (UOP) CO; Spiral-wound Cellulose acetate
Cynara (Natco) CO; Hollow-fibre Cellulose acetate
COmeicr | sprabwouna | oot poyens
Permea (Air Products) Water Hollow-fibre Polysulfone

Despite the various pre-treatment methods, hydrocarbon contamination is still suspected
to be the cause of lowered membrane performance and failure (Al-Juaied & Koros, 2006). Light
hydrocarbons (<C;) can be soluble in glassy polymers, causing plasticization of the membrane.
Al-Juaied & Koros (2006) showed that a 200psi, 10/90 CO,/CH, feed stream travelling through a
polyimide membrane experienced a 20% reduction in permeability when the feed was saturated
with toluene or n-heptane. This drop in performance was attributed to the competition between
the penetrants for sorption sites on the membrane surface. A similar study by White (1995)
showed that at higher pressures (>1000psi), both toluene and n-hexane could plasticize a
polyimide membrane, increasing the permeation flux while also reducing selectivity. In both
studies, the original membrane performance was restored some time after the contaminants were
removed. CA membranes have been shown to be somewhat resistant to hydrocarbon
contamination, as was demonstrated in a study by Schell (1989) in which a 6/94 CO,/CH, feed
stream saturated with BTX vapours produced only minor drop (<10%) in overall gas flux and
CO,/CHjy selectivity. The original permeation values were restored once the contaminants were

removed from the feed stream.
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In certain scenarios, the removal of a contaminant from the feed stream does not restore
the original permeance and selectivity of the membrane. This effect is referred to as
‘conditioning,” and is caused by an increase in the free volume left by the sorbing component in
a glassy polymer (Al-Juaied & Koros, 2006; Rowe et al., 2010). This additional free volume
results in an increase in diffusivity and a reduction in the selectivity of a membrane. Since glassy
polymers are usually in a state of non-equilibrium, over time, the conditioning will reverse itself
as the polymer ages (Rowe et al., 2010). Conditioning can be caused by exposure of highly
plasticizing gases such as CO; and toluene (Al-Juaied & Koros, 2006). Similar effects have also
been found when exposing glassy polymers to hexane vapour (Enscore et al., 1977) and water
vapour (Rowe et al., 2007).

In the case of heavy hydrocarbons, allowing the condensation or fouling of materials on
the membrane surface can results in severe performance losses. White (1995) demonstrated that
in the presence of naphthalene, polyimide membranes will eventually shut down over time. The
complete coverage of the membrane by naphthalene limits available sorption sites for permeating
gases, steadily reducing gas transport. Jones and Koros (1994) found similar effect for carbon
molecular sieve membranes in the presence of Cg. compounds. Where possible, the temperature
of the separation process can be raised to ensure that feed contaminants are above their dew point
to prevent any condensation, although this generally lowers the selectivity of the membranes and

would not be effective against non-volatile contaminants (Baker, 2008).

2.4 Membrane Remediation

While purge streams, heat treatment and other industrial regeneration methods may not

be suitable for a membrane contaminated with heavy hydrocarbons, solvent extraction may
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prove to be a useful alternative. In this study, it was proposed that solvent extraction could be
used to remove heavy hydrocarbon contamination without hindering membrane performance.
Furthermore, it was proposed that any performance decline caused to the membrane structure by
heavy hydrocarbons could be reversed by using a regeneration method that could restore the
structure of an asymmetric membrane to its pristine state by mimicking the drying methods used
to create gas separation membranes.

The Loeb-Sourirajan method, also known as the ‘phase inversion process’, was first
developed in the 1960’s to fabricate asymmetric membranes for desalination (Loeb & Sourirajan,
1963). A solution containing the dissolved polymer is cast into a film and then immersed into a
non-solvent, usually water, causing the precipitation of the polymer solution. This immersion
causes the outer surface of the film to precipitate more rapidly than the portion underneath,
creating a membrane with a thin, dense outer layer supported on a porous substructure, as
illustrated in Figure 2.2 (Baker, 2004c). By controlling drying conditions and rates of
precipitation, a variety of membrane morphologies can be produced.

Asymmetric membranes used for gas separation must be dried using a solvent exchange
method. If a membrane is allowed to dry completely after being immersed in water, the
vaporizing water molecules may cause a compaction of the membrane structure, reducing the
membrane’s performance. The high surface tension of the water paired with the small pore size
of the membrane substructure creates large capillary forces that can result in the collapse of the
membrane substructure as it dries (Baker, 2004a; Park et al., 1999). To circumvent this problem,
the water-soaked membrane is placed into additional solvent baths to remove the water. Solvents
with a lower surface tension than water, such as alcohols or alkanes, are used to replace water
and allow the membrane to dry without severely collapsing the membrane structure. The solvent
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exchange method was first invented in the late 1960s and early 1970s (MacDonald & Pan, 1974;
Manos, 1978; Merten et al., 1968).

Minhas et al. (1987) developed a solvent exchange protocol to dry cellulose acetate
membranes by sequentially immersing the membranes into solutions of decreasing water content.
Wet membranes were first placed into an aqueous solution containing 25v% water-miscible
solvent (i.e., an alcohol). The membranes were subsequently rinsed in 50%, 75% and 100%
solutions of the water-miscible solvent. The membranes were then rinsed with a secondary, non-
polar solvent and then allowed to dry. This study concluded that using isopropyl alcohol and
hexane as the primary and secondary solvents and then drying the membrane at 80°C produced
cellulose acetate membranes with the best selectivity (Minhas et al., 1987). Similar methods
have been used to produce many industrial gas separation membranes that are currently in use
(Baker, 2004c). This study attempts to use a similar solvent exchange process to remediate
contaminated membranes.

An ideal gas separation membrane has a thin asymmetric layer that allows for a high gas
flux, supported by a microporous layer that does not substantially affect gas transport. The
choice of solvents used for precipitating and drying these membranes largely determines the
membrane structure. These effects were shown by Hao & Wang (1998) who controlled the rate
of precipitation of CA membranes out of water using various alcohols. They found that using
solvents with higher molecular weights resulted in membranes precipitating out of solution more
slowly, causing thicker selective layers and denser substructures. This, in turn, reduced the
permeability and selectivity of the membrane. Similar effects regarding substructure resistance
have been found in the development of CA hollow fibres (Shieh & Chung, 1998), polysulfone
membranes (Pinnau, 1992) and polyetherimide membranes (Huang & Feng, 1993). Ensuring that

21



the solvent extraction process does not negatively impact the microporous support layer in the

same manner is imperative to developing a practical remediation method.

2.5 Resistance Model

According the resistance model, gas transport through a membrane can be modelled after
the flow of electricity through a circuit, as first suggested by Henis and Tripodi (1981). Using an
analog of Ohm’s law, the total flowrate though a membrane can be defined as the driving force

of permeation (Ap in this case) over the resistance towards gas transport:
(2.12)

where R is the resistance, and A is the effective membrane area. The larger the resistance is for a
particular penetrant, the greater the barrier to gas transport through the membrane. As with
resistors in series, the total resistance across a membrane can be described as the combined
resistance of its constituent layers, as shown in Equation 2.12:

1 1 1

R =R, 4+R,+ R, = + +
Total 1 2 3 Q141 Q242 Q343

(2.12)

In this study, the penetrants can be described as travelling through the lubricant layer
(R1), the selective layer of the membrane (R,;) and the microporous support layer of the

membrane (R3), as shown in Figure 2.5.
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Figure 2.5: Resistance model through a contaminated asymmetric membrane.

By determining the resistance of the membrane to each component, the overall
permeation properties of each layer can be evaluated separately. It should be noted that the
values of resistance are not normalized against membrane thickness, and are therefore sensitive

to the thickness of each layer. The selectivity of the membrane can now be expressed as:

(1_1 L2 1_3)
_ R _ (R1+R2+R3); _ \P1 P2 P3/; (2 13)
a‘/J_R-_(R+R+R)-_l_11_21_3 :
i 1 2 3Ji P1+P2+P3 )
i

By increasing the thickness or decreasing the permeance of any given layer, the
resistance of that layer will increase. It may be estimated that if the resistance of the selective
layer is greater than the resistance of the microporous support by a factor of 10 (R2/R3 > 10), a
pristine membrane should perform at 90% of its intrinsic selectivity (Pinnau, 1991). Therefore,
any change to the membrane morphology (R, R3) or the addition of a resistive lubricant layer
(R1) could significantly impact membrane performance.

Gas transport through the microporous support layer (Rs) has been shown to follow a
pore-flow behaviour similar to Knudsen diffusion, which separates the penetrants based on their

molecular weight, as seen in Equation 2.14 (Pinnau, 1991; Pinnau, 1992; Shieh & Chung, 1998).
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M.
Py = o (2.14)

M;
For the gases used in this study, the Knudsen selectivity against N, varies from 0.9 to 3, much
lower than the intrinsic selectivity of cellulose acetate found in Table 2.4. Should the
microporous support layer govern gas transport, the overall selectivity of the membrane would

be greatly reduced.

2.6 Cellulose Acetate

When it was first discovered in 1845 by Shutzenburger, cellulose acetate (CA) was an
expensive material with little commercial use compared to other cellulosics (Rustemeyer,
2004b). Over the last century, however, the use of CA has grown to involve a range of
applications in protective coatings, textiles and electronics. Even though the yearly production of
CA continues to fall because of advances in other polymeric materials (Law, 2004), burgeoning
applications in desalination and gas separation continue to hold CA as a material of interest
(Shibata, 2004). Since their introduction in 1982, CA membranes have become the conventional
choice for CO, removal and have also been adapted well to other separation applications, such as
pervaporation (Bernardo, 2009; Schell, 1989). A comprehensive review on the history, properties
and applications of CA has been compiled by Rustemeyer (2004a).

CA is derived from the acetylation of the hydroxyl groups on a cellulose chain, as shown

in Figure 2.6.
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Figure 2.6: The chemical structure of cellulose acetate with a degree of substitution of 2
(Public Domain).
The extent to which the hydroxyl groups are acetylated is referred to as the degree of substitution
(DS). The DS depicts the average number of hydroxyl groups that are converted into acetyl
groups on each glucose unit, ranging from 0 (pure cellulose) to 3 (cellulose triacetate) (Fischer et
al., 2008). For example, the CA depicted in Figure 2 has a DS of 2. The DS significantly affects

the gas permeation through CA as well as its physical properties of CA, as seen in Table 2.3.

Table 2.3: Physical properties of CA with varying degrees of substitution (Puleo et al., 1989).

Degree of Substitution 175 | 245 | 2.84
Density (g/cm®) 1.358 | 1.327 | 1.305
T4 (°C) 207 198 | 193
Tm (°C) 245 | 233 | 293
Crystallinty (%) 27 37 52
Elastic Modulus (10° MPa) 42 | 44 | 49
Tensile Strength (10° MPa) 6.6 | 127 | 14
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Increasing the DS uniformly reduces the glass transition temperature (Tg) due to the
reduced number of interactions between hydroxyl groups, allowing the polymer segments to
move more freely (Kamide & Saito, 1985; Puleo et al., 1989). Conversely, no clear trend
regarding the DS and the melting temperature (Tr,) has been developed. The hydrophilic nature
of the polymer is also affected by the DS, with the hydrophilicity of the polymer decreasing from
DS 0.8 to 3 due to a lack of available hydroxyl groups to which water can bond (Gibbons, 1953).
Because of this feature, CA is usually referred to as being moderately hydrophilic. An increase in
the DS from 1.75 to 3 is also accompanied by an in increase in crystallinity and polymer strength
(Puleo et al., 1989; Zugenmaier, 2004).

Despite the first use of CA for gas separation in the late 1960s, the literature on the gas
transport properties was found to be incomplete or irregular owing to differences in membrane
materials and their preparation (Puleo et al., 1989; Nguyen et al., 1994). Puelo et al. (1989)
conducted a detailed literature review of CA gas permeation properties and conducted extensive
gas permeation test on dense CA films to determine the intrinsic selectivity of CA membranes,

seen in Table 2.4.

Table 2.4: Gas transport through dense CA films; latm, 35°C (Puleo et al., 1989).
Permeability [Barrer] Selectivity

DS ICO CH (@] (6{0) H H
2 4 2 2 2 €
NZ CH4, Oz COZ Hz He CH, N, N, N, N, N,

1.75 | 0.057 | 0.052 | 0.32 | 1.84 | 605 | 93 | 354 | 09 | 56 | 323 | 106 | 164

2451 015 | 015 | 082|475 | 12 | 160 317 | 10 | 55 | 31.7 | 80.0 | 106

285 0.23 02 | 146 | 656 | 155|196 ]|328| 09 | 6.3 | 285 | 674 | 85.2

Knudsen Diffusion 0.60 | 1.32 | 0.94 | 0.80 | 3.72 | 2.65
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Of the side groups on CA, the interactions between hydroxyl groups are considered to be
stronger than hydroxyl-acetyl and acetyl-acetyl interactions (Puleo et al., 1989). As the DS is
increased, the reduction of hydroxyl-hydroxyl bonds and the addition of bulky acetyl groups to
the polymer reduces the interaction between polymer chains in the increases the intermolecular
space in the polymer (Puleo et al., 1989). This results in an overall increase in diffusivity through
the polymer, while also reducing the selectivity. This trend is quite significant in the transport of
H, and He through CA when the DS is increased from 1.75 to 2.85. The permeability of both
gases more than doubles, yet their selectivity over nitrogen is reduced by roughly 35%. Greater
plasticization effects from CO, exposure are also associated with increases in the DS of cellulose

acetate (Puleo et al., 1989).

This study used polymeric CA membranes to model the effects of heavy hydrocarbon
contamination on gas separation performance. Remediation methods involving solvent extraction
and solvent exchange were also evaluated. Using the gas transport models presented here, any
change in membrane performance was described in terms of resistance factors though the

polymer and oil layers.
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Chapter 3

Experimental

In this study, pre-fabricated CA membranes were used to model a gas separation process
contaminated with heavy hydrocarbons and remediated with liquid solvents. Membrane fibres
were assembled into individual modules and exposed to various chemical treatments such as
lubricant contamination and solvent extraction. In order to properly assess the effects of
contamination, gas permeation tests were conducted on the membranes modules before and after
any chemical treatment. Using the data collected from these measurements, the efficacy of the

remediation treatments was also evaluated.

3.1 Materials

Bulk CA hollow fibres were manufactured by Toyobo Co., Japan for use in the
desalination of water. These membranes were treated by the solvent exchange method for use in
gas separation. The fibres were 200um in diameter and stored at ambient conditions for over 2
years. CA flat films were also prepared in the lab from powdered CA (CA-398-3, Eastman
Chemical Co.), which had an acetyl content of 39.8% (DS ~2.5).

ACS grade acetone (99.5%), ethanol (absolute, >99.85%) and isopropanol (99.5%) were

obtained from Sigma Aldrich Co. ACS grade cyclohexane (99%) was obtained from BDH
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Chemicals Ltd. Pure carbon dioxide (CO,), helium (He), hydrogen (H,), methane (CHy),
nitrogen (N,) and oxygen (O;) were provided by Praxair Ltd. and all of the gases were of

research grade purity. SAE 10W-30 motor oil lubricant was obtained from Pennzoil Co.

3.2 Contact Angle Measurements

Flat sheet membranes were prepared by casting a polymer solution and allowing it to dry
into a film. A CA solution was formulated by dissolving powdered CA into an acetone/water
mixture; the polymer solution contained 15wt% CA, 80wt% acetone and 5wt% distilled water.
The solution was left to mix overnight to completely dissolve the polymer.

To form a flat sheet membrane, the polymer solution was spread across a glass plate using
a hand-held casting method. The solution was poured onto the edge of a flat glass plate and a
glass rod was used to evenly spread the solution across the rest of the plate. Wires were attached
to the end of the glass rod in order to raise the rod to a fixed height and cast a film of uniform
thickness. The polymer solution was allowed to dry overnight, forming a thin polymer film. The
film was removed from the glass plate manually and cut into 17x0.5” pieces for sampling. A
Tantec contact angle meter fitted with a Teflon needle was used to analyze the contact angle of
solvents on the CA film. The sessile drop technique was used to determine the contact angle,
with a droplet of solvent placed onto the surface of the film and the angle of the droplet

measured immediately afterward.

3.3 Gas permeation Measurements

Each membrane sample was prepared by assembling multiple hollow fibres into copper

tubing and anchoring them together with epoxy, as shown in Figure 3.1. A small piece of '4”
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copper tubing (3cm long) was cut using a pipe cutter and had its edges de-burred to prevent any
damage to the membrane fibre. The inner surface of the tubing was roughened using circular
filing tools to aid with the adhesion of the epoxy. Finally, two Swagelok® nuts were placed onto
the tubing and secured with the appropriate ferrules. 6-8 hollow fibres were cut into 15cm
strands using a scalpel and placed within the copper tubing. Gloves were worn to prevent
contamination of the hollow fibres. Devcon 2 Ton Epoxy ® resin was then used to seal the gaps
between the fibres and the tubing. Once the epoxy layer was allowed to set for an hour, another
coat of epoxy was used to cap the ends of the hollow fibres. The epoxy resin was then allowed to
cure overnight. The free ends of the hollow fibres were then shortened using a scalpel to prevent
the fibres from folding upon assembly to form a membrane module. The length of hollow fibre

strands were measured after the epoxy had cured, with most measurements varying from 5-7cm.

|— Nuts —|

E Epoxy Epoxy — \ ) l

Hollow fibres

i)

¥4 Copper tubing

Figure 3.1: Schematic of a membrane sample.

The complete membrane module was assembled as shown in Figure 3.2. Fibres from
each membrane sample were fed through a %4” union tee attached to 15cm of ¥4 copper tubing.
A feed line was then attached to the union tee to allow for a shell-side feed. A permeate line was
attached to the lumen end of the hollow fibres to allow for gas to flow out of the module. All

tubing connections were obtained from Swagelok Co.
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Figure 3.2: Complete module housing, side view. Adapted from Swagelok® CAD drawings. Swagelok product codes in brackets.



The membrane module was placed in a thermal bath and then feed gas (i.e., pure CO,,
He, Hy, CH4, N2 or O) was supplied, as seen in Figure 3.3. Gas permeation tests were conducted
using a shell-side feed through the CA membranes. The feed gas was allowed to permeate
through the hollow fibre walls, flow down the fibre bore and then exit into the permeate stream.
The permeate flowrate was measured using a bubble flowmeter. Flowrate measurements were
taken at 10min-15min intervals until steady state permeation was obtained. Barometric pressure

readings were taken from the University of Waterloo Weather Station.
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Figure 3.3: Experimental setup.

To assess the effects of pressure on the membrane performance, the operating
temperature was held at 300K while the feed pressure was increased from 300kPa to 1500kPa
gauge in intervals of 400kPa. To assess the effects of temperature on membrane performance, the

pressure was held at 500kPa gauge while the operating temperature was increased from 303K to
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323K in intervals of 5K. These tests were repeated after a pristine membrane was contaminated

or remediated.

3.4 Membrane Treatments

3.4.1 Contamination

The hollow fibres were subjugated to contamination with lubricant. To contaminate the
hollow fibres, the feed and permeate lines (parts | and F in Figure 3.3) were removed from the
membrane module and the motor oil lubricant was injected into vessel. At no point was the
membrane sample removed from the module. The lubricant was allowed to fill the module for a
Y hour and then drained. Afterwards, an air stream at 200kPa was blown through the module for
30 seconds to remove excess lubricant. The feed and permeate lines were then reattached. The
gas permeation measurements described in Section 3.2 were repeated after membrane

contamination.

3.4.2 Remediation

To remediate the contaminated membrane, solvent treatment was attempted. As with the
contamination, both the feed and permeate lines were removed from the membrane module.
Remediation with solvent exchange was carried out by soaking the hollow fibres in the following

solvents sequentially:

1. Cyclohexane 5. 50% ag. ethanol
2. Isopropanol 6. 25% ag. ethanol
3. Ethanol 7. 10% aq. ethanol
4. 80% aq. ethanol 8. Water
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Each solvent was allowed to soak the membrane fibres for a % hour and was then replaced
by the next solvent in the sequence. Water was allowed to soak the membranes for a full hour
and then the process was continued in reverse sequence (i.e., from 8 to 1). The solvents were
exchanged rapidly to prevent the membrane fibres from drying out. Once the solvent exchange
process was completed, the hollow fibres were allowed to dry overnight at ambient conditions.

Alternatively, the membrane remediation was also conducted with a simple cyclohexane
treatment. Cyclohexane was allowed to soak the hollow fibres for a %2 hour and was then drained
from the module. Once the cyclohexane remediation was completed, the hollow fibres were
allowed to dry overnight. After either remediation method was conducted, the gas permeation

measurements described in Section 3.2 were repeated.

The contact angle measurements allowed for a qualitative assessment of the
polymer-solvent interactions during remediation. Using the data collected from the gas
permeation tests, the separation properties of the CA membranes were assessed in their pristine,
contaminated and remediated states. With this data, the effects of contamination and remediation

on the separation performance of the CA membranes were then evaluated.
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Chapter 4

Results and Discussion

The separation performance of the CA membranes was determined before and after
contamination using gas permeation tests. By assessing the physical properties of the lubricant
layer, the gas transport properties of the lubricant were estimated. An attempt to remediate the
contaminated CA membranes using solvent exchange and cyclohexane extraction was also

conducted and the separation performance of the remediated membranes was also assessed.

4.1 Properties of Pristine Cellulose Acetate Hollow Fibres

Figure 4.1 shows that the permeance of most gases was relatively independent of feed
pressure and the permeation flux was proportional to an increase in feed pressure. This is
attributed to low solubility of the penetrants in membrane. CO, is more soluble in CA and
demonstrated moderate plasticization effects, although the pressure range was not large enough
to produce dramatic changes in gas transport behaviour. This is consistent with the research
findings of Puleo et al. (1989). As CA is a glassy polymer, gas transport through the membrane
was mostly governed by diffusion. The gas permeability through the pristine membrane was
found to follow the order of N2 < CHa4 < O2 < CO, < H2 < He, in reverse order to the kinetic

diameters of the penetrant gases.
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Most studies on gas transport through CA membranes report values of permeability
coefficient, a thickness-normalized property. Since the thickness of the selective layer on the
asymmetric hollow fibres could not accurately be determined, the selectivities of each membrane
sample were used for comparison instead. The selectivities of gases against N, (such as O,/Ny,
CO2/N,, Ho/N, and He/N,) were plotted over a range of pressures, as shown in Figure 4.2. The
CO,/CH, selectivity was also plotted since this ratio is industrially relevant to natural gas
separations. The CH4/N; selectivity was omitted due to the similar permeabilities of N, and CH,.
The H,/N, and He/N; selectivities were found to have the largest variance between membrane
samples and were very sensitive to the permeance of N,.

Comparing the selectivities determined to the values reported in literature show good
agreement for the slow permeating gases. The H,/N, and He/N, selectivities show the largest
spread in the literature due to the varying degrees of acetylation in the polymer and the variety of
membrane preparation procedures. Based on the gas transport properties of the membranes in the

study, the DS for the membrane is estimated to be in the range of 2.5-2.85.

Table 4.1: Gas transport though CA hollow fibres at 27 and 35°C.
Permeance [GPU] Selectivity

Temp.

CO CH o CO H He
OC H 1 4 2 2, 2
[°C] Nz | CH, Oz COz | H; € CH, N, N, N3 N2 N2

27 136 | 136 | 748 | 483 | 101 | 114 | 35.6 | 1.00 | 5.52 | 356 | 74.2 | 84.4

35 158 | 1.64 | 883 | 428 | 104 | 120 | 26.6 | 1.05 | 5.64 | 27.6 | 66.8 | 77.3

37



In order to determine whether the membrane modules were defect-free, the permeation of
select gases were measured and compared to the intrinsic selectivity of the polymer. The ideal
O,/N; selectivity of CA polymers falls in the range of 5-6, as shown in Table 4.1.

As shown in Figure 4.3, the permeance of all gases increased with an increase in
temperature and the temperature dependence followed the Arrhenius relationship. As the
temperature increased, the selectivity of the membrane decreased as shown in Figure 4.4,

indicating a reduction in the diffusivity-selectivity.

38



1000 =
100 e =3
= = — T - OH;
o — mCO,
3
% 10 g A_\‘_\‘\‘.\A AO,
£ = OCH
i F —= ‘*
1 % ANZ
O.1||||I||||I||||I||||I||||I||||I|
3.05 3.1 3.15 3.2 3.25 3.3 3.35

1000/Temperature, K1

Figure 4.3: Effect of operating temperature on the permeance of a pristine membrane;
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4.2 Analysis of Contamination

4.2.1 Effect of Lubricant Coating

The permeance of gases though the contaminated membranes were found to be relatively
independent of pressure, as shown in Figure 4.5. Gas permeability through the contaminated
membranes was found to follow the order of N2 < CH4 < O2< CO;, < H2 < He, which is the same
as that for the pristine membrane samples. This suggests that diffusivity still dominated gas
transport. The overall permeation flux through the membrane decreased in the presence of the
lubricant; H, and He experienced the highest reductions in permeance. The permeance of He was
found to decrease by roughly 50-65% across all contaminated samples in contrast to permeance
of N, which was found to decrease by 10-30%. The different extent of change in the gas
transport properties is reflected in the selectivity of the contaminated samples, with the Hy/N,
and He/N; selectivities falling in the range of 40-50, as shown in Figure 4.6, where the ideal
selectivities of the contaminated membrane are illustrated.

Similar trends were observed at different temperatures. The overall permeance and
selectivity of H, and He decreased more significantly than the other penetrant gases studied here,
as shown in Figures 4.7 and 4.8. Using the Arrhenius relationship, the activation energies of
permeation through the pristine and contaminated membranes were determined for each
penetrant, as they are shown in Table 4.2. The activation energies of permeation in the pristine
membrane were compared with literature values, and they were found to be in good agreement,
except for CH4. The activation energy increased for all gases once the membrane became

contaminated, confirming the result that the lubricant layer presents a barrier to gas transport.
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This effect appears to be more significant for the faster permeating gases, suggesting that a
penetrant with a lower solubility suffers a greater loss in permeability. The gas transport
properties of the lubricant must be properly defined to verify if this is true.

Table 4.2: Average activation energies for pristine and contaminated
membranes at 500kPa [kJ/mol].

Previous Studies This Study

Gas
DS 2.4% | DS 2.4° | Pristine | Contam. | % Change

N, 23 215 25.8 28.9 +12.2
CH, - 20.7 26.8 30.3 +13.3
0O, 19 16.2 18.4 26.0 +41.8
CO, 11 8.95 12.4 16.7 +35.0
H, - 14.8 16.3 194 +19.3
He 14 14.4 13.1 19.5 +49.1

# (Haraya et al., 1986; Nakai et al., 2005).

The change in the gas transport can be seen more clearly by plotting the decrease in
permeance against the permeance of the penetrants in pristine membranes, as shown in Figure
4.9. The overall trend appears to show that the greatest losses in performance occur to the gases
with the greatest permeance. This also suggests that the lubricant layer is solubility-selective.
The extent of the performance loss varied between membrane samples because of the varying
amounts of lubricant that covered each sample. The variability in the performance loss between
the membrane samples appeared to decrease with increasing temperature as well.

As the temperature was increased, the loss in membrane performance was reduced for
most gases, as shown in Figure 4.10. This behaviour may correspond to an increase in diffusivity
through the lubricant layer when the temperature increased since the solubility of gases in liquids

generally decreases with increasing temperature.
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Prior work regarding the contamination of gas separation membranes usually involves a
contaminant in the feed stream that accumulates over time and gradually reduces gas
permeability (Schell, 1989; Al-Juaied & Koros, 2006). This study is instead concerned with a
more static form of contamination. Since the hollow fibres have been submerged in the lubricant,
it is assumed that gas transport is taking place through an additional liquid layer on top of the CA
membrane, as shown in Figure 2.5. To simplify the calculations, it was assumed that the
presence of the lubricant has not significantly altered the morphology of the CA membrane and
that any change in separation performance can be attributed to the lubricant layer itself. This

assumption will be addressed in Section 4.3.
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4.2.2 Gas Transport through Heavy Hydrocarbons

In order to determine the gas transport properties of the lubricant layer, the permeation
resistance of the membrane was evaluated before and after contamination, as described in
Section 2.5. Figure 4.11 shows that the permeation resistance of CO,, H», and He in the oil layer
are nearly equal, denoting a similar transport through the lubricant.

Converting the permeation resistance of the lubricant into permeance values presented a
clearer picture of the gas transport through the lubricant, as shown in Figure 4.12. The gas
permeance through the lubricant appears to be somewhat pressure-dependant, and the permeance
follows the order of N, < CH4 < O, < He ~ H, ~ CO,. The order of He, H, and CO, appears to

vary between samples, and may be attributed to experimental error.
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Figure 4.11: Permeation resistance of the lubricant layer versus gas permeance of pristine
membrane; Module #1, 500kPa.
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Figure 4.13 shows the effects of temperature on the gas permeance of the lubricant layer.
The order of permeation appears to be sensitive to changes with temperature and was found to
follow the order of N, < CH; < O, < CO;, < He < H; in all contaminated samples at temperatures
above 303K.

The data in Figures 4.12 and 4.13 shows that the permeance of most gases appears to be
greater in the lubricant layer than through the pristine CA membrane. It may be noted that
greater amounts of lubricant deposited on the membrane surface would result in lower
permeance values. This also explains the variability in the overall permeance of the contaminated
membranes with different degrees of contamination (Figure 4.9).

The thickness of the lubricant layer can be estimated using the solution-diffusion model
based on the gas permeation data. The solution-diffusion model may apply to liquid layers in the
absence of any complex gas-liquid interactions (e.g., facilitated-transport) (Noble & Koval,
2006). If the diffusivity and solubility of the penetrants in the lubricant are known, the thickness
of the lubricant layer can be derived from the permeance data using Equations 2.5 and 2.6. Since
attaining accurate values of the diffusivity and solubility of gases in heavy hydrocarbons is
difficult, these properties were estimated based on literature data.

The American Society for Testing and Materials (ASTM) has developed standards for
determining the physical properties of industrially-relevant materials. Of these, ASTM Method
3827 is specifically used to estimate the solubility of gases in lubricants. Using the product
specifications of the lubricant provided from Pennzoil ("Pennzoil®”, 2010) and the
corresponding ASTM methods, the solubility of the gases in the lubricant were estimated for the
experimental conditions used in this study, as shown in Figure 4.14. Complete calculations of the
gas solubility can be found in Appendix A.
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The estimated order of solubility in the lubricant follows the order of He < H, <N, < O;<
CH,4 < CO,. This trend further suggests that the lubricant layer is solubility-selective, given that
the largest decreases in gas permeance of contaminated membranes occurred to both He and Ho,
the least soluble gases. However, this trend does not explain the large drop in CO, permeance
after membrane contamination as it was the most soluble gas in the lubricant yet suffered a
greater permeance loss than both N, and O,, primarily due to its relatively large molecular size.

Currently, there is no uniform testing procedure or conclusive model to determine the
diffusivity of gases in heavy hydrocarbons (Etminan et al., 2009; Zainal et al., 2009). The variety
of testing procedures that are available are not only time-consuming but the measured values

often vary by more than an order of magnitude for the same gas-liquid system.
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Table 4.3: Viscosities of a few heavy hydrocarbons.

Temp.

Viscosity

Gas Solute [°C] [mPas] Reference
n-Dodecane (n-Cy,) 50 0.930 (Haynes, 2012)
n-Hexadecane (n-C1) 50 1.879 (Haynes, 2012)
n-Octacosane (n-Cag) 40 ~13.1 (Korsten, 2001)
Pennzoil SAE 10W-30 40 60.8 (Pennzoil® motor oil - technical data
sheet, 2010)
Heavy QOil 48 5000 (Zhang, Hyndman, & Maini, 2000)
Athabasca Bitumen 50 ~100,000 (Etminan, 2010)

Table 4.4: Diffusivity coefficients for gases in various hydrocarbons, D x 10° m?/s.

Test Gas
Solvent T«ircr;p. Study
[Cl1 | H, | co, | CH,
45 4.32 _
(Etminan, 2010)
65 4.86
n-Cy,
31 109 | 3.9
(Matthews, 1987)
99 27.1 | 8.68
50 10.5 | 3.48
n-Cis (Matthews, 1987)
98 20.8 | 6.57
98 134 | 3.8
(Rodden, 1988)
n-Cog 141 20.5 6.21
21 4.1 | 16.1 | (Tharanivasan, 2004)
Heavy Oil 21 4.9 8.6 (Zhang et al., 2000)
50 0.36
Bitumen (Etminan, 2010)
75 0.5
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Systematic studies on the gas diffusivities in heavy hydrocarbons are uncommon, although there
have been a few studies on the diffusion of CO, and CH,; in heavy oil and bitumen
(Jamialahmadi et al., 2006; Zainal et al., 2009).

A cursory look at measured diffusivity coefficients in the literature show a general
decrease in diffusivity with increasing viscosity of the liquid and kinetic diameter of the
penetrant gas, with values in the range of 10 to 10® m%s for most n-alkanes, as shown in Table
4.3 and 4.4. Out of the diffusion data available, octacosane (n-C,g) was chosen to model the
lubricant in this study because its viscosity is closest to that of the lubricant.

Appendix B summarizes the procedure of estimation of diffusivities of H, and CO; in the
oil. The diffusivity-selectivity from these values is greater than that of the membrane
(H2/CO; = 4 for the lubricant, = 2.5 for the membrane).

Using the derived solubility and diffusivity values for CO, and H, the thickness of the
lubricant layer was estimated for a range of temperatures, as shown in Table 4.5. The estimated
thicknesses were found to be between 3-33um, well within the range for viscous coatings on
hollow-fibres of low porosity (Tsai et al., 1995). Estimating the lubricant thickness using H,
transport was found to produce consistent results over the entire temperature range. In contrast,
the lubricant thickness estimated from CO, transport was found to decrease with increasing
temperature. This difference may be attributed to the large difference in solubility between the
two gases. Unlike CO,, H; is considered to be a non-condensable gas. This would imply that the
solubility of CO, in this specific lubricant estimated by ASTM Method 3827 is underestimated at
higher temperatures. It should also be noted that the permeance loss of the contaminated
membrane does not scale uniformly to the estimated thickness due to the nature of the resistance
calculations, as shown in Table 4.5.
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Table 4.5: Estimated thicknesses of the lubricant layer.

Thickness [pm]
303K | 308K | 313K | 318K | 323 K | Average

Gas | Sample #

1 5.81 5.53 5.24 4.99 4.90 5.29
H, 2 3.25 3.04 3.05 2.90 2.89 3.03
6 3.12 291 3.02 3.08 3.26 3.08
1 29.2 26.0 23.7 19.2 19.0 23.4
CO, 2 14.4 14.0 13.7 13.6 12.3 13.6
6 32.9 22.0 21.2 18.1 18.6 22.5

As previously mentioned, the above estimations of the lubricant thickness are merely
speculative. Accurate measurements would require high-resolution imaging of the membrane
cross-section or the precise gas transport properties of the lubricant. Regardless, it appears that
even a 3um coating of heavy hydrocarbons can drastically reduce membrane performance.
Typical industrial gas separation membranes have very large surface areas, ranging from 20-
300m? per module depending on the membrane geometry (Baker, 2004c). It is unlikely that a
lubricant deposit would be allowed to form a complete monolayer on such membranes during
operation before the membrane is shut down, although reductions in performance according to

the trends found here could help identify the presence of a foulant.
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4.3 Remediation of Contaminated Membranes

4.3.1 Remediation with Solvent Exchange

The substructure of a gas separation membrane is sensitive to the capillary pressure
caused by any liquid within its pores, a property that is strongly dependent on the liquid’s surface
tension (Park et al., 1999). By slowly changing the surface tension of the solvents during the
solvent exchange process, it was hypothesized that the membrane structure would be preserved
during the remediation process. Solvents that display lower contact angles on a polymer surface
denote a reduced surface tension (Bialopiotrowicz & Janczuk, 2002).

The solvent exchange method described in Section 3.4 was used to remediate the
contaminated CA membranes. The surface tensions of the solvents used in this experiment are
shown in Table 4.6. The membrane samples were soaked in a series of solvents that gradually
increased, then decreased, in surface tension. The contact angle of the ethanol-water solutions
decreased with decreasing water content, as shown in Figure 4.15, denoting a gradual change in
surface tension during the solvent exchange process. Complete spreading of the liquid on the
surface of the CA film was observed for cyclohexane, isopropanol, ethanol and 80% ag. ethanol.
Excess lubricant was visibly removed from the membrane module during the first cyclohexane

rinse.

Table 4.6: Surface tensions of solvents at 25°C and 1atm (Haynes, 2012).

Solvent v [mN/m]

Cyclohexane 24.16

Isopropanol 20.93
Ethanol 21.97
Water 71.99
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Figure 4.15: Contact angles of for ethanol-water solutions on flat-sheet CA at 298K.

Contaminated membrane samples that were remediated using the solvent exchange
method did not appear to fully recover to their original permeance values, as shown in Figure
4.16. When compared to the contaminated membrane samples, the remediated membranes were
actually found to perform worse, despite the visual removal of some of the lubricant. Repeating
the solvent exchange process on a pristine membrane sample produced similar results, as seen in
Figure 4.17. The performance loss of the remediated membranes follows the same trend as the
contaminated membranes, with the highest permeating gases displaying the greatest decreases in

transport, as seen in Figures 4.16 and 4.17.
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Permeation through the remediated membranes was independent of pressure and found to
follow the order of N2 < CHs < O2< CO, < H2 < He, as shown in Figure 4.18. Figure 4.19 shows
the selectivity of the remediated membranes. The reduced transport of higher permeating gases
resulted in lower selectivities than the pristine membranes. Similar decreases in permeation and
selectivity were observed at different temperatures, as shown in Figure 4.20 and Figure 4.21. The
loss in selectivity may be attributed to a structural change in the membrane. It has become well
known that water-wet CA membranes may undergo structural changes or even collapse if the
membrane drying conditions are not properly controlled (Baker, 2004a).

In the absence of contamination or membrane defects, the reduction in permeance and
selectivity suggests the presence of significant substructure resistance, as described in Section
2.5. The immersion of the hollow fibres into polar solvents may have disrupted the membrane
morphology due to the hydroxyl-hydroxyl interactions between the polymer and solvents. This
disruption may have caused the microporous support layer to become more compact, thereby
increasing the membrane resistance to gas transport (Pinnau, 1991). Since gas transport through
microporous supports has been shown to be governed by Knudsen diffusion, this change in the
membrane morphology may be the cause of the decrease in both the permeance and selectivity.
A simple estimation of this effect can be determined by comparing the relative resistance of
selective layer (Ry) to that of the microporous support (Rs). The resistance to mass transport in
the pristine membrane is mostly attributed to the selective layer, and it was assumed that this
value did not change after the remediation process. The value for R; was then obtained from the

increase in resistance following the remediation process, as shown in Table 4.7.
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Figure 4.19: Effect of feed pressure on the selectivity of a solvent exchange remediated
membrane; Module #4, 300K.
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Figure 4.20: Effect of operating temperature on the permeance of a solvent exchange remediated
membrane; Module #4, 500kPa.
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Figure 4.21: Effect of operating temperature on the selectivity of a solvent exchange remediated
membrane; Module #4, 500kPa.
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If the ratio between R, and Rj is less than 10, the membranes can be said to be operating with

less than 90% of the intrinsic selectivity of the polymer (Pinnau, 1991).

Table 4.7: Relative resistance between the selective layer and microporous support;
Module #4, 1500kPa, 300K.

Gas | g0 sF.sza/moI] [10'1°F:Tlgtg|/mol] E%—TOFZTS%ﬁi Ra/Rs
N, 861 1174 313 275
CH, 790 1074 284 278
0, 148 235 87.6 1.68
co, 28.2 355 7.33 3.84
H, 118 26.4 14.6 0.81
He 10.4 24.0 13.6 0.77

The above result is merely an approximation; clearly, after solvent exchange remediation, the
membrane substructure has undergone a significant change, resulting in a drastic increase in the
resistance of the sublayer.

Nevertheless, the solvent exchange method used in this study is shown not to be an
effective technique for remediating contaminated CA membranes. Despite the gradual change in
surface tension during the remediation process, a significant amount of substructure resistance is
created as a result of remediation process, resulting in a performance loss that is similar to

contamination.

4.3.2 Remediation with Cyclohexane
The cyclohexane remediation method described in Section 3.4 was used to remediate
contaminated CA membranes as an alternative to the solvent exchange remediation method.

Excess lubricant was visibly removed from the membrane module during the cyclohexane rinse.
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The gas transport properties of the contaminated membranes markedly improved after
cyclohexane remediation, as shown in Figure 4.22. Note that to test whether cyclohexane
affected the CA membrane, cyclohexane treatment was also performed on pristine CA
membranes, and no considerable change in the permeance or selectivity of the membranes was
observed, as shown in Figure 4.23. This implies that the membrane morphology was not
significantly affected by the presence of cyclohexane, presumably due to the lack of hydrogen
bonding interactions between the polymer and the solvent. Gas permeability through the
remediated membranes remained independent of pressure, and closely mirrored the permeance
and selectivity of pristine membranes, as shown in Figures 4.24 and 4.25. The effect of
temperature on the permeance and selectivity of remediated membranes was also similar to that
of pristine membranes, as shown in Figures 4.26 and 4.27.

All membrane samples were shown to have regained their original permselectivity after
remediation with cyclohexane, regardless of any previous contamination. This implies that the
lubricant itself did not adversely affect the membrane structure. This also suggests that the
lubricant was not able to penetrate through the membrane, even in the presence of cyclohexane.
This could be attributed to the large sizes of the heavy hydrocarbon molecules in the lubricant
that were unable to penetrant the non-porous selective layer of the membrane, even at elevated
temperatures and pressures. From these results, it can be presumed that the lubricant formed a
distinct layer over top of the membranes and did not dissolve into the membrane structure, which
has been the basis used in the analysis of membrane permselectivity after contamination and

remediation with the solvent exchange method.
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It is interesting to note that most gases even displayed a slight increase in permeance after
cyclohexane treatment, as shown in Table 4.8. The consistently higher rates of permeation may
be attributed to the conditioning of the membrane by cyclohexane. The sorption of cyclohexane
into the membrane could have increased the free volume of the polymer, which favours diffusive
transport through the membrane. This would have resulted in enhanced diffusion for all
penetrants through the membrane. Any increase in diffusive transport typically results in greater
permeance gains for larger molecules, as shown in Table 4.8, where some of the largest gains are
shown to occur for N, and CH,. Since the hollow fibres used in this study have been aged for
over 2 years, it is expected that conditioning of the membrane may have a more pronounced
effect due to the compact structure of the polymer. Since the hollow fibres were allowed to dry
overnight after the cyclohexane treatment was conducted, significant relaxation of the polymer
structure may have reduced the conditioning effects before any subsequent testing, returning the

membrane to its original permselectivity.

Of the two remediation methods used in this study, cyclohexane extraction appears to be
the most effective in restoring the separation performance after heavy hydrocarbon
contamination. This appears to be attributed to the lack of polymer-solvent interactions between
cyclohexane and CA, as opposed to the hydroxyl-hydroxyl interactions present in the solvent
exchange process. The cyclohexane extraction method can be performed without removing the
hollow fibres from their containment and can be easily scaled to suit the full size of hollow fibre

modules used in industry (Baker, 2004c).
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Table 4.8: Change in permeance after cyclohexane treatment; 1500kPa, 300K.

Change in Permeance [%]

Gas | Contam. Samples | Pristine Samples
#6 #1 #8 #9

N +17.2 -18.3 +2.38 | -9.10
CH, +14.1 +4.78 +18.7 +5.42
0, +15.9 +5.24 +3.95 +13.6
CO, +10.4 +4.77 -6.74 | +17.0
H, +1.96 -1.71 -1.34 | +3.38
He +4.80 -7.09 -2.00 | +11.7
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Chapter 5

Conclusions and Recommendations

5.1 General Conclusions

In this study, cellulose acetate hollow fibres were coated with a thin layer of motor oil
lubricant to simulate the contamination found in industrial gas streams. Gas permeation tests
were conducted on both pristine and contaminated membranes using N2, CHy4, Oz, CO,, H, and
He at pressures ranging from 300 to 1500kPa and at temperatures ranging from 300 to 323K.
After contamination, it was observed that greatest reductions in permeance occurred to the
highest permeating gases, with a 50-65% reduction in permeance for H, and He compared to a
10-30% reduction in permeance for CH, and N, at 323K. The disproportionate reduction in gas
permeance also led to a reduction in the membrane selectivity.

The changes in membrane permeance were analyzed in terms of gas transport through the
lubricant layer based on the resistance model. It was shown that the lubricant layer was
permselective based on solubility. The thickness of the lubricant layer on the membrane surface
was estimated to be in the range of 3-33um.

In this study, solvent extraction was used to remove heavy hydrocarbon contamination
from CA membranes without hindering membrane performance. Remediation of the CA fibres

was conducted using two different solvent treatment methods:
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(1) Solvent exchange. The hollow fibres were submerged in a series of solutions of
varying organic content. By imitating the solvent exchange method used to fabricate asymmetric
membranes, it was anticipated that any change in the membrane properties due to contamination
could be reversed. Unfortunately, the solvent exchange protocol did not appear to be particularly
suitable for remediating contaminated CA membranes as the remediated membrane did not
perform much better than the contaminated membrane. It is speculated that hydrogen bonding
interactions between the solutions and the polymer disrupted the membrane morphology enough
to create a significant amount of substructure resistance that lowered both the permeance and
selectivity of the membrane.

(2) Solvent extraction. This involved a direct extraction of the contaminant using
cyclohexane. This method was able to restore membrane performance after contamination, and
was found to have essentially no or little effect on the membrane structure. Slight increases in
permeance were found in certain samples after remediation, possibly due to conditioning of the
membrane by cyclohexane.

The solvent extraction is only one step used in the solvent exchange method. It was the
polar solvents used in the solvent exchange that were believed to have caused the collapse or
compaction of the membrane substructure, which resulted in a reduction in membrane
permselectivity.

Heavy hydrocarbon contamination is a concern for industrial membrane separation. The
use of solvent extraction developed in this study provides a cost-effective solution to remediation
of contaminated membranes, allowing for effective repair of membranes instead of the expensive

replacement with new membranes.
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5.2 Recommendations

This study used single-component feed streams to evaluate the performance of gas
separation membranes. Industrial separations involve gas mixtures, which may have different
transport behaviors because of penetrant-penetrant interactions. When two or more penetrants are
highly soluble in a polymer, they may compete for the sorption sites in the polymer before
diffusing through the membrane. Due to the competitive sorption effects, the selectivity may be
lower than what is estimated from pure gas measurements (Matteucci et al., 2006). Furthermore,
the presence of plasticising components in a multicomponent feed stream can increase the
permeability of all penetrants, which often causes a reduction in selectivity. In order to properly
account for these effects, membranes should be tested using gas mixtures of interest. For
example, studies with applications in natural gas processing often use 10/90 CO,/CH,4 mixtures
to simulate industrial feed streams (White, 1995; Al-Juaied & Koros, 2006). In order to properly
evaluate the effects of heavy hydrocarbons on industrial gas separations, further testing must
include a relevant multicomponent feed stream.

Accurate determination of gas transport properties in heavy hydrocarbons may prove
effective in identifying their presence, especially in the case of varying feed streams. This will
allow for the detection of membrane contamination by heavy hydrocarbons amongst other effects
such as plasticization and conditioning. The lubricant used in this study was considered to be a
model of a heavy hydrocarbon contaminant, which was composed of an undisclosed composition
of organic components and additives ("MSDS - Pennzoil® SAE 10W-30 Motor Oil", 2010). By
defining the specific contaminants involved in a given separation process, the gas transport

through contaminated membranes may become easier to predict and analyze.
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The applicability of solvent extraction as a remediation method lies in the compatibility
of the solvent with the membrane material and its contaminants. As shown in this study, the
selection of an incompatible solvent can negatively affect the membrane performance, possibly
causing irreparable damage. The variety of polymers used for industrial gas separation
membranes have different susceptibilities, and the application of the remediation methods
described here would require the rigorous testing to properly select solvents that can remove

contaminants of interest while maintaining the membrane undamaged.
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Appendix A
Estimates of Gas Solubility in Hydrocarbons using

ASTM Guidelines

The American Society for Testing and Materials (ASTM) has developed internationally-
recognized standards for determining the physical properties of industrially-relevant materials.
These standards have been used within this thesis to estimate the solubility of gases within
Pennzoil® Motor Oil 10W-30. The physical data of Pennzoil® Motor Oil 10W-30 provided by

the manufacturer can be seen in Table A.1.

Table A.1: Physical and chemical data for Pennzoil 10W-30 ("Pennzoil® ", 2010).

Test Method Temperature Result
Specific Gravity | ASTM D-287 15.6°C 0.872
Viscosity ASTM D-445 40°C 69.7cSt

Viscosity ASTM D-445 100°C 10.53cSt

ASTM D-2502 is designated as the “Standard Test Method for Estimation of Mean
Relative Molecular Mass of Petroleum Oils from Viscosity Measurements”. It uses a correlation
referred to as the H function to estimate the relative molecular mass of petroleum oils. Using the
applicable procedures provided in the ASTM guideline, the mean molecular mass of the motor
oil lubricant was determined as follows:

1. Using the tabulations of the H function provided in ASTM D-2502, the viscosity of

the motor oil at 40°C was found to correspond to an H value of approximately 385.
76



2. Using the viscosity-mean relative molecular mass chart provided in ASTM D-2502,
the molecular mass of the motor oil was determined from the value of the H function

and the viscosity of the motor oil at 100°F, as shown in Figure A.1.

1 T i T P H
. i
LINES OF CONSTANT
210°F (58.89°C) VISCOSITY, oS8T

TO0

600

SO0 g

400

H FUNCTIQN

300

200 M

100 — : — . .
300 / 400 500 600 T00

AELATIVE MOLECULAR MASS

Figure A.1: Viscosity-mean relative molecular mass chart (ASTM 2502).

From the above correlations, the relative molecular mass of the motor oil was estimated to be

595 g/mol.
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ASTM D-3827 is designated as the “Standard Test Method for Estimation of Solubility
of Gases in Petroleum and Other Organic Liquids.” This ASTM method uses the physical
properties of the lubricant along with the operating conditions of the experiment to determine the
solubility of specific gases within the lubricant.

Sample calculations were based on a system with a feed pressure (p) of 0.5MPa and an
operating temperature (T) of 300K. Equations A-1 to A-6 were provided in ASTM D-3827.
Using the applicable procedures provided in ASTM D-3827, the solubility of hydrogen in

Pennzoil® Motor Oil 10W-30 was estimated as follows:

1. The solubility parameter of the motor oil, &;, was determined using

Equation A-1 using a density (p) of 0.872g/mL.

5, (MPa'/?) = 12.03p + 7.36 (A-1)
0.872
5, = 12.03( - g) +7.36 = 17.85 MPa'/?

2. The solubility parameter of the gas (6,) was determined from Table A.2.
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Table A.2: Solubility Parameters of Gaseous Solutes (ASTM D-3827).

Gas | M;[g/mol] | &,at 298K [MPa”]
N, 28 6.04

CH, 16 9.1

0, 32 7.75

CO; 44 14.81

H, 2 5.52

He 4 3.35

In order to obtain a value for the overall solubility of hydrogen in the appropriate

format, several conversions between solubility parameters were conducted.

3. The Ostwald coefficient (L), which is a measure of the solubility of a gas in a liquid

at equilibrium, was determined using Equation A-2.

273
L, = exp [(0.0395(51 — 8,)? — 2.66) (1 - T) —0.30368, — 0.0241(17.60 — &,)2 + 5.731]

(A-2)

273
Ly = exp [(0.0395[17.85 _ 5.52]% — 2.66) (1 - %) —0.303(17.85)

—0.0241(17.60 — 5.52)? + 5.731] = 0.5539

4. The Bunsen coefficient (B), which is a measure of the solubility of a gas in a liquid at
273K and 0.10MPa, was determined using Equation A-3. The vapour pressure of the

motor oil (p,) was assumed to be negligible.
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B =2697(p — py)Lo/T (A-3)

B = 2697(0.5 — 0)(0.5539)/(300) = 0.2490

5. The density of the motor oil at the operating temperature was determined using

Equation A-4.

0.000595(T—288.2)

pe(g/mL) = p (1 ) (A-4)

0.000595((300) — 288.2)
(0.872)121

p; = (0.872) <1 - ) = 0.865 g/mL

6. The overall solubility (G) was determined using Equation A-5.

G(mg/kg) = 44.6 (BM;)/p; (A-5)
_ (0.2490)(2 g/mol)
G =44.6 0865g/mL) 25.68mg /kg

7. The overall solubility as a mole fraction (X) was calculated using Equation A-6. The
molecular weight of the gas (M,) was taken from Table A.1. The molecular weight of

the oil (M) was derived from ASTM D-2502.

X (M) = 10-5GM, /M, (A-6)

mol oil
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mol gas

By 595 T
X =107°(25.68) —L =0.00764 ol oil
mol

8. The Henry’s law constant (H) was calculated using Equation A.7.

loil
H(MPa-Z220) = (p = p,)/X (A-7)
0.5 MPa — 0 MPa mol oil
H= o Toas, = 6544 MPa: ———
0.00764 (—9) motl gas
mol oil

The Henry’s Law constant is independent of pressure and was determined for the gases of
interest, as seen in Table A.3. With the Henry’s Law constant calculated, the appropriate

solubility parameter for membrane permeation could be quickly deduced, as seen in Appendix B.

Table A.3: Henry’s Law constants, H x10* MPa-mol/mol.

Temp.
[K]

300 8.61 | 30.2 | 18.2 | 112 | 6.69 | 2.08
323 9.77 | 29.2 | 188 | 91.5 | 7.85 | 2.83

N, CH, 0O, CO, H, He
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Appendix B

Sample Calculations

B.1 Permeance Calculations

The following calculations were conducted for a pristine membrane module that
contained 6 strands of hollow fibres at a length of 5.2cm and a diameter 0.02cm. The test gas
was pure hydrogen at a gauge pressure of 1500kPa and at an operating temperature of 300K. It

took 41.53 seconds for 10.0mL of gas to leave the membrane module.

Flowrate Calculation
The flowrate, (V), was determined by measuring the amount of gas passing through a
bubble flowmeter.

it
t

(B-1)

where V is the volume of gas and t is the time of measurement.

,_100mL g™ 1cm? 5 41x10_1cm3
41535 7 s \1mL) ™ s

Flux Calculation
The flux of a given gas (J) was expressed as volumetric flowrate at standard temperature
and pressure (STP) per membrane area.

J =2 = () () (qppeee ) (B-2)
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where Vgrp is the volumetric flowrate at STP, N is the number of hollow fibres in the samples, d
is the outside diameter of the fibre, L is the length of the fibre, T,my is the ambient temperature

and pparo IS the barometric pressure.

(.41 % 10-1 cm3 ( 1 ><273.15 K)( 99.9 kPa )
/=% s (6)(5.2 cm)(0.02 cm) 296 K 101.325 kPa

cm3(STP)

=1.01x1071
J cm?-s

Permeance Calculation

The permeance (Q) was evaluated using a pressure-normalized flux.

_J -
Q=3 (B-3)
_,cm3(STP)
~ (1-01 X107 == )(101.325 kPa) 080 x 105 cm3(STP)
0= 1500 kPa 76 cmHg ] cm?-s-cmHg

By convention, the standard gas permeance unit (GPU).

cm3(STP)

1GPU=1x10"°
cm?-s-cmHg

Therefore,

Q=98.0GPU
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Ideal Selectivity Calculation
Under the same operating conditions, the permeance of nitrogen was found to be 0.6
GPU. Using the ratio between permeance of hydrogen and nitrogen, the ideal selectivity (o)

could be determined.

o __ QH, _ 98.0GPU
Ha/N2 ™ oy, ~ 116 GPU

= 84.0 (B-4)

B.2 Activation Energy Calculations
The following calculations were conducted for a pristine membrane module that
contained 6 strands of hollow fibres at a length of 5.2cm and a diameter 0.02cm. The test gas
was pure hydrogen. As stated in Chapter 2, the change in permeance as a function of temperature
can be described using the Arrhenius equation.
Q = Qo exp(—E,/RsT) (B-5)
where Qq is the pre-exponential factor of permeation, Ep is the activation energy of permeation

and Rg is the gas constant. Linearizing the above equation,
InQ = (=) (7) + n(@») (B-6)

By plotting InQ versus 1/T, the slope of the linearized Arrhenius plot can be determined using

linear regression.
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Table B.1: Permeance data for hydrogen at 500kPa.

Temperature [K] | 1000/T [1/K] Pe{(r;n sgr]}ce In[Q]
303 3.30 104 4.65
308 3.25 112 4.72
313 3.19 123 4.82
318 3.14 142 4.96
323 3.10 150 5.01

Ep
slope: — = 1.88 x 103K
Rg

J )=15. ul

E, .
<E) (Ry) = (1.88 x 10°K) (8.3145 L =

B.3 Resistance Model Calculations
The following calculations were conducted for a membrane module contaminated with
motor oil. The test gas was pure hydrogen at a gauge pressure of 1500kPa at 300K. The

permeance of hydrogen through the contaminated membrane was 45.4 GPU. The effective

membrane area was 1.96cm?.

Percent Decrease in Performance

Initial — Final

% Decrease = ( ) X 100%

Initial

98.0 GPU — 45.4 GPU
98.0 GPU

% Decrease = ( ) X 100% = 53.7%
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Resistance (R;) of Contaminant Layer
In order to estimate the resistance of the lubricant (R;) layer on the membrane surface,

the total resistance of the contaminated membrane was determined.

Rrota = 1/(Q - A) (B-7)

1

(22,414 cm3 (STP)) (101,325 Pa)
Rrotar = 45.46PUY(1.96 cm?) — (

mol 76 cmHg
cm3(STP)
cm?-s-cmHg

454 % 105 )(1.96cm2)

s-Pa

Rrotar = 33.6 x 101° —

Calculating the resistance of the same membrane module before contamination (R;) with a
permeance of 98.0 GPU, produces a resistance of 15.6x10™ s.Pa/mol. Using the resistance in
series model described in Section 2.5, the value of R; can be determined from the change in the

resistance after contamination.
Rrotar = R4 + R, (B-8)
Ry = Rrota — R,

s Pa
mol

s-Pa
Ry = (33.6 —15.6) X 1019 —— =18.0 x 101°
mol

Oil Permeance

The permeance through the lubricant can be determined from the estimated resistance of

the lubricant, R;.

Q1 = 1/(R:4)

86



(22,414 cm3(STP)) (101,325 Pa)

0, = 1 _ mol 76 cmHg
1= s-Pa - s-Pa
(18.6 X 1010 -5 (1.96 cm?)  (18.6 x 1010 21 (1.96cm?)
B . cm*(STP) 1GPU B
0, = 8.45 x 10 — 84.5 GPU

cm? s cmHg\ | o 10-6 cm3(STP)
cm?-s-cmHg

B.4 Diffusivity Estimation

The following calculations were conducted in order to estimate the diffusivity of
hydrogen in Pennzoil® SAE 10W-30 Motor Oil. As mentioned in Section B.2, the change in

diffusivity as a function of temperature can be described using the Arrhenius equation.

D = Dy exp (— %) (B-11)

where Dy is the pre-exponential factor of diffusion and E is the activation energy of diffusion.

Linearizing the above equation.

InD =InDy — i—/; (3) (B-12)

T

The values of Dy and Ea/Rc can be estimated by calculating the slope of a line between two
known data points on a plot of In(D) versus 1/T. According to Rodden et al. (1988), the diffusion
coefficients for H, in octacosane at 371K and 414K are 2.05x10™* and 1.34x10™ cm?s,

respectively. The value of Ea/Rg was determined from.

_ma_ G

R (7))

(B-13)
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2
1.34 x 10~+¢%
In S

_.cm?
_E_A 2.05x 10 4T

Ro (4111() B (37111()

The value of Dy was obtained from:

= —-1.52 x 103K

2

2
_acm
b (134x 107 2) om
1 S/ _803x10°3 —

E. \ 3
A) o (1.52><10 K)

D0:

exp (- ReTh 317K
Substituting the values of Ea/Rg and Dy into Equation B-11, the diffusion coefficient at the
desired temperatures could be obtained. For 300K, the diffusion coefficient of hydrogen in oil
was found to be 5.09x10™° cm?/s. The diffusion coefficients of CO, and H, at 300 and 323K are
determined to be:

Table B.2: Diffusion coefficients, D x10° cm?/s
Temperature [K] | CO, H,
300 1.24 5.09
323 1.88 7.29

B.5 Solubility Calculations

The Henry’s Law constants of gases within the lubricant were estimated using ASTM D-
3827 (see Section Appendix A). The solubility coefficient of a gas in the oil layer (S) was

determined by using the following unit conversions:

s=1= 001528< : )(m0l9a5>
" H MPa/ \ mol oil
S—0 01528( 1 )(mol gas>< MPa )(101.3 kPa) _0 01528( 1 )(mol gas>
- MPa/) \ mol 0il /\1000 kPa/\ 76 cmHg /) cmHg/ \ mol oil
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22414 cm3(STP)\ /mol oil\ /0.872g
S =0.01528 ( ) ( )
mol gas 595¢ cm3
cm3(STP
S = 6.69 x 10—4#
cm® - cmHg

The solubility coefficients of select gases were determined in a similar fashion, as shown in
Table B-3.

Table B.3: Solubility coefficients, S x10* cm3(STP)/cm®-cmHg.
Temp[K] N, CHq4 O, CO, H, He

300 8.61 | 30.2 | 18.2 | 112 | 6.69 | 2.08
323 9.77 1 29.2 | 188 | 915 | 7.85 | 2.83

B.6 Thickness of the Contaminant Layer

The thickness (1) of the lubricant layer on the contaminated membrane was determined by

using the permeance, diffusion and solubility of gases within the oil layer.

P=Q-l=D-S (B-13)

DS
‘=2 (B-14)
3 3
(5-09 X 10755 )(6.69 x 107* M)
5 cm® - cmHg
cm3(STP) )
cm?-s-cmHg

l= = 4.03 X 10~%cm = 4.03um

(8.45 x 10-5
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Appendix C

Experimental Data

C.1 Testing parameters

The gas permeance of cellulose acetate membranes were tested at different temperatures
(T) and pressures (P) under various treatment methods as shown in Table C.1. Treatments
methods included lubricant contamination (L), solvent exchange remediation (S) and
cyclohexane remediation (C). To assess the effects of pressure on the membrane performance,
the operating temperature was held at 300K while the feed pressure was increased from 300kPa
to 1500kPa gauge in intervals of 400kPa. To assess the effects of temperature on membrane
performance, the pressure was held at 500kPa gauge while the operating temperature was
increased from 303K to 323K in intervals of 5K.

Table C.1: Testing parameters.

Module | Treatments | Parameters

Contamination — only #1 L P, T
#2 L,S P, T

Solvent exchange #3 L, S P
remediation #4 S P, T

#5 S P
#6 L,C P, T

Cyclohexane #1 L, C P
remediation #8 C P, T

#9 C P
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C.2 Raw Permeation Data at Different Feed Pressures

Module:

#1

Dimensions: 8 strands, 7.3cm long

Treatment:

Lubricant contamination

Pristine membrane; operating temperature held at 300K

Differential Barometric| Ambient .
Volume Time Average Flux |Permeance
Gas| Pressure | Pressure | Temp.
a a m S cm cm--S

[kPa] [kPa] [K] | [mL] [s] [cm*(STP)/cm’-s]|  [GPU]
300 100.7 296 0.10 |91.16|91.22 2.67x10% 1.19
N 700 100.6 296 0.20 |80.03|79.91 6.08x10* 1.16
2 1100 100.6 296 0.20 |52.71|52.71 9.23x10™ 1.12
1500 100.6 296 0.20 |39.43|39.31 1.23x107° 1.10
300 100.6 296 0.10 |106.88/104.75 2.30x10* 1.02
cH 700 100.6 296 0.20 |84.97|85.60 5.70x10* 1.09
1100 100.6 296 0.20 |55.6255.35 8.76x10™ 1.06
1500 100.7 296 0.20 |42.28|42.15 1.15x10°3 1.02
300 100.9 296 1.00 [188.09(187.72 1.30x1073 5.77
o 700 100.9 296 1.00 |75.10|75.56 3.24x107 6.16
2 1100 100.9 296 1.00 |46.60 | 46.62 5.23x10° 6.34
1500 100.8 296 1.00 [34.21(34.21 7.12x10° 6.33
300 100.7 296 5.00 [127.03|125.12 9.65x10° 42.9
o 700 100.6 296 10.0 |105.97|105.46 2.30x107 43.8
2 1100 100.5 296 10.0 |65.66 | 65.54 3.70x107 44.9
1500 100.5 296 10.0 |46.80 | 48.50 5.10x107 45.3
300 100.8 296 10.0 [111.50(113.43 2.17x107 96.2
H 700 100.9 296 10.0 |47.81|48.62 5.05x107 96.2
2 1100 100.9 296 10.0 [30.31|30.56 8.01x107 97.1
1500 100.9 296 10.0 |21.89 2251 1.10x10* 97.5
300 100.7 296 10.0 |98.16 | 98.54 2.47x107 110
He 700 100.7 296 10.0 |41.75|41.87 5.82x107 111
1100 100.7 296 10.0 |26.75|26.69 9.10%x102 110
1500 100.7 296 10.0 |19.88|19.81 1.23x10" 109
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Contaminated membrane; operating temperature held at 300K

Differential| Barometric| Ambient .

Gas Pressure | Pressure | Temp. Volume Time Average Flux |Permeance

[kPa] [kPa] K] [mL] [s] [cm3(STP)/cm?:s]| [GPU]

300 101.3 296 0.05 |63.00 |62.00 1.96x10™ 0.87

N, 700 101.3 296 0.10 |53.53|52.29 4.63x10™ 0.88

1100 101.3 296 0.20 |67.63|68.25 7.21x10™ 0.87

1500 101.3 296 0.20 |49.72|49.53 9.87x10™ 0.88

300 101.3 296 0.05 |64.22|64.66 1.90x10™ 0.84

CH, 700 101.2 296 0.10 |51.16|52.16 4.73><1o"i1 0.90

1100 101.2 296 0.20 |66.75|65.22 7.41% 107 0.90

1500 101.2 296 0.20 |49.50 | 49.22 9.90x10™ 0.88

300 101.4 296 0.30 |72.91|71.38 1.02x10°3 452

o 700 101.4 296 0.50 |50.41|49.97 2.44x1073 4.65

21 1100 101.4 296 1.00 |64.88|64.06 3.80x10°° 4.60

1500 101.4 296 1.00 |47.38|47.16 5.18x10°3 4.60

300 101.5 296 2.00 |82.87|80.28 6.01x103 26.7

co, 700 101.5 296 5.00 |83.30]|85.24 1.46><10'2 27.7

1100 101.5 296 5.00 |51.77|53.81 2.32x10° 28.2

1500 101.5 296 5.00 |38.86|40.12 3.11x107 27.6

300 101.4 296 2.00 |58.28|57.98 8.43x1073 375

H, 700 101.4 296 5.00 |58.71|60.28 2.06x1072 39.2

1100 101.4 296 10.0 |74.25]75.28 3.28x1072 39.7

1500 101.4 296 10.0 |54.94|56.03 4.41x10 39.2

300 101.4 296 2.00 |57.00|56.06 8.67x10° 38.5

He 700 101.4 296 5.00 |61.28|60.59 2.01x107 38.3

1100 101.4 296 5.00 |37.55]37.69 3.26x107 39.5

1500 101.4 296 10.0 |55.69 | 55.65 4.40x10 39.1
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Selectivity of pristine and contaminated membranes

p Pristine Contaminated
ressure
[kPa] |02 |CHs 02 ~|COx|H, ~He VCH 0, ~|cOH. ~He
CHJj| N, N, N, N, Nl “CH, N, N, N, N, N,
300 4241 0.85 | 487 | 36.2 | 81.2 | 92.8 | 31.7 | 0.97 | 5.20 | 30.7 | 43.0 | 443
700 40.2 | 0.94 | 532 | 37.8 | 83.1 | 95.7 | 30.7 | 1.02 | 5.27 | 31.5 | 445 | 43.4
1100 42.3 | 0.95 | 5.67 | 40.1 | 86.0 | 98.7 | 31.4 | 1.03 | 5.27 | 32.3 | 45,5 | 45.2
1500 4431093 | 5.77 | 41.3 |1 889 | 99.2 | 31.4 | 1.00 | 5.25 | 31.5 | 44.7 | 446
% Decrease in permeance due to membrane contamination
PEiSFf;]re N, | CHy | 0, | CO, | Hy | He
300 265 | 165 | 215 | 37.7 | 61.1 | 65.0
700 239 | 173 | 246 | 36.7 | 59.3 | 65.4
1100 219 | 152 | 273 | 37.2 | 58.7 | 64.2
1500 20.1 | 139 | 272 | 391 | 59.8 | 64.1

Resistance values [10° s-Pa/mol] of pristine and contaminated membranes to gas permeation

Pressure Pristine Contaminated

[kPa] | N, | CH,| O, | CO,| H, | He | N |CH,| O, | CO, | H, | He
300 669 | 784 | 137 | 185 | 8.24 | 7.21 | 911 | 940 | 175 | 29.7 | 21.2 | 20.6
700 684 | 727 | 129 | 18.1 | 823 | 7.15| 899 | 879 | 171 | 28.6 | 20.2 | 20.7
1100 709 | 748 | 125 | 17.7 | 824 | 7.19 | 908 | 883 | 172 | 28.1 | 20.0 | 20.1
1500 722 | 775 | 125 | 175 | 8.12 | 7.28 | 904 | 901 | 172 | 28.7 | 20.2 | 20.3
Gas permeance [GPU] of the lubricant layer

P'Eissg]re N, | CHy | O | CO; | Hy | He

300 3.32 5.17 21.3 71.8 62.1 | 60.1

700 3.74 | 529 | 191 | 765 | 67.1 | 59.3

1100 404 | 597 | 171 | 76.7 | 68.6 | 62.3

1500 4.42 6.40 17.1 71.6 66.5 | 61.9
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Module:

#2

Dimensions: 6 strands, 5.2cm long

Treatment:

Pristine membrane permselectivity

Lubricant contamination, solvent exchange remediation

Pressure Permeance [GPU] . c)Select(lz\él)ty . .
kPa | 2 2 €
[kPal | N, | CHy | O, | CO, | Hp | He [220 /(2 NN N
300 160 | 1.21 | 7.17 | 51.8 [92.9| 107 | 43.0 | 0.75 | 449 | 32.4 | 58.1 | 67.1
700 154 | 124 | 753 | 51.1 [99.1| 113|413 |0.80 | 488 | 33.1 | 64.2 | 73.4
1100 | 152 | 123 | 747 | 516 [98.9| 115 419 | 081 | 493 | 341 | 65.3 | 75.9
1500 | 148 | 1.22 | 7.50 | 50.8 |99.3| 116 | 41.7 | 0.82 | 5.06 | 34.3 | 67.0 | 78.3

Contaminated membrane permselectivity

p Permeance [GPU] Selectivity
o CO,|ICH (@] (6{0) H H
kPa | 2 2 e
[kPa] | N, | CHy | O, | CO, | Hp | He SN NN N )
300 | 089 | 1.02 | 516 | 335 |35.6|40.7| 32.7 | 1.15 | 5.79 | 37.6 | 39.9 | 45.8
700 | 095 | 1.05 | 528 | 35.7 |42.4|46.3| 34.1 | 1.10 | 554 | 37.4 | 444 | 48.6
1100 | 097 | 1.00 | 535 | 353 (444|472 354 | 1.03 | 554 | 36.5 | 45.9 | 48.9
1500 | 0.95 | 1.01 | 531 | 35.2 |459(48.4]| 349 | 1.06 | 5.60 | 37.2 | 48.4 | 51.1

Remediated membrane permselectivity

Pressure Permeance [GPU] R oSelect(l:\él)ty .
kPa | H 2 H2 e
[kPa] | N, | CHy | O, | CO, | Hp | He il N N N N
300 | 096 | 1.06 | 3.67 | 154 |42.4|449]| 146 | 1.10 | 3.81 | 16.0 | 44.0 | 46.7
700 1096 | 1.05 | 3.73 | 150 |42.6|46.2| 143 | 1.10 | 3.90 | 15.7 | 446 | 484
1100 | 098 | 1.03 | 3.67 | 16.0 [43.7|454) 154 | 1.06 | 3.74 | 16.3 | 44.6 | 46.4
1500 | 1.01 | 1.04 | 3.68 | 16.1 (446 |46.7] 155 | 1.03 | 3.65 | 16.0 | 44.3 | 46.4

% Decrease in permeance due to membrane contamination
Pressure
[kPal] N2 CH, O, CO, H, He

300 443 | 150 | 281 | 353 | 61.7 | 620
700 382 | 154 | 29.8 | 30.2 | 57.3 | 59.1
1100 36.2 | 19.2 | 284 | 31.7 | 55.1 | 59.0
1500 36.0 | 174 | 29.2 | 30.7 | 53.8 | 58.2
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% Decrease in permeance of the remediated membrane as com

PEiSFf;]re N, | CH, | 0, | cO, | Hp | He
300 | 39.7 | 124 | 488 | 702 | 544 | 581
700 | 381 | 152 | 504 | 70.6 | 57.0 | 59.2
1100 | 353 | 161 | 509 | 69.0 | 558 | 60.5
1500 | 32.1 | 149 | 510 | 683 | 551 | 59.8

pared to the pristine membrane

Resistance values [10° s-Pa/mol] of pristine and contaminated membranes to gas permeation

Pressure Pristine Contaminated
[kPa] | N, [CH,| O, | CO, | H, | He N, CH, | O, |CO, | H; | He
300 | 954 | 1265 | 213 | 29.4 | 16.4 | 14.2 |1.71x10%1.49x10% 296 | 45.5 | 42.9 | 37.4
700 | 987 | 1231 | 202 | 29.8 | 15.4 | 13.5 |1.60x10%1.46x10% 289 | 42.7 | 36.0 | 32.9
1100 | 1006 | 1236 | 204 | 29.5 | 15.4 | 13.2 |1.58x10%1.53x10% 285 | 43.2 | 34.3 | 32.3
1500 | 1029|1249 | 203 | 30.0 | 15.4 | 13.1 |1.61x10%1.51x10% 287 | 43.3 | 33.2 | 31.5
Gas permeance [GPU] in the lubricant layer
PEiSFf’;]re N, | CH, | 0, | cO, | Hp | He
300 201 | 682 | 183 | 948 | 576 | 65.7
700 249 | 681 | 17.7 | 118 | 740 | 784
1100 267 | 518 | 188 | 111 | 80.6 | 80.1
1500 263 | 580 | 182 | 115 | 85.2 | 83.2
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Module:

#3

Dimensions: 8 strands, 6.5cm long

Treatment:

Pristine membrane permselectivity

Lubricant contamination, solvent exchange remediation

Pressure Permeance [GPU] . c)Select(lz\él)ty . .
kPa | 2 2 €
[kPal | N, | CHy | O, | CO, | Hp | He [220 /(2 NN N
300 131|132 (713 | 50.3 [ 100 | 116 ] 38.1 | 1.01 | 5.44 | 38.4 | 76.4 | 88.7
700 135| 136 | 754 | 509 [99.6| 116 | 37.4 | 1.01 | 559 | 37.7 | 73.8 | 85.7
1100 | 1.33 | 1.33 | 7.39 | 50.0 | 101 | 116 | 375 | 1.00 | 555 | 375 | 75.6 | 87.2
1500 | 1.33 | 1.31 | 7.38 | 52.1 | 101 | 116 | 39.8 | 0.99 | 5.56 | 39.3 | 76.3 | 87.7

Contaminated membrane permselectivity

p Permeance [GPU] Selectivity
o CO,|ICH (@] (6{0) H H
kPa | 2 2 €
[kPa] | N, | CHy | O, | CO, | Hp | He SN NN N )
300 1.07 | 1.16 | 551 | 32.0 [52.7|51.0] 275 | 1.09 | 5.16 | 30.0 | 49.4 | 47.8
700 1.05| 1.17 | 542 | 324 |53.3|50.1] 27.7 | 1.12 | 5.18 | 31.0 | 50.9 | 47.9
1100 | 1.05 | 1.16 | 543 | 345 [529(51.2] 29.8 | 1.11 | 5.19 | 33.0 | 50.6 | 48.9
1500 | 1.04 | 1.14 | 544 | 37.3 [524(50.2) 32.7 | 1.10 | 5.25 | 36.0 | 50.6 | 48.5

Remediated membrane permselectivity

Pressure Permeance [GPU] R oSelect(l:\él)ty .
kPa | H 2 H2 e
[kPa] | N, | CHy | O, | CO, | Hp | He il N N N N
300 | 072 | 1.10 | 452 | 10.3 |225|19.5] 9.38 | 1.53 | 6.30 | 14.4 | 31.3 | 27.2
700 1079 | 097 | 459 | 105 |235(22.4| 108 | 1.23 | 5.82 | 13.3 | 29.8 | 284
1100 | 0.76 | 0.98 | 458 | 11.2 |24.7(22.1| 11.5| 1.30 | 6.07 | 149 | 32.7 | 29.2
1500 | 0.77 | 0.96 | 459 | 12.0 [255(22.3] 125 | 1.24 | 596 | 156 | 33.1 | 28.9

% Decrease in permeance due to membrane contamination
Pressure
[kPal] N2 CH, O, CO, H, He
300 186 | 11.8 | 22.7 | 36.3 | 47.4 | 56.2
700 224 | 138 | 28.1 | 36.2 | 46,5 | 56.6
1100 215 | 131 | 26.6 | 31.0 | 475 | 56.0
1500 219 | 131 | 26.3 | 284 | 482 | 56.8

96



% Decrease in permeance of the remediated membrane as com

pared to the pristine membrane
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PEiSFf;]re N, | CHe | O | CO, | Hy | He

300 452 | 16.42 | 36,5 | 794 | 77.6 | 83.2

700 41.5 28.4 39.1 | 79.3 | 76.4 | 80.6

1100 43.4 26.5 38.0 77.5 755 | 81.0

1500 41.9 26.9 378 | 77.0 | 747 | 80.8
Resistance values [1010 s-Pa/mol] of pristine and contaminated membranes to gas permeation
Pressure Pristine Contaminated

[kPa] | N, | CH,| O, | CO,| H, | He | N, |CH,| O, | CO, | H, | He
300 697 | 693 | 128 | 18.2 | 9.13 | 7.86 | 857 | 786 | 166 | 28.5 | 17.3 | 17.9
700 678 | 673 | 121 | 18.0 | 9.19 | 791 | 874 | 781 | 169 | 28.2 | 17.2 | 18.2
1100 686 | 687 | 124 | 183 | 9.08 | 7.87 | 874 | 791 | 168 | 26.5 | 17.3 | 17.9
1500 689 | 697 | 124 | 175 [ 9.04 | 7.86 | 883 | 802 | 168 | 245 | 17.4 | 18.2
Gas permeance [GPU] of the lubricant layer

PEiSFf’;]re N, | CHs | O | COp | Hy | He

300 573 | 9.89 24.3 88.2 | 111 | 90.8

700 4.67 8.48 19.3 89.6 | 115 | 885

1100 486 | 883 | 204 111 111 | 91.4

1500 4.72 8.70 | 20.7 131 109 | 88.3




Module: #4
Dimensions: 6 strands, 6.4cm long
Treatment: Solvent exchange remediation

Pristine membrane permselectivity

Pressure Permeance [GPU] Selectivity
[kPal | N, | CH, | O, | CO, | Hy | He 'COCH%OZ detegdygd
300 143 | 150 | 829 | 40.7 [ 101|116 27.1 | 1.05| 582 | 285 | 70.7 | 81.4
700 140 | 162 | 835 | 429 | 104 | 116 ] 26,5 | 1.15 | 595 | 30.5 | 73.9 | 83.0
1100 | 142 | 158 | 839 | 435 | 105|118 | 275 | 1.12 | 592 | 30.7 | 743 | 83.6
1500 | 144 | 157 | 840 | 44.0 | 105|119 28.1 | 1.09 | 5.84 | 30.6 | 72.8 | 82.6
Remediated membrane permselectivity
p Permeance [GPU] Selectivity
ressure
[kPa] | N, | CHy | O, | CO, | Hyp | He 'COCH4CH NZOz NZCO NZHZ NzHe 4
300 1.05| 1.10 | 517 | 28.8 [43.1(49.0] 26.1 | 1.05 | 491 | 27.3 | 40.9 | 46.5
700 1.08 | 1.17 [ 529 | 31.0 [46.3|51.7] 265 | 1.08 | 4.89 | 28.7 | 42.9 | 47.8
1100 | 1.06 | 1.16 | 532 | 33.8 |46.8(51.6| 29.2 | 1.09 | 5.01 | 31.8 | 44.1 | 48.6
1500 | 1.06 | 1.15 | 5.27 | 34.9 |46.9(51.5] 30.3 | 1.09 | 499 | 33.1 | 445 | 48.9

% Decrease in permeance of the remediated membrane as com
Pﬁs;;‘]re N | CHy | O, | COp | Hp | He
300 26.1 | 2658 | 37.7 | 293 | 57.3 | 57.8
700 23.0 27.8 36.7 | 27.8 | 55.3 | 55.6
1100 25.1 27.0 36.6 | 22.3 | 55.6 | 56.5
1500 26.6 26.4 37.2 | 20.7 | 55.2 | 56.6
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Module: #5
Dimensions: 6 strands, 4.6cm long
Treatment: Solvent exchange remediation

Pristine membrane permselectivity

Pressure Permeance [GPU] Selectivity
[kPal | N, | CH, | O, | CO, | Hy | He 'COCH%OZ detegdygd
300 133 | 154 (863 | 50.3 |109 | 113 ] 32.6 | 1.16 | 6.49 | 379 | 81.8 | 84.8
700 129 | 156 | 856 | 51.4 | 102 | 113 ] 329 | 1.22 | 6.66 | 40.0 | 79.4 | 88.2
1100 | 1.29 | 1.58 | 853 | 55.2 | 103 | 116 | 349 | 1.23 | 6.63 | 429 | 79.9 | 89.9
1500 | 1.27 | 1.58 | 8.42 | 54.9 | 106 | 115 | 34.8 | 1.24 | 6.64 | 43.3 | 83.9 | 90.3
Remediated membrane permselectivity
p Permeance [GPU] Selectivity
ressure
[kPa] | N, | CHy | O, | CO, | Hyp | He 'COCH4CH NZOz NZCO NZHZ NzHe 4
300 114 | 1.03 | 400 | 13.8 [350(35.7] 13.3 | 091 | 351 | 12.1 | 30.7 | 31.3
700 110 | 1.03 [ 393 | 214 [38.4(36.4]20.8 | 093 | 356 | 194 | 348 | 33.0
1100 | 1.07 | 1.03 | 3.93 | 23.7 |38.8(36.3] 23.0 | 097 | 3.69 | 22.2 | 36.4 | 34.1
1500 | 1.04 | 1.02 | 3.99 | 25.3 |37.8(36.2| 249 | 097 | 3.82 | 24.2 | 36.2 | 34.7

% Decrease in permeance of the remediated membrane as com
Piissg]re Ny | CHy | O, | CO, | Hy | He
300 142 | 331 | 536 | 726 | 67.8 | 68.3
700 14.1 34.3 54.1 58.3 62.4 | 67.9
1100 17.1 34.8 53.9 57.1 62.2 | 68.6
1500 177 | 355 | 526 | 539 | 645 | 68.4
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Module:

#6

Dimensions: 6 strands, 5.1cm long

Treatment:

Pristine membrane permselectivity

Lubricant contamination, cyclohexane remediation

Pressure Permeance [GPU] . c)Select(lz\él)ty . .
kPa | 2 2 €
[kPal | N, | CHy | O, | CO, | Hp | He [220 /(2 NN N
300 113 | 1.16 | 6.46 | 43.4 |954 | 113 ] 37.4 | 1.03 | 5.70 | 38.3 | 84.2 | 99.7
700 112 | 1.19 | 6.69 | 439 [98.7|114] 37.0 | 1.06 | 5.99 | 39.3 | 88.4 | 102
1100 | 1.10 | 1.17 | 6.66 | 46.3 | 102 | 116 | 39.6 | 1.06 | 6.03 | 41.9 | 92.1 | 105
1500 | 1.10 | 1.15 | 6.75 | 47.1 | 101 | 116 | 409 | 1.04 | 6.12 | 42.7 | 91.8 | 105
Contaminated membrane permselectivity
p Permeance [GPU] Selectivity
o CO,|ICH (@] (6{0) H H
kPa | 2 2 €
[kPa] | N, | CHy | O, | CO, | Hp | He SN NN N )
300 | 094 | 093 | 489 | 22.3 |50.0|47.4]| 23.9 | 1.00 | 5.22 | 23.8 | 53.5 | 50.6
700 | 094 | 1.03 | 513 | 28.7 |50.6|52.7| 27.9 | 1.09 | 543 | 30.3 | 53.6 | 55.8
1100 | 0.97 | 1.08 | 5.20 | 32.4 |52.2|55.0] 30.1 | 1.11 | 5.36 | 33.4 | 53.7 | 56.7
1500 | 0.92 | 1.06 | 5.27 | 33.3 |53.1|555]| 314 | 1.16 | 5.76 | 36.4 | 58.1 | 60.6
Remediated membrane permselectivity
Pressure Permeance [GPU] R oSelect(l:\él)ty .
kPa | H 2 H2 e
[kPa] | N, | CHy | O, | CO, | Hp | He SN N N N
300 132 | 125 | 713 | 449 (971|113 1358 | 095 | 541 | 341 | 73.7 | 86.0
700 188 | 1.33 | 761 | 476 | 101 | 121 | 35.7 | 0.71 | 4.05 | 25.3 | 53.8 | 64.5
1100 | 134 | 1.34 | 782 | 484 | 103|121 | 36.1 | 1.00 | 5.85 | 36.2 | 77.2 | 90.7
1500 | 129 | 1.31 | 7.82 | 52.0 | 103 | 122 | 39.6 | 1.02 | 6.05 | 40.2 | 79.8 | 94.2
% Decrease in permeance due to membrane contamination
Pressure
[kPal] N2 CH, O, CO, H, He
300 174 | 19.7 | 243 | 48.7 | 47.6 | 58.1
700 154 13.3 23.3 34.7 48.7 | 53.5
1100 12.1 7.9 22.0 | 29.9 | 48.7 | 525
1500 17.1 8.0 219 | 293 | 475 | 523
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% Decrease in permeance of the remediated membrane as com

P'Eissg]re N; | CHy | O | CO; | H | He
300 | -16.2 | -7.87 | -103 | -3.32 | -1.73 | 0.21
700 | 68.2 | -125 | -13.6 | -8.50 | -2.45 | 6.73
1100 | 21.0 | -148 | -17.3 | -459 | -1.43 | -4.78
1500 | -17.2 | -141 | -15.9 | -10.4 | -1.96 | -4.80

pared to the pristine membrane

Resistance values [10° s-Pa/mol] of pristine and contaminated membranes to gas permeation

Pressure Pristine Contaminated
[kPa] N, CH, | O, |CO,| H, | He N, CH, | O, |CO,| Hy | He
300 [1.37x10%1.34x10% 241 | 35.8 | 16.3 | 13.8 |1.66x10%1.67x10% 318 | 69.8 | 31.1|32.8
700 [1.39x10%1.31x10% 232 | 35.4 | 15.7 | 13.7 |1.65x10%1.51x10% 303 | 54.2 [30.7|29.5
1100 |1.41x10%1.33x10% 233 | 33.6 | 15.3 | 13.4 |1.60x10%1.45%x10% 299 | 47.9 | 29.8 | 28.3
1500 |1.41x10%1.35x10% 230 | 33.0 | 15.3 | 13.4 |1.70x10%1.47x10% 295 | 46.7 | 29.2 | 28.0
Gas permeance [GPU] of the lubricant layer
PEiSFf’;]re N, | CH, | O, | CO, | Hy | He
300 539 | 473 | 201 | 458 | 105 | 81.6
700 6.12 | 7.74 | 22.0 | 826 | 104 | 985
1100 8.04 | 1359 | 23.7 | 108 | 107 | 105
1500 537 | 1323 | 24.0 | 114 | 112 | 106
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Module:

#7

Dimensions: 6 strands, 4.9cm long

Treatment:

Pristine membrane permselectivity

Lubricant contamination, cyclohexane remediation

Pressure Permeance [GPU] . c)Select(lz\él)ty . .
kPa | 2 2 €
[kPal | N, | CHy | O, | CO, | Hp | He [220 /(2 NN N
300 140 | 1.39 | 743 | 475 [97.9|116] 34.1 | 0.99 | 530 | 33.9 | 69.8 | 825
700 141 | 149 | 764 | 48.0 [96.3| 112 323 | 1.05| 541 | 339 | 68.1 | 79.4
1100 | 145 | 1.48 | 7.67 | 48.1 |98.0| 113 | 32.6 | 1.02 | 5.29 | 33.2 | 67.6 | 78.0
1500 | 146 | 141 | 759 | 50.2 (101.6 116 | 355 | 0.97 | 5.21 | 344 | 69.7 | 79.4
Contaminated membrane permselectivity
p Permeance [GPU] Selectivity
o CO,|ICH (@] (6{0) H H
kPa | 2 2 €
[kPa] | N, | CHy | O, | CO, | Hp | He SN NN N )
300 117 | 1.25 | 6.14 | 389 [57.9(56.5] 31.1 | 1.07 | 5.23 | 33.2 | 49.3 | 48.1
700 114 | 1.33 | 563 | 37.8 |57.5(58.3] 28.4 | 1.17 | 494 | 33.2 | 50.4 | 51.1
1100 | 1.13 | 1.27 | 565 | 38.1 |57.3|57.5] 299 | 1.13 | 5.00 | 33.8 | 50.8 | 50.9
1500 | 1.10 | 1.22 | 5.68 | 39.3 [58.1(58.4] 321 | 1.11 | 5.15 | 35.6 | 52.7 | 53.0
Remediated membrane permselectivity
Pressure Permeance [GPU] R oSelect(l:\él)ty .
kPa | H 2 H2 e
[kPa] | N, | CHy | O, | CO, | Hy | He SN N N N
300 125 | 145 (819 | 458 (988|106 | 31.6 | 1.16 | 6.56 | 36.7 | 79.1 | 84.8
700 121 | 147 | 812 | 475 [958 106 | 324 | 1.22 | 6.73 | 39.4 | 79.4 | 88.2
1100 | 1.21 | 1.48 | 8.09 | 49.9 |96.4| 109 | 336 | 1.23 | 6.70 | 41.3 | 79.9 | 89.9
1500 | 1.19 | 148 | 799 | 52.6 [99.9|108 | 355 | 1.24 | 6.71 | 44.2 | 83.9 | 90.3
% Decrease in permeance due to membrane contamination
Pressure
[kPal] N2 CH, O, CO, H, He
300 163 | 101 | 173 | 181 | 409 | 51.2
700 194 | 105 | 26.3 | 21.2 | 40.3 | 48.1
1100 222 | 137 | 26.4 | 20.8 | 415 | 49.2
1500 244 | 134 | 252 | 21.7 | 42.8 | 49.6

102



% Decrease in permeance of the remediated membrane as com
Pfisss]re N2 | CHy | O, | COp | Hp | He
300 11.0 | -4.05 | -10.3 | 3.60 | -0.85 | 8.47
700 147 | 128 | -6.31 | 0.89 | 0.59 | 5.16
1100 168 | -0.41 | -550 | -3.74 | 162 | 4.08
1500 183 | -4.78 | -5.24 | -4.77 1.71 | 7.09

pared to the pristine membrane

Resistance values [10° s-Pa/mol] of pristine and contaminated membranes to gas permeation

Pressure Pristine Contaminated
[kPa] N, CH, |0O,| CO, | H, | He N, CH, |0,|CO,| H, |He
300 |1.15x10%|1.16x10%(218| 34.0 |16.5]14.0] 1.38x10% | 1.29x10% [263|41.5|28.0 [28.6
700 |1.14x10%|1.09x10%|212| 33.7 |16.8|14.4] 1.42x10%| 1.22x10° |287|42.8|28.1[27.8
1100 |1.12x10%|1.10x10%|211| 33.6 |16.5|14.3]1.43x10% | 1.27x10° |287|42.5(28.2[28.2
1500 |1.11x10%|1.15x10%|213| 32.2 [15.9]14.0] 1.47x10% | 1.32x10% |285|41.2|27.8[27.7
Gas permeance [GPU] of the lubricant layer
Pressure
(kPal N, CH, 0, CO, | H, | He
300 722 | 124 | 356 | 215 | 141 | 110
700 587 | 127 | 214 | 179 | 143 | 121
1100 509 | 933 | 214 | 184 | 138 | 117
1500 452 | 913 | 226 | 181 | 136 | 118
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Module: #8
Dimensions: 6 strands, 6.7cm long
Treatment: Cyclohexane remediation

Pristine membrane permselectivity

Pressure Permeance [GPU] Selectivity
[kPal | N, | CH, | O, | CO, | Hy | He 'COCH%OZ detegdygd
300 140 | 1.27 | 7.38 | 46.8 [93.6| 113 ] 36.8 | 0.91 | 5.29 | 33.6 | 67.1 | 81.2
700 132 | 127 | 763 | 46.2 [99.3| 112 ] 36.4 | 0.97 | 580 | 35.1 | 755 | 85,5
1100 | 1.34 | 1.28 | 7.72 | 454 [99.3| 114 | 355 | 096 | 5.77 | 34.0 | 74.2 | 85.6
1500 | 134 | 1.26 | 7.66 | 454 | 100 | 115] 36.0 | 0.94 | 5.71 | 33.8 | 745 | 85.7
Remediated membrane permselectivity
p Permeance [GPU] Selectivity
ressure
[kPa] | N, | CHy | O, | CO, | Hyp | He 'COCH4CH NZOz NZCO NZHZ NzHe 4
300 136 | 1.44 | 766 | 389 (995111271 | 105|562 | 285 | 73.0 | 81.4
700 134 | 155 [ 786 | 41.0 [99.1| 113 ] 26,5 | 1.15 | 5.86 | 30.5 | 73.9 | 84.2
1100 | 135 | 151 [ 795 | 415 (101|113 275 | 1.12 | 5.87 | 30.7 | 74.3 | 83.6
1500 | 1.37 | 1.50 | 7.97 | 42.3 |98.7| 113 | 28.3 | 1.09 | 5.80 | 30.8 | 71.8 | 82.0

% Decrease in permeance of the remediated membrane as com
Pﬁs;;‘]re Ny | CHy | O, | CO, | Hy | He
300 26.4 | -155 | -6.30 | 15.0 | -8.92 | -0.27
700 272 | -194 | -1.11 | 131 2.16 1.49
1100 225 | -16.6 | -1.67 | 9.66 | -0.07 | 2.29
1500 214 | -159 | -1.53 | 891 | 3.63 | 4.28
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Module: #9
Dimensions: 6 strands, 4.4cm long
Treatment: Cyclohexane remediation

Pristine membrane permselectivity

Pressure Permeance [GPU] Selectivity
[kPal | N, | CH, | O, | CO, | Hy | He 'COCH%OZ detegdygd
300 158 | 1.65 | 786 | 51.2 | 105|115 31.1 | 1.04 | 497 | 32.4 | 66.2 | 72.8
700 156 | 1.56 | 7.60 | 52.7 | 106 | 114 | 33.7 | 1.00 | 4.86 | 33.7 | 67.8 | 73.2
1100 | 157 | 156 | 754 | 525 [ 106 | 117 ] 33.6 | 0.99 | 4.80 | 334 | 675 | 74.1
1500 | 1.62 | 1.55 | 7.53 | 53.5 | 106 | 116 | 34.4 | 0.96 | 4.64 | 33.0 | 65.0 | 71.7

Remediated membrane permselectivity

p Permeance [GPU] Selectivity

ressure
[kPa] | N, | CHy | O, | CO, | Hyp | He 'COCH4CH NZOz NZCO NZHZ NzHe 4
300 148 | 165 | 822 | 58.6 | 106 | 127 | 354 | 1.11 | 555 | 39.5 | 71.7 | 85.9
700 155| 164 | 838 | 60.4 |107 | 131 ] 36.9 | 1.06 | 5.41 | 39.0 | 69.3 | 84.3
1100 | 142 | 164 | 854 | 60.0 | 108 | 127 | 36.7 | 1.15 | 6.03 | 42.3 | 76.3 | 89.3
1500 | 148 | 1.64 | 855 | 62.6 | 109 | 130 | 38.2 | 1.11 | 5.79 | 424 | 74.0 | 88.2

% Decrease in permeance of the remediated membrane as com
Pﬁs;;‘]re Ny | CHy | O | COp | Hy | He
300 -14.1 | -6.94 | -11.6 | -22.0 | -8.26 | -18.1
700 -944 | 575 | -11.4 | -15.7 | -2.24 | -15.1
1100 -9.28 | -15.9 | -25.6 | -26.7 | -13.2 | -20.5
1500 -11.0 | -16.0 | -25.0 | -28.7 | -13.7 | -22.9
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C.3 Raw Permeation Data at Different Operating Temperatures

Module: #1 Dimensions: 8 strands, 7.4cm long Treatment: Lubricant contamination
Pristine membrane; differential pressure held at 500kPa

Operating Barometric Ambient Volume Time Average Flux |Permeance
Gas| Temp. Pressure | Temp.
K] [kPa] K] [mL] [s] [cm3(STP)/cm?:s]| [GPU]
303 103.2 296 0.20 |112.00|113.47|  4.48x10™ 1.19
308 103.1 296 0.20 |90.69 | 91.03 5.56x10™ 1.48
N, 313 102.9 296 0.20 |76.40|74.97 6.66x10™ 1.78
318 102.9 296 0.20 |63.50|63.31 7.94x10™ 2.12
323 102.9 296 0.20 |56.22|56.28 8.96x10™ 2.39
303 102.3 296 0.20 |91.07 | 95.07 5.38x10™ 1.44
308 102.3 296 0.20 |78.50|77.47 6.43x10™ 1.71
CH, 313 102.3 296 0.20 |68.41|68.35 7.33x10™ 1.95
318 102.3 296 0.20 |61.37(61.32 8.17x10™ 2.18
323 102.3 296 0.20 |51.87|51.84 9.66x10™ 2.58
303 100.8 296 1.00 {90.03|90.03 2.74x10° 7.31
308 100.9 296 1.00 |78.84|78.59 3.14x10°° 8.37
0, 313 101.0 296 1.00 |70.62|70.37 3.51x10° 9.35
318 101.1 296 1.00 |61.5862.50 3.99x10° 10.6
323 101.1 296 1.00 |56.22|56.38 4.40x107° 11.7
303 102.8 296 5.00 |86.92|87.19 1.45x1072 38.5
308 102.8 296 5.00 |78.88|79.00 1.59%1072 42,5
CO,l 313 102.8 296 5.00 |71.65]|71.38 1.76x1072 46.9
318 102.7 296 5.00 |69.94|69.62 1.80x107 48.0
323 102.7 296 5.00 |65.69 |65.06 1.92x10% 51.3
303 102.2 296 10.0 |70.56 | 70.25 3.56x107 94.8
308 102.2 296 10.0 |59.38|59.28 4.22x10? 112
H, 313 102.2 296 10.0 |53.97|53.91 4.64x10 124
318 102.3 296 10.0 |50.19 | 49.15 5.04x107 134
323 102.2 296 10.0 |46.3146.94 5.37x107 143
303 100.4 296 10.0 |56.56 | 56.41 4.35x107? 116
308 100.4 296 10.0 |51.31{50.93 4.81x102 128
He 313 100.4 296 10.0 |47.37|46.96 5.21x1072 139
318 100.5 296 10.0 |42.67 |42.53 5.77x10 154
323 100.5 296 10.0 |43.04 |43.28 5.70x10 152
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Contaminated membrane; differential pressure held at 500kPa

Operating | Barometric Ambient Volume Time Average Flux |Permeance
Gas| Temp. Pressure | Temp.
[kPa] [kPa] [K] | [mL] [s] [cm*(STP)/cm?-s]| [GPU]
303 101.3 296 0.10 |84.60 | 83.66 2.95x10™ 0.79
308 101.4 296 0.10 |68.18|67.62 3.66x10™ 0.97
N, 313 101.4 296 0.20 [115.53[114.22|  4.32x10™ 1.15
318 101.5 296 0.20 [104.22{106.09|  4.72x10™ 1.26
323 101.5 296 0.20 |84.53|83.25 5.92x10™ 1.58
303 101.6 296 0.10 |74.12|73.78 3.36x10™ 0.90
308 101.6 296 0.10 |60.97 | 61.06 4.08x10™ 1.09
CH, 313 101.7 296 0.10 |47.06|47.93 5.24x10™ 1.40
318 101.7 296 0.20 [82.9183.32 5.99x10 1.60
323 101.7 296 0.20 |71.03|71.85 6.97x10™ 1.86
303 101.2 296 0.50 |78.85]79.25 1.57x107 4.18
308 101.2 296 0.50 |66.03|65.85 1.88x10° 5.01
0, 313 101.2 296 0.50 |57.50|57.06 2.16x10°° 5.77
318 101.2 296 0.50 |[51.90|51.31 2.40x10°° 6.40
323 101.2 296 0.50 |46.37|46.37 2.67x10° 7.13
303 101.2 296 2.00 |[63.10|62.44 7.90x10°° 21.1
308 101.3 296 2.00 |56.06 |56.28 8.83x10° 23.6
CO,| 313 101.3 296 2.00 |[50.1149.75 9.94x10°° 26.5
318 101.3 296 3.00 |66.97 | 66.03 1.12x1072 29.8
323 101.3 296 3.00 |62.65|62.47 1.19x107 31.7
303 100.8 296 5.00 |89.87|89.47 1.38x10% 36.7
308 100.8 296 5.00 |77.53|76.94 1.60x1072 42.6
H, 313 100.8 296 5.00 |67.37|66.66 1.84x1072 49.1
318 100.7 296 5.00 |[59.09|58.72 2.09x1072 55.8
323 100.7 296 5.00 |53.28|53.24 2.32x107 61.7
303 101.4 296 3.00 |[57.06|66.41 1.21x107 32.2
308 101.3 296 3.00 |48.03|48.15 1.55x1072 41.3
He 313 101.3 296 3.00 |[42.50|42.94 1.74x1072 46.5
318 101.3 296 3.00 |[37.63]37.60 1.98x1072 52.7
323 101.3 296 3.00 |34.3134.25 2.17x107 57.9
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Selectivity of pristine and contaminated membranes

Temp. Pristine Contaminated

[K] ICO CH O, CcO H, He WOH O, cO H, He

CHy N, N, N, N, N, ~CH, N, N, N, Ny N,

303 | 26.8 | 1.20 | 6.12 | 323 | 79.3 | 97.1 | 235 | 1.14 | 531 | 26.8 | 46.7 | 41.1
308 | 248 | 1.16 | 565 | 28.7 | 75.9 | 86.5 | 21.7 | 1.12 | 5.14 | 24.2 | 43.7 | 42.3
313 | 240 | 1.10 | 5.27 | 26.4 | 69.7 | 783 ] 19.0 | 1.21 | 5.00 | 23.0 | 42.6 | 40.3
318 | 22.1 | 1.03 | 5.02 | 22.7 | 635 | 72.7 | 18.7 | 1.27 | 5.08 | 23.7 | 44.3 | 41.9
323 ] 199 | 1.08 | 491 | 215 | 59.9 | 63.7 | 17.1|1.18 | 451 | 20.1 | 39.1 | 36.6
Activation energy of permeation [kJ/mol]
Measurement, N, CH, O, CO, H, He

Pristine 28.4 22.9 19.3 11.3 16.4 11.8
Contaminated| 26.9 30.0 21.4 17.2 21.3 23.2
% Decrease in permeance due to membrane contamination
Temp. [K]| N, CH, 0O, CO, H, He

303 342 | 375 | 428 | 454 | 61.3 | 72.3

308 342 | 365 | 40.1 | 446 | 62.1 | 67.8

313 351 | 285 | 383 | 435 | 60.3 | 66.6

318 405 | 26.7 | 39.8 | 379 | 585 | 65.7

323 33.9 | 278 | 39.2 | 38.1 | 56.9 | 61.9
Resistance values [10™° s-Pa/mol] of pristine and contaminated membranes to gas permeation
Temp. Pristine Contaminated

[K] N | CHy | O | CO; | Hy | He N, CH, | O | CO; | Hy | He
303 | 672 | 560 | 110 | 20.8 | 8.47 | 6.92 [1.02x10% 896 | 192 | 38.2 | 21.9 | 25.0
308 | 542 | 469 | 96.0 | 189 | 7.14 | 6.27 | 824 739 | 160 | 34.1 | 189 | 19.5
313 | 453 | 411 | 85.9 | 17.1 | 6.49 | 5.78 | 697 575 | 139 | 30.3 | 16.4 | 17.3
318 | 379 | 369 | 755 | 16.7 | 598 | 5.22 | 638 503 | 125 | 26.9 | 144 | 15.2
323 | 336 | 312 | 685 | 15.7 | 5.61 | 528 | 509 432 | 113 | 25.3 | 13.0 | 13.9
Gas permeance [GPU] of the lubricant layer
Temp. [K]| N, CH, 0O, CO, H, He

303 230 | 239 | 9.76 | 46.4 | 59.9 | 445

308 285 | 298 | 125 | 52.8 | 68.6 | 60.9

313 329 | 491 | 15.0 | 60.9 | 81.4 | 69.8

318 311 | 599 | 16.1 | 78.8 | 955 | 80.2

323 466 | 6.68 | 18.2 | 83.3 109 | 934
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Module:

#2

Dimensions: 6 strands, 5.2cm long

Treatment:

Pristine membrane permselectivity

Lubricant contamination, solvent exchange remediation

Temp Permeance [GPU] Selectivity

K ICO CH O, (6{0) H, He
[KI'| N, [ CHy | O, | CO, | Hy | He En N N N
303 | 169 | 158 | 9.89 | 445 | 106 | 125 ]| 28.1 | 0.94 | 5.86 | 26.3 | 63.0 | 73.9
308 | 203 | 1.94 |1095| 48.2 | 117 | 137 | 248 | 0.96 | 5.39 | 23.7 | 57.4 | 67.7
313 | 240 | 227 | 122 | 52.1 | 130 | 153 | 23.0 | 0.94 | 5.07 | 21.7 | 54.1 | 63.6
318 | 290 | 272 | 142 | 57.2 | 150 | 164 ] 21.0 | 0.94 | 487 | 19.7 | 51.8 | 56.4
323 | 3.16 | 3.27 | 154 | 62.2 | 164 | 177 | 19.0 | 1.03 | 4.88 | 19.7 | 51.8 | 56.0

Contaminated membrane permselectivity
Temp. Permeance [GPU] R OSEIGCt(I;\gty . .

K | 2 2 e
[KI'| N, [ CHy | O, | CO;, | Hy | He N NN Nl N
303 | 1.19 | 140 | 5.14 | 30.2 | 534 |56.6]| 21.6 | 1.17 | 431 | 25.3 | 448 | 474
308 | 1.38 | 1.41 | 6.21 | 32.3 | 60.2|65.6] 22.8 | 1.02 | 449 | 23.3 | 435 | 474
313 | 164 | 1.82 | 755 | 349 |67.3|725] 19.1 | 1.11 | 461 | 21.3 | 41.1 | 44.3
318 | 196 | 219 | 898 | 37.8 |785(80.1| 17.3 | 1.12 | 458 | 19.3 | 40.0 | 40.8
323 | 223 | 252 | 9.95 | 419 |86.7|89.7]| 166 | 1.13 | 4.46 | 18.8 | 38.8 | 40.2

Remediated membrane permselectivity
Temp. Permeance [GPU] R OSeIectggty . .

K | 2 2 e
[KI'| N, [ CHy | O, | CO;, | Hy | He Enl N N
303 | 1.00 | 1.00 | 456 | 143 |44.7|454] 144 | 099 | 455 | 143 | 446 | 45.2
308 | 115 | 1.26 | 494 | 16.2 |474(498] 129 | 1.10 | 431 | 142 | 41.4 | 435
313 | 137 | 147 | 545 | 173 |50.3|52.7] 11.8 | 1.07 | 3.98 | 12.7 | 36.7 | 38.4
318 | 166 | 1.87 | 6.37 | 195 |521|554] 104 | 1.13 | 3.83 | 11.7 | 31.3 | 33.3
323 | 1.87 | 230 | 6.83 | 20.9 |54.6|59.2] 9.10 | 1.23 | 3.65 | 11.2 | 29.2 | 31.6

Activation energy of permeation [kJ/mol]
Measurement, N, CH, O, CO, H, He

Pristine 26.1 29.2 18.7 13.7 18.1 14.3

Contaminated| 26.4 26.8 28.1 13.2 19.9 18.4
Remediated | 26.1 335 17.6 15.9 8.13 10.4
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% Decrease in permeance due to membrane contamination

Temp.[K] | N, | CHy | O, | CO, | Hp | He
303 294 | 11.6 | 480 | 321 | 49.8 | 54.7
308 318 | 273 | 432 | 330 | 483 | 52.3
313 319 | 197 | 381 | 331 | 482 | 525
318 324 | 195 | 365 | 339 | 47.8 | 51.1
323 295 | 23.0 | 356 | 326 | 47.2 | 49.4

% Decrease in permeance of the remediated membrane as compared to the pristine membrane

Temp.[K] | N; | CHy | O, | CO, | Hy | He

303 40.7 | 369 | 539 | 67.8 | 58.0 | 63.7

308 436 | 350 | 549 | 66.3 | 59.3 | 63.8

313 429 | 352 | 55.3 | 66.7 | 61.3 | 65.5

318 428 | 31.1 | 55.0 | 659 | 653 | 66.1

323 409 | 299 | 558 | 66.4 | 66.7 | 66.6

Resistance values [10° s-Pa/mol] of pristine and contaminated membranes to gas permeation

Pristine Contaminated
N, [CHs| O, |CO,| Hy | He | N |[CH,| O, |CO,| Hy | He

Temp. [K]

303 902 | 964 | 154 | 34.3 |14.3[12.2| 375 | 127 | 142 | 16.2 | 14.2 | 14.7

308 751 785 | 139 | 31.6 |13.111.1] 351 | 295 | 106 | 15.6 | 12.2 |12.1

313 635 | 672 | 125 | 29.3 | 11.7|9.98 | 297 | 165 | 76.9 | 145 | 10.9 | 11.0

318 525 | 561 | 108 | 26.6 | 10.1|9.31| 252 | 135 | 62.0 | 13.7 | 9.27 | 9.73

323 482 | 465 |98.7|24.5(9.30|8.60] 201 | 139 | 54.6 |11.8 |8.29 | 8.40

Gas permeance [GPU] of the lubricant layer

Temp.[K] | N, | CH, | 0, | co; | Hy | He
303 406 | 120 | 107 | 94.1 | 107 | 104
308 435 | 517 | 144 | 977 | 125 | 126
313 513 | 924 | 198 | 105 | 139 | 138
318 605 | 11.3 | 246 | 111 | 164 | 157
323 758 | 109 | 279 | 129 | 184 | 181
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Module:

#4

Dimensions: 6 strands, 6.4cm long
Treatment:

Pristine membrane permselectivity

Solvent exchange remediation

Temp. Permeance [GPU] Selectivity

KI| N, | CHe | O, | CO, | Hy | He 'COCHfH N202 NZCO N2H2 NZHe 4
303 | 1.77 | 212 | 8.46 | 440 | 108 | 118 | 20.8 | 1.19 | 4.77 | 248 | 61.2 | 66.8
308 | 205 | 2.38 | 10.1 | 469 | 118 | 130 | 19.7 | 1.16 | 495 | 229 | 57.5 | 63.5
313 | 245 | 286 | 116 | 51.1 | 131|142} 178 | 1.17 | 4.74 | 20.9 | 53.7 | 57.9
318 | 290 | 3.31 | 134 | 546 | 142 | 153 | 165 | 1.14 | 4.64 | 189 | 49.2 | 53.0
323 | 343 | 3.69 | 141 | 59.2 | 158 | 163 | 16.1 | 1.07 | 410 | 17.2 | 46.0 | 47.6
Remediated membrane permselectivity
Temp. Permeance [GPU] Selectivity

[KI| N, | CHy | O, | CO; | Hy | He 'COCHfH NZOZ NZCO NZHZ NZHe 9
303 | 151 | 140 | 6.73 | 320 |57.7|565] 229 | 0.92 | 445 | 21.1 | 38.2 | 37.3
308 | 1.76 | 1.78 | 7.66 | 352 |64.3|62.3| 19.8 | 1.01 | 436 | 20.1 | 36.6 | 355
313 | 1.97 | 191 | 863 | 36.4 | 710|685 19.0 | 0.97 | 438 | 185 | 36.0 | 34.8
318 | 230 | 2.33 | 959 | 396 |79.0|75.7| 17.0 | 1.01 | 417 | 17.2 | 344 | 33.0
323 | 256 | 2.78 | 10.7 | 419 |90.3|82.0| 15.1 | 1.08 | 4.16 | 16.4 | 35.2 | 32.0
Activation energy of permeation [kJ/mol]
Measurement, N, CH, O, CO, H, He

Pristine 27.2 23.5 20.9 12.12 15.3 13.2
Remediated | 21.6 26.8 18.7 10.64 17.9 15.3
% Decrease in permeance of the remediated membrane as compared to the pristine membrane
Temp. [K] | N | CHy | O, | CO; | H, He

303 147 | 340 | 205 | 273 | 46.8 | 52.3

308 142 | 255 | 244 | 249 | 454 | 52.1

313 195 | 33.1 | 25.7 | 28.7 | 46.0 | 51.7

318 206 | 298 | 28.6 | 27.6 | 445 | 50.6

323 254 | 247 | 242 | 29.1 | 428 | 49.8
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Module:

#6

Dimensions: 6 strands, 5.1cm long
Treatment:

Pristine membrane permselectivity

Lubricant contamination, cyclohexane remediation

Temp Permeance [GPU] Selectivity

K IO, |CHy 10, ~|CO,H, ~|He
[KI'| N, | CH, | O, | CO, | H; | He En N N N
303 | 148 | 145 | 9.13 | 483 | 102 | 118 | 33.2 | 0.98 | 6.18 | 32.7 | 68.9 | 79.5
308 | 1.74 | 1.70 | 10.2 | 515 | 110 {131 ]| 30.2 | 0.98 | 5.86 | 29.7 | 63.4 | 75.2
313 | 213 | 216 | 115 | 56.2 | 125 (153 | 26.1 | 1.01 | 539 | 26.3 | 58.8 | 71.6
318 | 243 | 2.70 | 12.7 | 625 | 146 | 164 | 23.1 | 1.11 | 5.22 | 25.7 | 60.0 | 67.5
323 | 281 | 3.01 | 140 | 640 | 156 [ 160 | 21.2 | 1.07 | 499 | 22.7 | 55.6 | 56.8
Contaminated membrane permselectivity
Temp. Permeance [GPU] R OSEIGCt(I;\gty . .

K | 2 2 €
[KI'| N, [ CHy | O, | CO;, | Hy | He En N N N
303 | 083 | 111 | 515 | 222 |53.2(546] 20.1 | 1.33 | 6.20 | 26.8 | 64.0 | 65.6
308 | 1.07 | 143 | 6.24 | 28.2 |59.7(62.1] 198 | 1.34 | 5.84 | 26.4 | 55.9 | 58.2
313 | 137 | 1.76 | 768 | 308 |66.4 (701 175 | 1.28 | 559 | 224 | 483 | 51.0
318 | 166 | 220 | 865 | 358 |751(79.6] 16.3 | 1.33 | 5.22 | 216 | 45.3 | 48.0
323 | 187 | 249 | 935 | 365 |798(81.7] 146 | 1.34 | 5.01 | 196 | 42.8 | 43.8
Remediated membrane permselectivity
Temp. Permeance [GPU] Selectivity

K ICO CH O, CO H, He
[KI'] N, | CHs | O, | CO; | Hy | He Eal N N
303 | 153 | 166 | 929 | 464 | 108 | 111 | 28.0 | 1.09 | 6.09 | 304 | 709 | 72.8
308 | 191 | 239 | 104 | 510 | 124 | 128 | 21.3 | 1.25 | 544 | 26.7 | 649 | 67.1
313 | 221 | 253 | 116 | 556 | 136 [ 140 | 22.0 | 1.15 | 5.26 | 25.2 | 61.6 | 63.5
318 264 | 274 | 136 | 59.7 | 151 | 155 21.8 | 1.04 | 5.15 | 22.6 | 57.1 | 585
323 | 309 | 336 | 147 | 634 | 162 [ 165 189 | 1.09 | 4.77 | 205 | 52.3 | 535
Activation energy of permeation [kJ/mol]
Measurement, N, CH, O, CO, H, He

Pristine 26.4 31.2 17.6 12.32 18.6 13.7
Contaminated| 33.6 34.2 25.0 19.8 17.0 17.0

Remediated 28.3 26.7 19.4 12.7 16.5 16.1
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% Decrease in permeance due to membrane contamination

Temp.[K] | N, | CHy | O, | CO, | Hp | He
303 438 | 240 | 436 | 539 | 47.7 | 536
308 38.6 | 16.25 | 38.7 | 452 | 458 | 525
313 356 | 183 | 332 | 452 | 47.0 | 54.1
318 318 | 187 | 318 | 428 | 485 | 515
323 337 | 172 | 333 | 429 | 49.0 | 488

% Decrease in permeance of the remediated membrane as com

pared to the pristine membrane

Temp. [K] N, CHs | O, | CO, | H, He
303 -3.23 | -14.2 | -1.74 | 3.80 | -6.36 | 5.46
308 -9.78 | -40.3 | -1.88 | 0.99 | -12.5 | 2.05
313 -3.39 | -17.2 | -0.87 | 1.00 | -8.34 | 8.30
318 -8.76 | -1.47 | -7.27 | 4.46 | -3.35 | 5.76
323 -9.86 | -11.5 | -494 | 0.88 | -3.36 | -3.65
Resistance values [1010 s-Pa/mol] of pristine and contaminated membranes to gas permeation
Temp. [K] Pristine Contaminated
N, CHs | O, |[CO3| Hy | He | Ny |[CHy| Oy | CO, | Hy | He
303  |1.05x10%1.07x10° 170 | 32.2 | 15.3|13.2| 819 | 337 | 132 | 37.7 | 13.9 |15.3
308 895 912 153 ({30.2 114.1111.9) 562 | 177 | 96.5| 249 | 11.9 (13.1
313 729 721 | 135|27.7 [12.4(10.2| 403 | 162 | 67.2 | 22.9 | 11.0 |12.0
318 640 575 | 123 |24.9(10.7(9.48]| 298 | 133 |57.1| 18.6 | 10.0 |10.1
323 553 516 | 111 |24.3|9.94(9.74| 281 | 107 | 55.4| 18.2 | 9.53 [9.29
Gas permeance [GPU] of the lubricant layer
Temp. [K] N, CH, 0O, CO; | Hy | He
303 190 | 462 | 118 | 41.2 | 112 | 102
308 277 | 878 | 16.1 | 624 | 130 | 118
313 3.86 | 962 | 23.1 | 68.0 | 141 | 130
318 522 | 11.7 | 272 | 83.6 | 155 | 155
323 554 | 145 | 28.1 | 852 | 163 | 167
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Module:

#8

Dimensions: 6 strands, 6.7cm long

Treatment:

Pristine membrane permselectivity

Cyclohexane remediation

114

Temp. Permeance [GPU] Selectivity

KI| N, | CHe | O, | CO, | Hy | He 'COCHfH N202 NZCO N2H2 NZHe 4
303 | 1.78 | 1.62 | 935 | 38.6 | 109 | 123 | 23.8 | 0.91 | 5.25 | 21.7 | 61.4 | 69.0
308 | 2.01 | 2.00 | 105 | 42.0 | 117 | 133 | 21.0 | 1.00 | 5.19 | 20.9 | 58.1 | 65.9
313 | 225 | 227 | 11.2 | 446 | 131 | 140 | 196 | 1.01 | 496 | 19.8 | 58.4 | 62.5
318 | 271 | 273 | 125 | 49.0 | 142 | 143} 179 | 1.01 | 460 | 18.1 | 52.3 | 52.8
323 | 294 | 319 | 136 | 523 | 148 | 172 | 16.4 | 1.08 | 4.62 | 17.8 | 50.4 | 58.4
Remediated membrane permselectivity
Temp. Permeance [GPU] Selectivity

[KI| N, | CHy | O, | CO; | Hy | He 'COCHfH NZOZ NZCO NZHZ NZHe 9
303 | 1.69 | 2.02 | 8.08 | 42.0 | 104 | 113 | 20.8 | 1.19 | 4.77 | 248 | 61.2 | 66.8
308 | 1.96 | 2.28 | 9.68 | 448 | 112 | 124 | 19.7 | 1.16 | 4.95 | 22.9 | 57.5 | 63.5
313 | 234 | 274 | 11.1 | 488 | 126 | 135 17.8 | 1.17 | 4.74 | 20.9 | 53.7 | 57.9
318 | 2.77 | 3.17 | 128 | 522 | 136 | 147 | 165 | 1.14 | 4.64 | 189 | 49.2 | 53.0
323 | 3.28 | 352 | 134 | 56,5 | 150 | 156 | 16.1 | 1.07 | 4.10 | 17.2 | 45.7 | 47.6
Activation energy of permeation [kJ/mol]
Measurement, N, CH, O, CO, H, He

Pristine 20.9 27.1 15.3 12.6 13.0 12.3

Remediated | 27.2 23.5 21.2 12.1 15.2 13.2
% Decrease in permeance of the remediated membrane as compared to the pristine membrane
Temp. [K] | N, | CHy | O, | CO; | H, He

303 498 | -24.7 | 136 | -8.75 | 520 | 8.08

308 2.86 | -135 | 7.42 | -6.63 | 3.95 | 6.41

313 -4.10 | -20.3 | 0.55 | -9.47 | 4.26 | 3.59

318 -2.16 | -15.8 | -3.07 | -6.61 | 3.95 | -2.59

323 -11.6 | -10.4 | 1.07 | -8.07 | -1.37 | 9.08
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