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Abstract

The objective of this research was to develop new molecular sieve materials and to study
their applications in membrane as well as adsorptive gas separation processes.

Membrane based processes have the potential to surpass the limitations of conventional
gas separation techniques such as energy intensiveness, environmental concerns and
possibly affordability. Natural zeolite membranes have recently been shown to
demonstrate potential in separation of H, from H,/CO, mixtures or Hy/light hydrocarbon
mixtures and can be utilized to develop high performance molecular sieve membranes
with advanced separation characteristics. In the previous work of this research team, disk
membranes produced from dense natural clinoptilolite zeolite rocks showed high
performance in gas separation. In this work, membranes from natural clinoptilolite
powders are designed, studied and scaled up in disk and tubular configurations for gas
separation applications. The membranes’ permeation, separation performance and
separation mechanisms were evaluated using different characterization methods and tests
at several operating conditions.

The results showed that natural zeolite membranes such as compact disk or coated
stainless steel tubular ones, have great potential for large-scale gas separation at high
temperature and pressures. To evaluate the potential of membranes in industrial
applications, single versus multi-component gas permeance was compared and discussed.
In another study, a new adsorbent for the adsorptive separation of ethylene from ethane
as one of the most energy intensive separations was created by incrementally changing
the pore size of clinoptilolite. The structure of a naturally occurring clinoptilolite was

modified through ammonium exchange, calcination, and post-calcinations steam
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treatment. The results demonstrated the potential to use steamed clinoptilolite and to
increase the efficiency of the adsorptive separation of ethane/ethylene.

Results of this work suggest that natural zeolites can be employed as high performance
membranes and be modified as unique adsorbents for enhanced gas separation purposes.
With further research, natural zeolites can be developed into economically viable

membranes and adsorbents for several industrial applications.
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Chapter one

Introduction to Zeolites Molecular Sieves



1.1 Zeolites Molecular Sieves

Zeolite molecular sieves are microporous crystalline metal oxides that offer a unique
arrangement for separating molecules according to their shape and size [1]. Zeolites are
synthetic or natural crystalline aluminosilicates with three-dimensional framework
structures and uniform pore sizes. Molecular sieve zeolites have been commercially
utilized in several processes as catalysts, adsorbents, ion-exchange and purification
agents. Classical zeolites and mixed coordination materials also identified as inorganic
crystalline molecular sieves have broad industrial applications.

Classical zeolites’ structures are four coordinated aluminum and silicon chains in the
form of AlO4 and SiOj tetrahedral units. Silica units are not charged and one negative
charge is associated with aluminum units to sustain electron neutrality. The most
recognized examples of commercial zeolites are: zeolite A, zeolite X and zeolite Y [2] .
Originally the majority of zeolites were natural minerals and were formed when volcanic
rocks and residues reacted with alkaline ground water or in particular post-depositional
conditions for the duration of thousands to millions of years in low marine basins [3],[4].
Examples of natural zeolites are clinoptilolite, chabazite, mordenite, erionite, ferrierite
and phillipsite, among them clinoptilolite and chabazite and are largely in use for
industrial gas separation [5]. High thermal stability, abundance, and low price of the raw
material, outweigh some features of natural zeolites such as non-uniformity and low
purity. Adsorptive and transport properties in zeolites can be modified by ion exchange,
structural changes or thermal treatment to enhance their separation potentials [6].

The micro-porous frameworks in mixed coordination molecular sieves have

interconnected octahedra and tetrahedra. They also have rings of 4-coordinated


http://en.wikipedia.org/wiki/Alkaline

tetrahedral silicon atoms connected to parallel chains of 6-coordinated octahedral
titanium atoms. While silica units are not charged, titanium chains are associated with

the “-2” structural charge. One of the distinguished examples of mixed coordination
molecular sieves is the Engelhard Titanium Silicate (ETS-4, ETS-10) [7].

The pore space in zeolites is in the range of 0.3 nm to 1.0 nm which is comparable with
the kinetic diameter of gas molecules. This characteristic makes zeolite materials
potential candidates in gas separations based on differences in molecular kinetic diameter
which is identified as the restrictive cross sectional molecular dimension. Table 1-1

summarizes kinetic diameter for some of the gases used in this study.

Table 1-1. Kinetic Diameter of some gases molecules [2],[8],[9]

Kinetic Diameter

Gas

(nm)
Helium (He) 0.26
Hydrogen (H») 0.28
Nitrogen (N») 0.36
Oxygen (O3) 0.34
Methane (CH4) 0.38
Ethane (C,Hg) 0.41
Ethylene (C;Hy) 0.44
n-butane (n-C4H,0) 0.43
Carbon dioxide (CO,) 0.33

The steric effect originates from the molecular sieving characteristic of zeolites
according to the uniform pore size in crystalline structure. Molecular exclusion is based

on the diversity in molecular pore size. Only suitably shaped molecules can diffuse into



the adsorbent while other molecules are entirely excluded. Titanosilicate ETS-4 with a
typical pore size in the range of 3-5A that can be tailored to exclude methane with a

kinetic diameter of 3.8 A from nitrogen with a kinetic diameter of 3.6 A [10] .

1.2 Natural Zeolites

Zeolites have been known for over two centuries and initially their properties were not
considered as unique ones. Commercial applications of natural zeolites are relatively
recent and have received increasing research interest over the past decades. Current
categorization and application of natural zeolite crystals have become an interdisciplinary
study that involves physics, chemistry, petrology, geology and engineering [4]. The

common natural zeolite frameworks’ formula is as follows [4]:
(Li+, Na+, K+)a (Mg++, Ca++, SI‘++, Ba++)d [Al(a+2d)Sin-(a+2d)02n]-m HZO

The component of the formula in square brackets represents the tetrahedral framework of
the zeolite with a negative structural charge [4]. Transferable cations are critical to
balance the structure with negative charge. Cations in the above formula, split by
commas in round brackets, show that they are transferable with one another [4]. A
monovalent cation may exchange with another monovalent cation and the same approach
applies for divalent cations. A single monovalent cation cannot substitute a single
divalent one. Keeping charge neutrality requires two monovalent cations to substitute a
single divalent cation. The compositions of naturally occurring zeolites vary extensively
with the primary constraint of Si > Al, as it is possible to replace only each second silica

with aluminum in the tetrahedral framework [2].



1.2.1 Clinoptilolite and Heulandite

The heulandite framework (HEU) is considered as one the most common naturally
occurring zeolitic frameworks [10], [12]. The HEU framework has parallel 8- and 10-
member rings with a cross channel that contains 8-member ring [13],[14]. The parallel 8-
and 10- member rings have pore diameters of 4.1-4.7 A and 4.4-7.2 A respectively [13].
The 8 member-ring cross channel has a pore diameter of 4.0-5.5 A [13]. Synthesizing
HEU materials in the laboratory is technically challenging, therefore, less pure and as a
result less expensive natural materials are used more commonly [14], [15]. Clinoptilolite
is a natural zeolites from the heulandite category [16]. Clinoptilolite and heulandites,
both share the HEU structural framework. In 1822, HEU was called after H. Heuland, the
English mineralogist [4]. Clinoptilolite was known more than a century after heulandites
in 1932 [17]. It was given the name “clinoptilolite” thanks to its distinguishing inclined
edges and similarity to mordenite [17]. Currently, both heulandite and clinoptilite have
industrial applications because of their low price and abundance while they still propose
the unique features of zeolitic materials [4,11,17]. The formulas for clinoptilolite and

heulandite are as follows [13]:

Heulandite: (Na", K"); (Ca")4 [AloSiz;072] 24H,0

Clinoptilolite: (Na", K"s [AlgSiz0072].20 H2O

One approach to distinguish different types of zeolites such as clinoptilolite and
heulandites is comparison of the cationic content [18]. Yet this measure is not necessarily
valid when clinoptilolite and heulandite change into one another through different

processes such as ion exchange. The Structural Commission of the International Zeolite



Association (IZA) assigns the HEU code to both of the clinoptilolite and heulandite
framework structures, however heulandite acquired the HEU code earlier than
clinoptilolite as it was found first [8].

Both Heulandite and clinoptilolite share the same HEU framework. IZA defines zeolite
structures as clinoptilolite when the Si/Al ratio is larger than 4, and as heulandites when
this ratio is less than 4 [8]. Clinoptilolite framework structure has a 2-dimensional system
of intersecting channels that are 8- or 10- member rings [A (c-axis, 4.4 x 7.2A), B (c-
axis, 4.7 x 4.1A) and C (a-axis, 5.5x4.0A)] [2]. Figure 1-1 shows the HEU unit cell

structure.

Figure 1-1. Unit cell structure of the HEU framework (Viewed alongside [001])

[Database of Zeolite Structures: america.iza-structure.org/[ZA-SC]



1.3 Synthetic Zeolites

Zeolite A is believed to be the first synthetic zeolite that was formed in corrosive
conditions through gradual crystallisation of silica-alumina gel. Zeolite A was first
announced as a synthetic zeolite in 1948 by Milton [19].

Since 1948, more than 100 synthetic zeolites have been developed for many of which
there is no natural comparable zeolite. Crystal sizes of synthetic zeolite are most likely
smaller than their natural comparables, however there are more pure and uniform, making
them unique candidates as catalysts or as adsorbents [1, 2, 19]. Synthesis processes in
zeolites are described in detail by Cundy [1].

Natural or synthetic zeolites are employed commercially in catalytic reactions,
adsorption, ion exchange and membrane separation applications [19].

This work focuses on developing novel molecular sieve materials and applying them in
adsorptive gas separation in particular for energy intensive separations such as ethane and
ethylene as well as developing inorganic ceramic membranes for gas separation
processes. Chapter two reviews the fundamentals of adsorption and adsorptive gas
separation processes. Chapter three describes the kinetic separation of ethylene and
ethane and introduces a novel adsorbent for exclusive separation of ethane and ethylene.
After reviewing membranes and fundamentals of gas separation in membranes in chapter
four, chapters five to seven focus on coated composite zeolite membranes in different
configurations such as disk or tubular in addition to single against multi-component gas
separation mechanisms in membranes. Finally, the dissertation is finished with chapter
eight, which highlights the key outcomes of this research program and recommends the

potential future work.
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Chapter Two

Fundamentals of adsorption and adsorptive gas

separation processes
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2.1 The Theory of Adsorption

Adsorption is an impulsive thermodynamic process taking place when liquid or gas
molecules build up on the surface of a solid adsorbent and form a film of atoms or
molecules identified as adsorbate. In gas adsorption process on porous materials such as
zeolite molecular sieves, the gas phase is essentially concentrated in the interior channels
of the porous framework where surface adsorption may also happen.

Adsorption that is associated with the diffusion of a substance into the solid materials is a
result of surface energy and is different from absorption. In adsorption, a gas molecule
close to a solid surface experiences low potential energy as a consequence of interaction
with atoms or molecules in the solid phase. As a result, the gas molecules have a
tendency to concentrate in solid region where the molecular density in the area of the
surface is significantly larger than the gas phase [1], [2].

The effectiveness of the surface forces depends on the nature of the adsorbate and the
adsorbent. If the forces are comparatively weak (only Van der Waals interactions)
complemented with polar or quadrupolar groups by electrostatic forces (e.g. dipole or
quadrupole interactions, etc), it is recognized as physical adsorption [1]. If the interaction
forces are strong and involve a major extent of electron transfer, it is recognized as
chemical adsorption which is restricted to a monolayer, while in physical adsorption,
multiple molecular layers can also be formed [2].

Gas adsorption is commonly used in chemical processing applications for gas separation
and purification. Examples of solid adsorbents in adsorptive gas separation are activated

carbons, zeolite molecular sieves, activated alumina, silica gels, and synthetic resins.
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2.2 Fundamental Mechanisms of Gas Separation

Adsorptive separation of gas mixtures on porous solids such as zeolites is mainly by one
of the below major separation mechanisms or a combination of some of them [4], [5]:

e Equilibrium Separation

e Steric Separation

e Kinetic Separation

2.2.1 Equilibrium Separation

Equilibrium separation is the most common mechanism of adsorptive gas separation. It is
based on the differences in the interaction between the competitive adsorbates and the
adsorbent controlled by thermodynamics and electrostatics laws.

Equilibrium selectivity and capacity are the key features associated with equilibrium
separation. While the equilibrium selectivity is the separation factor at equilibrium
conditions, the capacity of the adsorbent depends on two corresponding factors of surface
area and porosity.

An example of equilibrium separation is oxygen production from air by means of Li-LSX
zeolite [6] . Li-LSX with considerably higher affinity for nitrogen than oxygen separates

a pure flow of oxygen when air passes through the zeolite bed as adsorbent.

2.2.2 Kinetic Separation

Kinetic separation is based on the difference in the adsorption rate than equilibrium
affinities when one adsorbate group adsorbs quicker than the competitors. The rate of
physical adsorption is typically controlled by diffusion restrictions rather than the real

rate of equilibration on a surface. Therefore, many equilibrium gas separation processes
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are not exclusively equilibrium-based but include a kinetic component associated with
mass transfer which is known as “quasi-equilibrium” [7], [8].

Carbon molecular sieves (CMS) correspond to a class of adsorbents that separate
molecular groups through the kinetic phenomenon. Kinetic separation is achievable with
CMS since it has a range of pore sizes. Such a distribution of pores allows different gases
to diffuse at different rates while completely avoiding exclusion of other gases in the
mixture. Another example of kinetic separation using carbon molecular sieves is the
production of nitrogen from air. The diffusion of oxygen is 30 times faster than nitrogen
diffusion in CMS even if the capacity of CMS is comparatively no more than just a
fraction of most zeolites. It might appear more reasonable to use CMS for the production

of nitrogen from air [9],[10].

2.2.3 Steric Separation

The steric effect is based on the theory that only suitably oriented and small molecules
can diffuse into the pores of the adsorbent, whereas other molecules, either because of
size or geometry are entirely excluded. Steric separation is originated from the molecular
sieving property of zeolites. This is a feature of zeolitic adsorbents since these materials
are crystalline and the size of the micropores are determined by the crystal structure.
Control of pore size in zeolites can be achieved through cation-exchange method [11],
framework anion replacement [12] or structural contraction through de-alumination and

steaming processes [13].

2.3 Adsorptive Gas Separation Processes

Adsorptive gas separation processes are classified by their method of regeneration
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process. Pressure swing adsorption (PSA) and temperature swing adsorption (TSA) are
the more commonly employed processes for gas separation. However, other processes
employ purge swing cycles or reactive sorption. Most adsorptive processes use fixed beds

while some utilize moving fluidized beds or rotary wheels [14].

2.3.1 Adsorbent Design

Adsorbent in adsorptive gas separation processes offers a particular surface for the
selective adsorption of specific gas molecules [10]. A high selectivity is the principal
requirement, while a high capacity is also essential to conclude the size of the adsorbent
bed and the regeneration process. Since the overall performance of an adsorptive gas
separation process depends on both equilibrium and kinetic factors, adsorbent design
ought to consider equilibrium properties such as selectivity and capacity as well as the

diffusion rates.

2.3.2 Pressure Swing Adsorption

As thermodynamics favor adsorption at higher operating pressures, a pressure swing
adsorption cycle is one in which desorption takes place at a pressure much lower than
adsorption cycle. Its primary application is for mass separations where contaminants are
present at high concentrations. Systems with weakly adsorbed groups are particularly
suitable for PSA cycles. Examples of PSA separation are air separation and upgrading of
fuel gases.

Pressure swing adsorption (shown in Figure 2.1) can be further categorized into three
categories: classical PSA, vacuum swing adsorption (VSA), and vacuum-pressure swing
adsorption (VPSA). The main distinction between these three processes is the operating

pressure choice. A classical PSA cycle swings between a high super-atmospheric (e.g.
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above 1 atm) and a lower super-atmospheric pressure. A VSA cycle swings from a super-
atmospheric pressure to a sub-atmospheric (e.g. below 1 atm) pressure. VPSA cycles
swing quickly and immediately above and below atmospheric pressure, as a result, it is

the most efficient of all the above mentioned PSA categories.
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Figure 2-1. Schematic picture of a pressure swing adsorption cycle [2].

2.3.3 Temperature Swing Adsorption
As thermodynamics favor adsorption at lower operating temperatures, a temperature

swing adsorption cycle is a process in which desorption takes place at a temperature
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much higher than adsorption. Its main application is for separation at low concentrations
(trace-separation) where low concentration of contaminants exists. Systems with
strongly-adsorbed groups are particularly suitable for TSA cycles. The applications of
TSA (shown in Figure 2-2) separation include sweetening, desiccation, pollution control

and carbon dioxide removal [14].
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Figure 2-2. Schematic picture of a temperature swing adsorption cycle [2].

2.4 Henry’s Law

The adsorbed layer at the surface of adsorbents thermodynamically might be considered

as an individual phase. Equilibrium with the nearby gas or liquid is described by the laws

17



of thermodynamics. Physical adsorption in the gas phase is an exothermic in which
equilibrium favors adsorption at low temperatures and desorption at high temperatures.
At adequately low pressures, the equilibrium typically approaches a liner trend known as
the Henry’s law [15]:

v =KP (D

Where the proportionality constant (K) is the Henry’s law constant and it decreases with
rising temperature. The temperature reliance of the Henry’s law constant can be

described in terms of the Van’t Hoff formula[15]:
- _AH
K=A.exp ( RT) (2)

Where A is the pre-exponential factor, AH is the heat of adsorption, R is the gas constant,

and T is the absolute temperature.

2.5 Selectivity

The separation factor or selectivity in adsorptive gas separation is described as
adsorbent’s preference to the completing the adsorbates. The limiting selectivity (o) or
selectivity of gas A over gas B in the Henry’s law region, is identified as the ratio of the

Henry’s law constants of gas A and gas B:

K
0(A/B) = K—: 3)

2.6 Heat of Adsorption

Physical adsorption processes are in nature exothermic, as the entropy change (AS) and
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the free energy change (AG) are both negative for the duration of the adsorption process.
Therefore, thermodynamics would require the enthalpy change (AH), or the heat of
adsorption to be negative or exothermic.

The isosteric heat of adsorption, 8H;y,, is determined from the slope of the adsorption

isostere which is a constant adsorbate loading on the graph of In P vs. 1/T by Clausius-

Clapeyron equation [15]:

dlnP 0Hso
a® > R 4)

Where, R is the gas constant, P is the adsorbate absolute pressure, and T is the absolute

temperature.

2.7 Conclusion

Performance of an adsorptive gas separation process depends on material development as
the separating agent and adsorption operating conditions that determines the mechanism.
Development of new microporous materials is crucial to the chemical processing
industry, energy intensive gas separations and the innovation of next-generation

adsorptive gas separation applications.
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Chapter Three

Manipulation of the Pore Size of Clinoptilolite for the

Separation of Ethane from Ethylene

This chapter has been published in Chemical Engineering Science Journal, 2015 138, 658- 688
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3.1 Summary

Naturally occurring zeolites are uniquely useful for small molecule separations due to the
effective size of their pores. While the crystal structure of clinoptilolite has large 12-ring
pores, the effective pore size of the zeolite excludes molecules larger than ~ 0.4 nm. In
this work, the structure of a naturally occurring clinoptilolite was modified through
ammonium exchange, calcinations, and post-exchange steam treatment. The ammonium
exchange removed some fraction of structural cations, which caused the framework to
expand, while steam treatment at 600 °C caused a contraction in the structure. The
effective pore size of the modified clinoptilolite allowed it to adsorb ethylene and exclude
ethane in a dynamic adsorption experiment. By incrementally changing the pore size of
clinoptilolite, a new rate-based adsorbent for the adsorptive separation of ethylene from

ethane was created.

3.2 Introduction

The separation of ethylene from ethane is carried out on a large scale commercially
through cryogenic distillation process. However, for ethane/ethylene separation this
process is energy intensive because their boiling points are close (ethane: -89 °C and
ethylene: -103.7 °C). In a typical ethylene production plant, a large number of distillation
stages and a high reflux ratio are required in order to achieve polymer-grade products,
and the process must be operated at low temperatures and high pressures. For example,
ethane/ethylene separation is typically performed at —25 °C and 23 bar in a distillation
column with over 100 trays [1]. The cracking equipment represents only about 25% of

the cost of the process, while remaining 75% is associated with the compression, heating,
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dehydration, recovery and refrigeration systems [2]. For the purification of light gases
with a relatively low volatility difference, separation by adsorption rather than by
distillation can be more energy efficient which is becoming more essential with the rising
cost of energy [3], [4].

With increasing global demand for polymers, an increased focus in the production of
ethylene is anticipated [5-8] which places further emphasis on decreasing the energy
required to produce chemicals. Adsorptive separation using molecular sieves is attractive
because it reduces the compression requirements of the process. However, to create an
acceptable replacement for distillation the primary difficulty associated with using
molecular sieves is their limited selectivity toward ethylene. Low selectivity for the
ethylene will negatively affect the purity and recovery of ethylene from the process.
Conventional molecular sieves such as NaX and CaX show a preference for ethylene
compared to ethane. However, the selectivity was not high enough to produce high purity
ethylene without introducing process complexity and product recycle into the separation
process [9], [10] . Other zeolites such as 4A and SA were also examined. In experimental
and modeling study by Mofarahi et al. (2012), zeolite SA was used for ethylene/ethane
separation in pressure swing adsorption processes. The lower the temperature for
ethylene composition at a specified pressure, the greater was the ethylene separation by
zeolite SA. This zeolite offered good selectivity up to 50 °C [12], [13]. Romero-Perez et
al. (2010) studied kinetic and equilibrium adsorption of CO,, C,Hs4 and C,Hg on zeolite
4A and showed that the gases could be adsorbed reversibly. Unlike CO,, the adsorption
rate of C,Hs and C,Hg increased with increasing temperature indicating activated

diffusion as the rate-controlling process [14]. In the above studies, by using zeolites
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(zeolite A), exchanged with divalent cations (calcium) improvements in separation of
ethylene from ethane or methane were observed over a wide range of temperatures. The
strength of the interaction between the divalent cations in 5A and CaX zeolites and the
ethylene double bond was responsible for the stronger selectivity of SA and CaX zeolites.
To improve the zeolites’ selectivity toward ethylene the influence of transition metals
was explored. The double bond of the olefin can form n-complexes with some transition
metals and a difference in adsorption affinity between olefin and paraffin can be achieved
[15]. In a study by Miltenburg et al. (2006), NaX crystals with a Si/Al ratio of 1.3 were
modified by dispersing CuCl into large NaX crystals. According to single component
isotherms of ethane and ethylene on CuCl/NaX, CuCl containing adsorbents are highly
selective to the olefin. This strong affinity is completely associated with the n-complex
formation of ethylene with Cu” in CuCl and allows a more sustainable process [9] .
However, while adsorbents based on Cu (I) are appealing because of their high capacity
and specificity toward ethylene, their chemical reactivity toward acetylene component
present in trace amounts in a cracked ethane stream makes them impractical to see

commercial adoption due to the safety risks [16], [17].
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Natural zeolites such as clinoptilolite, chabazite (CHA) or mordenite (MOR) are
promising candidates for the separation of ethane from ethylene because their pore size is
much smaller than their framework would suggest. For example, while the heulandite
framework (HEU) has 12-membered rings, its effective pore size for naturally occurring
material is less than 0.4 nm [18]. Clinoptilolite shares the heulandite framework but
differs chemically by virtue of its higher Si/A1 ratio [19] which imparts a higher degree
of thermal and hydrothermal stability to the framework. Having unique small pore
structure along with chemical composition, clinoptilolite appears to be one of the most
favourable zeolites for gas separations, followed by chabazite and mordenite [20-24].

The pore size of clinoptilolite is comparable to the molecular diameter of a range of small
gases, which allows it to act as a “kinetic” molecular sieve and discriminate against
molecules based on their size and relative diffusion rates into the framework. Natural
zeolites such as clinoptilolite have demonstrated unique performance in commercial
kinetic gas separations including O, production from air as well as removal of trace levels
of N,O from air. For application of natural zeolites in air separations, natural zeolites
underperformed synthetic zeolites, while clinoptilolite and chabazite outperformed
commercially available synthetics in N,O removal from air [25]. The purification of
natural gas landfill gas and coal gas are kinetic bulk separation applications for natural
zeolites. Clinoptilolite allows smaller molecules such as H,, CO, and N, to diffuse in
quickly while hindering the diffusion of slightly larger molecules such as methane,
ethane or ethylene [25- 28].

As the pore size of clinoptilolite is too small to accommodate either ethane or ethylene, if

the pore size of clinoptilolite could be modified to discriminate ethane and ethylene, then
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the selectivity would be greater than conventional zeolites without carrying the risks of
introducing transition metals into a reactive hydrocarbon stream. This approach is used in
this work to modify the pore size of clinoptilolite was to first ammonium exchanging the
sieve, calcine the NH4-clinoptilolite, and finally steam the zeolite over a range of
temperatures to selectively etch out the aluminum. The steaming treatment affects the
extent of dealumination and the Si(nAl) units in a tetrahedral aluminosilicate lattice
[29],[30], which alters the framework dimensions. Steaming of the structure, de-
aluminates and increases the ratio of Si/Al and as a result a more stable framework was
obtained [31] . Ammonium exchange, calcination and steaming were the steps taken to
enrich the structure with silica. As AI-O bond is slightly larger than the Si—O bond, by
de-alumination contraction of the structure and reduction of the unit cell constants of the
lattice is expected to occur [32-37]. Because the pore size of clinoptilolite is so close to
the molecular diameter of small hydrocarbons, a small change in zeolite framework due
to dealumination may cause a significant change in the adsorption characteristics of the

sieve.
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3.3 Materials and Methods

Naturally occurring clinoptilolite was supplied by St. Cloud Mining Company (USA,
New Mexico) with the Si/Al molar ratio of 4.13. There are impurities such as quartz in
most of the clinoptilolite deposits. These factors reduce the uptake of ions such as
ammonium onto natural clinoptilolite [38]. However, based on the supplier's
characterization report, the clinoptilolite in this work is of high purity having more than
99 % clinoptilolite without any measurable levels of impurities of chabazite, quartz or

smectite.

3.3.1 Sample Preparation

Modified zeolite was prepared by exchanging 100 g of granular clinoptilolite in an ion
exchange column with an ammonium chloride solution. Ion exchange columns have the
maximum efficiency for replacement of structural cations by ammonium present in the
stripping solution [39-41]. The exchanged ions are eluted from the system and cannot re-
equilibrate with the zeolite, which maximizes the NH," content in the sieve compared to
the other methods of exchange. An electric heating belt attached to the column was used
to maintain a constant temperature of 80 °C = 2 °C during the experiment and the column
was insulated to reduce heat loss. Based on cation exchange capacity (CEC) of 1.85
mEq/g, 100 g of clinoptilolite was exchanged with an aqueous solution of ammonium
chloride prepared by adding 55 g of ammonium chloride in 2 L of de-ionized water. The
solution was introduced to the top of the column at a constant rate of 5.5 cc/min and the
flow out of the exit of the column was restricted to ensure the flow rate out matched the
flow rate into the column. After ion exchange sample was washed thoroughly with de-

ionized water and dried at 80 °C overnight, the dried material was calcined in static air to
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decompose the ammonium ions inside a programmable muffle furnace at atmospheric
pressure to 500 °C with the heating rate of 5 °C/min for 11 h.

After calcination steaming treatment at four different temperatures (300 °C, 400 °C, 500
°C and 600 °C) was done. Steaming with water vapour at each temperature was carried
out on 20 grams of the ion exchanged samples for 2 h while the samples were placed in
quartz tubes and heated with the heating rate of 5 °C/min to the pretreatment temperature
inside a programmable tubing furnace under a flow of a nitrogen—steam mixture at a flow
rate of 30 mL/min. The nitrogen gas was humidified by passing it through an insulated
glass container filled with 200 mL of deionized water placed on an electric heater kept
constant at 100 °C. As steam rose out of the container it mixed with the nitrogen flow and
was then admitted to the quartz tube. To compare the properties of all samples including

the as-received one, 20 g of ammonium-exchanged zeolite was calcined but not steamed.

3.3.2 Sample Characterization

The X-ray diffraction (XRD) patterns were collected to track any possible changes in
crystalline morphologies and atomic composition of the materials as well as
quantification of crystalline phases using a Rigaku Geigerflex 2173 (Rigaku Corporation,
Tokyo, Japan) with a vertical goniometer equipped with a D/Tex detector and a Fe filter.
The elemental analysis of the adsorbents was performed using a Zeiss EVO MA 15
(Zeiss, Gottingen, Germany) equipped with a Bruker Silicon Drift Detector for Energy
Dispersive X-Ray analysis (EDX). Samples were run using a top-pack mount from 5 to
90° on a continuous scan at a speed of 2°-20 per min with a step size of 0.02°.

Thermal gravimetric analysis (TGA) was performed on the as-received and modified

samples to reveal each sample's weight loss with temperature after exposure to ion
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exchange and different heat steaming treatments. Data were also used to determine the
optimal activation temperature of adsorbents before using them in IGC gas separation
test. IGC is a method for characterizing the physicochemical properties of materials as it
determines the pore size of the zeolite and affinity of the interaction between a solid and a
gas phase. In this study, the as received zeolite, ion exchanged and steamed treated
samples was tested with IGC method to determine how ion exchange and dealumination
might change the affinity of the adsorbents in gas separation based on applied structural
changes. A Q500 (TA Instruments) thermo gravimetric analyzer was used for TGA. The
samples were heated at 10 °C/min in argon from 25 °C to 700 °C.

Inverse gas chromatography (IGC) profiles were used to examine the relative affinity of
the various samples toward ethane and ethylene. IGC analysis was performed on a Varian
3800 Gas Chromatograph (GC) equipped with a thermal conductivity detector (TCD).
Test adsorbents were packed into 10” copper columns with an OD of 0.25”. The columns
were filled with 3 g of pelletized adsorbent (20-50 mesh). Carrier gas was helium with
flow rate of 30 mL/min. Columns were activated at 350 °C for 4 h under a helium flow of
50 mL/min. At this temperature, the adsorbed water was removed and sieve was
considered activated for gas separation tests. Probe gas was introduced by 1 mL pulse
injections into the column.

The affinity of the zeolite for a probe gas is proportional to its retention time and the
selectivity for the sieve is the ratio of the retention times (adjusted for the dead time of
the column) of to probe gases. The selectivity of the adsorbent (a) in the Henry’s law
region (limiting selectivity) is defined as the ratio of the Henry’s law constants of the

pure gas components.
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a (ethylene/ethane)= (TRet-TDead) giyiene/(TRet-TDead) Emane (1)

The IGC experiments are dynamic adsorption experiments and the gas has a finite

amount of time to diffuse into the sieve before the carrier gas elutes it. The isotherm

measurements are expected to allow the gas as much time as required to diffuse into the

framework and thus represents the adsorptive characteristics of the sieve at equilibrium.

Ethane and ethylene adsorption isotherms on as received, ion-exchanged and steamed

clinoptilolite samples (0—120 kPa) were measured at 30 °C with a Micromeritics ASAP

2020C in its chemisorption configuration. Samples were activated under a flow of 200

ml/min of N; to 350 °C and held isothermally for 15 min. The samples were evacuated

(10-4 Pa) for 60 min before being cooled to 30 °C under vacuum. Samples were dosed

with fixed quantities of gas until a pressure of 1.14 bar was reached.

3.4. Results and Discussion

EDX.

EDX result of the as-received zeolite is shown in Table 3-1. Calculated Si/Al ratio equals

to 4.13 and the level of trace impurities is below 1 wt%.

Table 3-1. EDX data for the as received natural zeolite sample

EDX Data
Na K Ca Mg Fe Al Ti Si Si/AL
Clinoptilolite , 553 (361 0047 0063 00601 1 0.0036 4.124  4.125
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TGA.

Figure 3.1 shows TGA profiles of the weights of the samples as the temperature
increases. For these samples the profiles can be indicative of the amount of volatile
material trapped inside the pores such as either surface or structural water. The secondary
loss in NHy exchanged/calcined clinoptilolite profile implies ammonium ion
decomposition after the samples were exposed to temperatures higher that 500 °C. The
TGA analysis for the as-received zeolite showed 4.5% water typical of aluminosilicate
molecular sieves that was largely complete by 350 °C.

The ammonium-exchanged sample steamed at 600 °C showed only a single weight loss
event that was complete by 200 °C and ~11 % weight loss. The reduction of the
dewatering temperature and the lack of a high-temperature weight loss indicated that the
majority of the cations in the framework were replaced by protons and the steaming
process, by 600 °C, dealuminated the crystal structure.

Hydrophobicity of the samples after exposure to different steaming treatments changed
water capacity and influenced the water adsorption. Steam treating the samples was
expected to be accompanied by dealumination and siliceous zeolite exhibit hydrophobic
character [29-35], [42], [43]. For dealuminated/hydrophobic sieves, steamed at 600 °C,
the pore accommodated less water confirmed by the TGA profile [44-46]. Since by
ammonium exchanging the zeolite Al/Si ratio is not changed and in terms of hydrophility,
the hydrophility of the zeolite is the same as before and no obvious changed is observed

in the profile. The unsteamed sample was previously calcined in air at 500 °C yet the
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sample shows a discrete weight loss of about 11 % centered on about 700 °C which

suggesting the framework contain strong resulting acid sites.

100 *
i \
\\
98 4
_ xtq
LAERN
1 hY
- \\m
96 | . Steamed Clino at 600°
1 3 8- .- -g---8B-——-&@-—8-—<58-— -0 -8 ——-8-——0-°
x ] x C
= 1 .
-:.-._,0 94 »
= ] \
92
NH,-Exchanged
907 CTino - —
- » PE _*_‘F—’ﬂﬁ:
. As Received Clino
0 200 400 600 800 1000
Temperature, °C

Figure 3-1. TG analysis of the raw, NHs-exchanged/calcined and steamed at 600 °C

clinoptilolites.

XRD.

Figure 3.2 presents the XRD results for the as received, ion exchanged and steam treated
samples. The XRD results of the as synthesized zeolite do not show any unassigned
reflections other than those expected from clinoptilolite. After the various treatments the
powder patterns for the treated materials were almost indistinguishable from the parent

sieve, which confirms the hydrothermal stability of clinoptilolite.
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Figure 3-2. XRD powder patterns for raw, NH4- exchanged/calcined and steamed

clinoptilolite at different temperatures.

The ammonium exchanged sample displayed that ion exchange procedures had no
significant impact on the clinoptilolite crystal structure, the peak widths and locations
match for the raw and ion exchanged zeolites, which was expected because, for hydrated
zeolite frameworks, ion exchange and calcination did not change the unit cell dimensions.
As the samples were steamed, the crystalline structure of the framework was almost
identical. Moreover, the position of the reflections changed, indicating that the
dimensions of the unit cell of the zeolite had changed. Although, increase of the steaming
temperature up to 600 °C resulted in slightly smaller peaks, however, XRD results
confirmed that the modified zeolite had survived the steaming treatment and possessed

the same clinoptilolite structure as reported in literature [47],[48].
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Contraction of the unit cell dimensions was attributed to the removal of aluminum from
the framework connected with the forming of non-framework aluminum groups [31].
Since the average value for a tetrahedral Al-O bond is 1.74 A, and the average value for a
tetrahedral Si-O bond is 1.60 A, therefore a relation exists between the unit cell constant
of the steamed structures and the aluminum content of framework or the steaming
temperature. As the framework aluminum concentration in a zeolite decreased, the lattice
parameters were expected to decrease [49]. To determine if dealumination took place the
lattice parameters of the zeolites were calculated from the XRD patterns. The zeolite unit
cell has three lattice length parameters, referred to as a, b, and c. Figures 3.3, 3.4 and 3.5
present the calculated value for a, b and ¢ axis respectively. The angles for the (200, 020,
and 002) reflections at 11.52, 12.98, and 15.52 6, were used to determine the unit cell
size (A). The pore system for clinoptilolite lies in the (110) plane so changes in the
dimensions of either a or b axes would be expected to influence the pore size. Changes in
the ¢ direction should have no effect on the size of the pore. Figures 3.3, 3.4 and 3.5 show
that the framework did not change isotropically. The a-axis was more sensitive to the
steaming conditions than b-axis and the c-axis and was relatively insensitive to the
different treatments. The sieve did not change its unit cell size as a function of ion
exchange. Above 400 °C, the framework contracted while the a-axis returned to the
dimension typical of the as-received material through the b-axis and showed a step
change at 600 °C to a value significantly lower than any other sample. Due to the slight
contraction of the framework by streaming treatment, the accessibility of the internal

parts of zeolite structure to larger molecules should be reduced.
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Based on the calculated unit cell constants, the unit cell volume of clinoptilolite after
each treatment was calculated and showed in Table 3-2. Unit cell volumes also confirmed
that the zeolite contraction after heat treatment at 600 °C.

Table 3-2. Unit cell volume based on the calculated unit cell constants

Sample Volume (Angstr0m3)
Raw CLI (As-Received) 210.5
NHy-Exchanged CLI 210.9
CLI steamed at 300 °C 211.6
CLI steamed at 400 °C 2114
CLI steamed at 500 °C 208.8
CLI steamed at 600 °C 203.1
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CLI: Clinoptilolite

IGC.

IGC elution results expressed in retention time in Table 3-3 showed that, except for the
as- received clinoptilolite, adsorption of ethylene was thermodynamically favoured over
ethane. Selectivity at 75 °C of ethylene over ethane as a function of steaming temperature
is shown in Table 3-3. It indicated the effective pore size of the zeolite underwent a step
change. The pore size of the as-received material was too small to admit either of the
probe molecules. After ammonium exchange and thermal decomposition of NHy-
clinoptilolite the major ion inside the pore is H' that comparatively is smaller than the
alkali cations in as-received zeolite or NH4-CLI. Therefore, the pore is large enough to
accommodate both gases and adsorption affinity, as expected, is higher for ethylene than

ethane.

Table 3-3. IGC retention times for the adsorption of ethylene and ethane on raw, cation-

exchanged and steamed clinoptilolite (Temperature =75 °C)

Sample C,H¢ (min) C,H4 (min) Selectivity
Raw CLI (As-Received) 0.08 0.09 1.13
NHy-Exchanged CLI 12.49 63.65 5.13

CLI steamed at 300 °C 1.75 19.87 11.98

CLI steamed at 400 °C 2.52 15.73 6.46

CLI steamed at 500 °C 1.68 17.31 10.89

CLI steamed at 600 °C 0.11 16.64 151.27
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Steam treatment at 600 °C caused a significant change in behaviour evidenced by the
increase in selectivity measured for this sample. The dealumination resulted in a
framework contraction, which had a direct influence on the effective pore size of the
framework. The effective pore size of the sample steamed at 600 °C under the test
conditions effectively excluded ethane from adsorbing and, as a result, the selectivity
increased dramatically. Under these conditions, steamed clinoptilolite at

600 °C effectively separated ethane and ethylene with a limiting selectivity (o) of 151 for

C2H4 over C2H6.

Single-gas adsorption isotherms

Single gas adsorption experiments were carried out to determine whether the pore size
effect seen in the IGC was the result of rate-based discrimination or results from the
complete exclusion of ethane from the framework.

The isotherm data at different temperatures are presented in Figure 3-6 for the as—
received, ion exchanged, and steamed treated samples. The as-received clinoptilolite
showed low adsorption capacity due to both gases being unable to diffuse into the
framework. The minor amount of adsorption observed was likely due to surface
adsorption. The rise in the capacity seen in Figure 6(b) suggested that the exchange and
decomposition of the ammonium ions opened the pores enough to allow both gases
access to the internal volume of the zeolite. As the sample was steam treated starting at
300 °C, no significant change in the adsorption characteristics was noted. It confirmed
that the structure and composition of the sieve was not significantly modified at the lower

steaming temperatures. The mild drop in the capacity and selectivity seen in Figure 6(d)
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suggested that the adsorption strength of zeolite changed with the increase in steaming

temperature and that the framework started to get more siliceous. At 500 °C (Figure 6(¢))

this trend continues while at 600 °C (Figure 6(f)), the adsorbent showed significant

reduction in capacity and a significantly reduced heat of adsorption indicating widespread

change in the composition of the molecular sieve.
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Figure 3-6. Adsorption isotherms for ethylene (red) and ethane (blue) on (a) as-received,

(b) NH4-exchanged/calcined, (c) steamed at 300 °C, (d) steamed at 400 °C, (e) steamed at

500 °C and (f) steamed at 300 °C clinoptilolite at 25 °C.
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Using the isotherm data, the Henry’s law selectivity for the various adsorbents was
assessed at 30 °C and the results are presented in Table 3-4. The Henry constant for each

model was calculated from Equation (1) [50]:
A= limp_ﬂ,% (1)

Table 3-4. Henry’s Law selectivity for the raw and treated samples

Sample C,Hy4 (cc/g.bar) C,Hg (cc/g.bar) Selectivity
Raw CLI (As-Received) 5.2 6.4 1.23
NHy-Exchanged CLI 955.1 4762 5.00
CLI steamed at 300 °C 921.9 5313 5.76
CLI steamed at 400 °C 908.2 4782 5.26
CLI steamed at 500 °C 798 3878 4.86
CLI steamed at 600 °C 73.5 184.4 2.50

According to the calculated selectivity based on the Henry’s law constants, the as-
received clinoptilolite had a selectivity approaching unity. This was the expected result
for this material because the effective pore size in as-received clinoptilolite, even under
equilibrium conditions, excluded both ethane and ethylene. The small selectivity the
sample did display toward ethylene might simply be due to the error associated with
accurately measuring such low adsorption capacities or it could reflect that the surface of
the particles had polarizing elements that could interact more strongly with the large
ethylene quadrupole moment.

After the sample was ion exchanged and calcined in air to 500 °C a step change in the

ethylene/ethane selectivity was measured. The selectivity for the sample steamed at 300
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°C was comparable to the selectivity measured for the same sample under IGC conditions
and indicated that the pore size increased to an extent that both gases can diffuse into and
adsorb on the interior surface of the solid. Under equilibrium conditions, ethylene is
always expected to adsorb more strongly due to having a quadrupole moment twice that
as strong as ethane.

The ethylene selectivity increases incrementally as the sample is steamed at 300 °C
which was unexpected and indicates that the adsorption sites within the framework
display a stronger affinity for ethylene. The trend from 400 °C to 600 °C follows the
trend expected for dealumination where there are fewer adsorption sites (as evidenced by
the Henry Law values) and the strength of the sites decreases as evidenced by a decrease
in the selectivity of the system. None of the isotherms, except for those associated with
the as-received clinoptilolite, demonstrate an ability to exclude ethane at equilibrium
conditions. This suggests that the difference seen in the calculated selectivity between the
IGC and isotherm results for the sample steamed at 600 °C is the result of the difference
between the two test methods.

Once the effective pore size for the framework is on the order of the molecular diameter
of ethane then the access to the internal surface area will be determined by whether the
adsorbate can outdo the diffusion barrier created by the narrow pore mouths and diffuse
into the framework to adsorb. Under equilibrium conditions there is sufficient time for
the gas molecules to orient themselves and pass through the pore into the framework.
Under the dynamic adsorption conditions associated with the IGC experiment, however,
there is a fixed period of time that the probe gas is in contact with the solid and if the

diffusion barrier cannot be overcome in that period of time then the zeolite will not

472



adsorb that component. The contrast between the isotherm and IGC results for the sample
steamed at 600 °C strongly suggests that this sample could act effectively as a kinetic
adsorbent where the separation of ethane and ethylene is accomplished by tuning the gas
velocity through the adsorbent bed rather than by manipulating the strength of the

adsorbent sites.

3.5 Conclusions

This study demonstrated that by ammonium exchanging and steaming naturally occurring
clinoptilolite the effective pore size of the zeolite was reduced to be on the order of the
molecular diameter of ethane. The steaming process at 600 °C generated structural
changes in the zeolite. The ammonium ions fully decomposed which served to weaken
the interaction of ethylene with the surface of the zeolite and resulted in a permanent
contraction in the size of the unit cell. These results demonstrated the potential to use
steamed clinoptilolite as a rate-based PSA adsorbent, which could offer improved

efficiency in the separation of olefin/paraffin.
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Chapter Four

Fundamentals of membranes and membrane gas

separation
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4.1 Membrane technology

Membrane technology in the past 30 years has earned vast significance and competes
with other established technologies in gas separation, water purification or food
processing. Chemical industry is certainly one of the most outstanding areas to employ
membrane technology as an essential tool in gas separation through treating streams,
recovering valuable materials, and minimizing environmental issues, which are generally
believed to be caused by industrial activities and productions. Membranes are also
currently playing a special role in the field of alternative energy along with a potential
contribution to environmental sustainability and green chemistry. Enhancing processes
and designing membranes for chemical and engineering applications is a challenge under
study in membrane development area [1].

The essential requirement in membranes and membrane separation processes, is the
capacity of a membrane to control the permeation of chemical groups in contact with it.
In packaging applications, the intent is to entirely prevent permeation of flow. However,
in controlled drug delivery applications, the intent is mainly to reduce the permeation rate
of drugs from a reservoir to a body. In separation applications, the intent is to allow
permeation of one component of a mixture freely through the membrane while blocking
permeation of other components. Since 1960, membrane science has matured from a
laboratory curiosity and interest to a widely exercised technology in medicine or in
industry and in engineering applications [2]. This growth is likely to continue

furthermore particularly in membrane gas separation and pervaporation separation fields.
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4.2 Membrane and membrane separation

A membrane is defined as a perm-selective barrier or a gate that allows passing of
specific molecules while excluding other ones when a driving force is present or applied
[3]. The component that passes through the membrane is called permeate, and retentate is
identified as the molecules that are stopped on the feed side. In 1748, membrane
separation process was observed unexpectedly by Nollet [4]. However in 1873, when
Gibbs introduced the theory of Gibbs free energy, what Nollet found in 1748 was further
understood [5].

Membrane separations can also be described as a de-mixing process. Because of the
natural tendency of molecules to uniformly get mixed and to take up the available spaces,
demixing process requires energy to surpass the tendency to equilibrate [4]. The driving
force is the source for such energy and in membrane separations, it could be pressure,
temperature, concentration or electrical potential [3],[4]. With the special case of
membrane distillation, membrane processes are typically at isothermal conditions and in
commercial applications, it is not common to find temperature as the driving force [6]. In
almost all membrane separation processes, pressure difference is the driving force by
either applying pressure on the feed side (e.g. reverse osmosis, micro/micro filtration,
etc.) or reducing pressure on the permeate side (e.g. pervaporation, etc.) [6],[7].
Separation processes such as dialysis and membrane extraction employ concentration as
the driving force. Electrical potential has also been used as the driving force in
electrodialysis process [6].

Membranes performance is evaluated by productivity and selectivity. Separation factor

and selectivity are defined as the ratio of molecules that permeate through the membranes
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to their retention, and productivity is described by the flux through the membrane [7].
Membranes, based on their materials, are mainly categorized into three classes of
polymeric, inorganic, and biological [8]. Polymeric membranes have the most extensive
industrial application but they have limited thermal, mechanical and chemical stability.
Inorganic membranes such as zeolite membranes provide competitive thermal, chemical
or mechanical stability compared to polymeric ones [9]. Despite some shortcomings of
polymeric membranes, they are widely used in several industrial processes. This is
because synthetic zeolite membranes that are potentially suitable for industrial
applications have drawbacks due to their synthesis procedures and support materials. The
support materials are thermally treated ceramic or metallic substrates on which the zeolite
is developed. Coated zeolite membranes are generally more expensive than polymer
membranes [10]. Natural zeolites with pore sizes comparable with kinetic diameters of
gas molecules and ion transfer ability through their structure are also popular membranes.
Because of the long time and high pressure that natural zeolite deposits have experienced,
inter-crystalline grain boundaries (main shortcoming of synthetic zeolite) are combined
or eliminated leaving materials with mechanical structural solidness. Natural zeolite
membranes are employed mostly with high temperatures feed streams and are effective as
membrane reactors in endothermic reactions such as dehydrogenation [11], [12].

4.3 Zeolite membrane on support

Most inorganic membranes are synthesized zeolite materials on porous supports [13]. The
mechanical stability of membranes grows by making a thin membrane film on a support
structure. As thickness of the membrane is decreased, growth of defects or pinholes may

occur which decreases the separation performance [14]. The thin-films that are grown on
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the support surface, vary from several microns to about a hundred microns of thickness
[9],[15]. To coat or synthesize zeolite crystals on a substrate, compatible physical and
chemical properties between the first zeolite layer and the support is required; otherwise
the coated layer gets detached from the support as a result of weak adhesion.

Differences in thermal expansion coefficients of the support material and the synthesized
layer can also create fractures or cracks in the coated layer. Supported inorganic
membranes are usually synthesized by immersing the membrane in a sol gel and taking it
out without disturbing the surface layer, this method is referred as slip casting or dip
coating [16]. One of the main challenges in coated zeolite membranes is minimizing the
potential defects or inter-crystalline pores formed in membranes. Existence of defects in
membranes results in weak separation performance. Therefore post-treatment process is
often necessary to ensure that no defects exist in the coated film. During synthesis of
membranes, factors such as layer thickness, crystal orientation, and quality of crystal
boundaries are main players [17-20].

Different techniques are employed to coat zeolite crystals on supports. Typically a post
treatment is required to minimize defects or pinholes within the membrane. This
additional treatment requires effective process control that may complicate the membrane

development process.

4.4 Permeation Mechanisms

Permeation mechanism is defined as how a molecule passes from the retentate to the
permeate side of the membrane. Several factors such as pressure, temperature, molecular

weight, kinetic diameter of molecules, zeolite pore size, heat of adsorption, thermal
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activation energies and composition of the mixture near the membrane can control the
permeation mechanism [16],[17].

Despite different processes and applications in gas and liquid separation, the transport
mechanism through porous membranes are comparable on a molecular level for both
liquid and gas molecules since the controlling transport mechanisms are not significantly
different and in some cases can be quite identical [24],[25].

Gas transport in membranes can be explained by a number of potential mechanisms [22].
These include bulk Poiseuille or viscous flow for large pores, Knudsen diffusion for
intermediate size pores, size-restricted diffusion, surface diffusion for small pores, and
solid surface diffusion for extremely small pores or no pores [8, 25, 26]. Depending on
the properties of the permeating molecules and conditions, a combination of these
mechanisms can take place simultaneously. Figure 4-1 demonstrates different gas

separation mechanisms in membranes.

o
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4.4.1. Hagen-Pouisselle Mechanism

The Hagen-Pouisselle mechanism also identified as molecular diffusion takes place when
the pore diameter is relatively large compared to the mean free path of the molecules and
bulk fluid transport happens through the large pores [21], [22]. In this mechanism, the

average velocity v (m/ s ') is defined with the following equation:

V=t~ py) (0

32ul

where d, is the diameter of the pore, p (kg.m.s™") is the viscosity, 1 is the length of the
pore, p, is the inlet pressure, and py, is the pressure at a distance L. The flux is derived

through the following formula:

N="(p, - pp) @)

Considering the porosity €, tortuosity Tt of the membrane, and the pore area per total
volume, a, which is related to the pore area per membrane volume a , Py 1s defined as

follows:

pe3

Pt = 2wt ©

a

aV = (1—6) (4)
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4.4.2 Knudsen Diffusion Mechanism

Knudsen diffusion happens when the pore diameter d, is smaller than the mean free path
A of the gas molecules [29]. In this mechanism, elastic collisions happen between gas
molecules and the pore wall instead of the gas molecules themselves. The Knudsen
diffusivity is resulted from the gas kinetic velocity and the membrane geometric

parameters:

R TLL 5)
T \9uM
where ¢ is the porosity of the membrane, t the tortuosity, R the gas constant, T the
absolute Kelvin temperature and M is the molecular weight of the diffusing gas molecule
[30], [31].
Gas transport by Knudsen diffusion occurs in the gaseous state without any adsorption

contribution, as the interaction between diffusing molecules and pore wall is not

significant [32], [33]. The Knudsen permeance is as follows:

1/2

P_adp( 8 ) 6
k™ 2L \9nMRT (6)

where L is the thickness of the membrane.
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4.4.3 Surface Diffusion Mechanism

Surface diffusion occurs at low temperatures that gas molecules cannot escape from the
surface potential field because of the strong interaction between the gas molecules and
membrane inner surface compared to their kinetic energy. This mechanism is more
dominant with relatively smaller pores because of the high proportion of surface area
compared to the pore volume.

In the surface diffusion mechanism, gas molecules adsorb onto the surface of the
membrane at the pore opening, diffuse through the membrane, and desorb at the pore
exit. In membrane applications for gas separation, adsorption is often below a monolayer,
and is defined by the Langmuir adsorption model [22]. Surface diffusion processes are

described often using a Fickian hopping model:

AEgp
RT

=) )

) = Doexp ( RT

Dsp = zgdAZVexp (
In this mechanism, a molecule with a velocity of A (m.s™), makes a jump of length A (m),
in the right direction which is estimated by the probability g4, with v as the jump
frequency (s ') of the molecule between adsorption sites and AEgp, is the energy wall for

moving to the other adsorption site [22].

4.4.4 Gas-translational Mechanism

Gas translational mechanism takes place with small pore sizes and sufficient kinetic
energy, for the diffusing gas molecules, to escape the surface potential but cannot
voluntarily do that because of the presence of a pore wall on the other side. Therefore,
activated Knudsen diffusion model or gas-translational model (GT model) is proposed as
a mechanism that is the combination of the Knudsen diffusion model and the surface

diffusion model [34],[35]. Both of the surface diffusion and gas-translation have
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contributions from the surface and are regarded as surface flow mechanisms. By
presenting a probability for diffusion through the micropore, p, to the Knudsen diffusion

model, the following equation is derived:

1/2

P =sdpp( 5 ) 8)
6T~ 1L \mMRT

The probability, p, consists of a pre-exponential, pg and the kinetic energy AE to surpass

the diffusion:

P = pgeXp (— ﬁ—?) 9)

Therefore, the permeance for single gases is described as:

1/2

_sdppg( 8 )

( AE) 10
ot = \Umrr) P UTRT (10)

The above equation assumes that the gas diameter is significantly smaller than the pore

diameter with no other physical blockage effects.

4.4.5 Solid-State Diffusion Mechanisms
Solid state diffusion happens when the gas molecule interacts strongly with the
membrane material with more decrease in the pore size. The solubility is another

consideration in this mechanism and is described as:
P=S.D (11)
Where D and S are solubility and diffusivity respectively. Permeation through glassy

membranes (" e.g. silica ), metallic membranes or polymeric membranes are in this class
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of transport mechanism.

4.5 Transport mechanism in zeolite membranes

Different transport mechanisms such as surface diffusion also known as intracrystalline,
microporous, configurational or activated diffusion through zeolite crystals can
potentially contribute to the overall flux through zeolite membranes [18]. Mass transport

through a zeolite layer is illustrated in Figure 4-2 through a five-step model [19], [20].

‘\)F/\N\ 7

o >
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Figure 4-2. Mass transfer model for the permeation process through a zeolite in a zeolite

pore.

1. Adsorption from the gas phase to the external surface.
2. Diffusion from the external surface to the zeolite pores.
3. Diffusion through the zeolite channel.

4. Diffusion to the external surface of the zeolite pores

5. Desorption from the external surface to the gas phase.
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Steps 1 and 5 depend on the conditions on side of the membrane. At high temperatures,
for weakly adsorbing groups (adsorption on the external surface, including the pore
entrance) will hardly take place. Steps 1 + 2 and 4 + 5 may be considered as combined
processes. If entering occurs directly from the gas phase, molecules would have to move
under the right angle, otherwise they will get dispersed back. Overall, larger molecules
have more difficulty entering into the pores compared to smaller molecules.

Intra-crystalline zeolite diffusion (step 3) is mostly described as configurational diffusion.
Steps 1 and 5 are typically assumed to be quick processes particularly at higher
temperatures while steps 2, 3, and 4 are usually activated processes [20]. Depending on

the activation energy, each step or combination of these steps could determine the rate.

4.6 Membrane evaluation and analytical methods

Membrane performance in a gas membrane system is defined by key parameters such as
permeance (or permeation) and permeability. Selectivity and separation factor are used to
describe membrane separation efficiency in single and multi-component gas systems
respectively.

Permeance is defined as the volume of the feed passing through a unit area of membrane

at unit time and under unit pressure gradient and is formulated as [36]:

A
= atap (12)

Where 7 is permeance, V is the volume of gas, A is membrane area, t is time, and AP is
. . . 2 1 po-l
pressure difference. Permeance values are typically reported in mol. m™.s™ .Pa™.

Therefore, for a component crossing the membrane, permeance is calculated as follow:

Nj
TG = (13)
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where 7; is the permeance (mol. m % s '. Pa '), N; is the molar flux (mol s '.m %), AP, is
the partial pressure difference (Pa) of component i across the membrane.
In single gas permeations, ideal selectivity is calculated based on the following
definition:

it

Sij = — (14)

7
where, Sj; is the ideal selectivity of groups i over j.
In mixed gas separations, it is more common to describe the permeation driving force in
terms of a fugacity difference rather than a partial pressure difference, due to the non-
ideal gas behavior for gas mixtures. The separation factor is given by [21]:

_ TPy
aAB - XA/XB (15)

where x; is the mole fraction of component i on the feed side and y jthe mole fraction of
component i on the permeate side measured by gas chromatography.

In the following chapters natural clinoptilolite membranes in different configurations
such as disk or tubular are developed and tested for hydrogen separation using various
flexible fabrication processes, binders or post-treatment methods. Different separation
mechanisms, mixtures and parameters are also employed to evaluate membrane

performance and productivity.
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Chapter Five

Pressed clinoptilolite and copper-clinoptilolite disk membranes

for hydrogen separation
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5.1 Summary

Disk membranes fabricated from high-purity natural clinoptilolite rock demonstrated
high efficiency in hydrogen separation; however, these membranes cannot be easily
scaled up. To overcome this and create process flexibility, mixed matrix membranes are
required combing small particles of natural zeolite with a binder system. A novel method
was determined to use metals as binders and was tested by comparing natural
clinoptilolite compact disk membranes with and without powdered copper metal. The
phase structure and structure of the disks were characterized and gas separation
performance was evaluated using single gas permeation tests. Membrane performance
was improved by applying metallic copper and copper oxide filling a portion of the inter-

particle spaces and creating adhesion with the zeolite particles.

5.2 Introduction

Hydrogen separation by selective transport through membranes is one of the highly
utilized methods in commercial gas separation because of its simple process. Membrane
technology is becoming widely important in several separation processes in industrial
application [1],[2]. Comparing separations using membranes, with other separation
methods such as distillation or adsorption, membranes offer a single-pass process with
low capital and operating costs, lower energy requirements and overall ease of operation
[3],[4]. Membrane technology also has encouraging aspects to be integrated within
sustainable energy processes [5],[6].

As the process intensification concept becomes more popular, new cost effective

inorganic materials capable of being integrated into compact membrane modules are
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attracting both academic and industrial attention [7],[8]. Compared to polymer membrane,
the high thermal stability and chemical inertness of the inorganic membranes have made
them popular for many commercial applications [9],[10]. Inorganic zeolite membranes
are interesting because of their perm selectivity properties and relatively higher stability
at elevated temperatures [11].

Synthetic molecular sieve membranes for hydrogen separation have been vastly studied
However, their applications have been limited by high production costs and technical
challenges including cracks or defects in the membranes and weak physical and chemical
compatibility between thin synthetic membranes and the required porous supports [12],
[13]. Natural zeolites in particular clinoptilolite and chabazite, have higher thermal
stability and resistance to acidic positions than most industrially used synthetic zeolites
[14—17]. Since they are formed under geological conditions of high temperature and
pressure, the crystals have larger grain boundaries and experienced severe conditions
[18-20]. The small pore size combined with the ability of the zeolite to adsorb more
strongly at low partial pressures provides unique separation potential features (kinetic,
equilibrium and steric) that only partially exists in type A and other commercially
available synthetic zeolites [16],[21-23]. The typical formula of clinoptilolite is (Na’,
K+)6 [Als Siz9 O72] 20 H2O and its framework structure contains three sets of intersecting
channels of eight and ten member rings. The size of the largest channel of clinoptilolite
framework is 5.5 x 4.0 A [16,18,24]. Therefore, It has the potential to allow smaller
molecules such as H; to diffuse quickly while stopping the diffusion of relatively larger

molecules such as CHy, C,Hs or C,Hg [18],] 19]. Selective natural zeolite-based
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membranes have the potential to become an economical technique for applications in
hydrogen separation [25-27].

Different inorganic composite membranes have been reported for separation of hydrogen
fabricated from ceramics, silica, metal alloys or zeolites widely used in gas separation
because of their thermal or chemical stability [10],[28,29]. Previously, we reported that
natural clinoptilolite membranes directly cut from mineral deposits can be used for H;
selective separation processes [30]. In order to improve the selectivity of H, separation,
An et al. [31] used cation exchange modification method to study the effect of the type
and size of the extra framework cations on removal of hydrogen. Dehydrogenation of
light hydrocarbons is industrially important for production of chemical products [32],[33].
The production yield in this reaction can be improved by using inorganic membranes as
selective channels of the products. Avila et al. [34] used natural mordenite in a membrane
reactor to remove hydrogen selectively and observed an equilibrium shift in ethane
dehydrogenation reaction. Shafie et al. (2012) [35] used inexpensive and selective natural
zeolite based cement composite membranes for H,/CO, separations.

Although effective removal of hydrogen from carbon dioxide and other hydrocarbons has
been occurred with these mineral membranes scaling up to an industrial membrane
technology for gas separation treatment is still a challenge. The preparation of cost-
effective natural zeolite based composite membranes with acceptable permselectivity
properties would be valuable in terms of scaling up.

The use of mixed matrix membranes has been extensively studied in the last decades,
particularly by using inorganic fillers such as zeolites and carbon particles in a

continuous polymer matrix. The challenge in this research area is still associated with the
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not enough adhesion between the polymer phase and the inorganic particles which reduce
the separation selectivity [36]. To the best of the authors’ knowledge metals used as
binders have not been widely studied. The robust structure of metals along with their
malleability properties can offer features as binder materials in the preparation of
inorganic mixed matrix membranes.

In this study, pressed natural clinoptilolite and copper-clinoptilolite composite disk
membranes were prepared and tested for hydrogen separation. The focus in this work is a
novel approach to use natural zeolites in gas separation by applying copper metal powder
as a binder. Membranes were characterized using X-Ray powder Diffraction (XRD),
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) analysis.
Their permselectivity properties were evaluated using hydrogen, carbon dioxide and
ethane permeation tests. Permeances and hydrogen selectivities were quantified and
compared between the two types of membrane disks. The effectiveness of metallic
copper as a binder material and sealant agent in the copper-clinoptilolite composite
membranes was evaluated. A comparative parameter defined in terms of hydrogen single
permeability was used, which could be associated with the relative average defect size of

each membrane.

5.3 Material and methods

Substantial differences exist in the phase purity of natural zeolite samples from different
natural deposits. A mostly pure sample of clinoptilolite, Ash-Meadows were provided by
St. Cloud Mining Company (New Mexico, USA), with particle size corresponding to the

325 mesh (<44 pm), which represents an optimum sample for modification and
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development. The nominal mineralogical composition of the sample is listed in Table 5-1
and the calculated Si/Al molar ratio is equal to 4.13.The zeolite material has a bulk
density of ~1.28g. Based on the supplier's product sheet, the clinoptilolite is at least 99%
pure.

Table 5-1. Energy-dispersive X-ray (EDX) data for the natural clinoptilolite sample

(norm wt %).

Na K Ca Mg Fe Al Ti Si Ccl S O
Clinoptilolite
337 373 05 04 088 7.14 0.046 30.57 0.07 0.08 53.23

5.3.1 Preparation and characterization of membranes

Natural zeolite disk membranes were prepared by dry pressing method. 3 g of zeolite
powder was dry-pressed into a disk shape with a manual hydraulic press using 19.0 mm
diameter die under a pressure of 210 MPa. Prior to gas permeation tests, the pressed
clinoptilolite disk was cured overnight, using a temperature programmable muffle
furnace at atmospheric pressure up to 650 °C for 4 hours.

To study the thermal stability of the membrane material, powder samples receiving
thermal treatments with increasing increments were analyzed by XRD. XRD patterns
were collected by Rigaku Geigerflex Model 2173 diffractometer with a Co tube and a
graphite monochromator.

Figure 5-1 shows the XRD patterns for clinoptilolite heat treated at temperatures ranging
from 200 °C to 900 °C. The heat treated samples showed that increasing the temperature
up to 800 °C had no significant impact on clinoptilolite crystal structure since the peak

widths and locations did not change up to 800 °C .
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Figure 5-1. XRD patterns for natural clinoptilolite samples heat treated at 200 °C, 300

°C, 400 °C, 500 °C, 600 °C, 700 °C, 800 °C and 900 °C for 1 hour.

To characterize and observe surface morphologies of the pressed membranes, SEM

(Hitachi S-4800 FESEM) was also used.

5.3.2 Mixed clinoptilolite-copper composite membranes

Metallic copper powder was added as a binding material to natural clinoptilolite powder
to form a natural zeolite-based composite membrane. Copper is a malleable metal with
high heat stability and thermal conductivity (melting point: 1085 °C) and is extensively
used in powder metallurgical methods as a binder [37],[38]. At 650 °C the temperature at
which the composite membrane disks were treated, sintering of the copper powder

particles occurred. In these conditions, it was expected that metallic copper would start to
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diffuse across the boundaries of particles creating a complete adhesion with the
clinoptilolite particles and, thus, decreasing the effective size of inter particle channels.
Clinoptilolite and copper powders, supplied by Fisher Scientific Co. (Ontario, Canada)
were mixed together in the weight ratio of 1:2 (volume ratio of 2:1). Being completely
mixed, the paste was dry-pressed up to 210 MPa. The resulting copper-clinoptilolite (Cu-
CLI) and pressed clinoptilolite (CLI) disks had a diameter of 19 mm and thickness of 1.3
mm and 2 mm, respectively. They were further treated in ambient atmosphere at 650 °C
for 4 h. Heat treatment in presence of air, formed CuO particles on the surface of the
membranes as confirmed by XRD measurements. Optical microscopy examination of
these composite membranes showed a dense, crack-free surface morphology and
relatively uniform dispersion of CuO particles on the clinoptilolite composite membrane.
Scanning electron and optical microscopy images of the membrane disks treated in
ambient atmosphere are presented in Figure 5-2 a) and b) respectively. The lighter
regions on the membrane surface in Figure 5-2 b) indicate clinoptilolite material while
the darker zones contain Cu® and CuO particles.

Figure 5-2 c¢) and d) show the schematic picture of pressed CLI and Cu-CLI composite
membranes, respectively. After applying copper, a more compact matrix with a complete

adhesion between particles and metal phase was obtained.
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Figure 5-2. a) SEM image of clinoptilolite powders, b) optical microscopy image of Cu-
CLI (16x-64X), c) schematic of CLI membrane disks, and d) schematic of Cu-CLI

membrane disks.

XRD patterns of the Cu-CLI membrane heat-treated to 650 °C for 4 hours are shown in
Figure 5-3. Sharp and high intensity peaks of the patterns are indicative of crystalline
structure after copper was applied as a binder. (XRD) patterns also indicated that the
samples were partially composed of a single phase CuO due to heat treatment while the

composite membrane still maintained the crystalline structure for gas separation.
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Figure 5-3. XRD patterns of clinoptilolite, copper and copper oxides in Cu-CLI

membrane after heat treatment up to 650 °C for 4 hours.

5.3.3 Gas Separation Tests

Single gas permeation of H,, C,H¢ and CO, gases supplied by Praxair Canada was used
for evaluating membrane performance in feed pressure range of 110-160 kPa and
temperature range of 25 °C -200 °C. The gas permeation was performed using a stainless
steel cross flow membrane testing system shown in Figure 5-4. Membranes were sealed

in a stainless steel flanged cell with graphite gaskets.
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Figure 5-4. Schematics of the set up for single gas permeation measurements.

To evaluate membranes at higher temperatures, the flanged membrane cell was placed
into a tubing furnace with a multipoint programmable temperature controller. A heating
rate of 5 °C/min was set for each temperature interval.

Pressure was controlled by a back pressure regulator located at the outlet of feed side.
The feed and sweep gas flow rates were controlled by two mass flow controllers (Sierra
Instrument Inc., Ontario, Canada). For all gas permeation tests, feed and sweeping gas
flow rates were set constant at 100 mL/min (STP). The retentate and permeate flowrate
were measured by bubble flow meters. An on-line Shimadzu Gas Chromatograph GC-
14B (GC) equipped with TCD and packed column (HayeSep Q, 80—100 mesh) was used

to analyze the outlet gas concentrations. To achieve the maximum thermal conductivity
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difference between the carrier gas and the analyte, helium was used as GC carrier gas for
CO; and C,H¢ while argon was used for H analysis.
H,, CO, and C,Hg¢ permeances and H,/CO, and H,/C,Hg selectivities were calculated

based on the following definitions:
= (1)

where ; is the permeance (mol.m?s ™' Pa™"), N is the molar flux (mol s_lm_z), Pa is the
partial pressure difference of component i across the membrane; and

-

Sij == (2)

j

where, S;j; is the ideal selectivity of species i over j. In all the reported permeation results,
there is an uncertainty estimated by a standard propagation of error analysis [39].
Absolute error propagation was the product of the uncertainties associates with different
variables including pressure, temperature, flow rate and gas chromatography

measurements.

5.3.4 Membrane Screening based on the Relative Averaged Defect Size

It was previously shown in our research team that natural zeolite membranes can be
screened based on the relative average defect size using a comparative coefficient
obtained when H, single permeability is plotted as a function of pressure [40]. The H,
permeance across the membrane can be considered as a combination of two permeance
fractions. One fraction is associated with Poiseuille or viscous flow depends on pressure
while the other fraction is not correlated with pressure change and includes Knudsen and

zeolitic flux contributions. The permeability calculated for H; is calculated as follows:
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Permeability ( 7;0) = oy [P*] + Bks 3)

AP
P*: P..—
m Ap;

4)

The first term on the right hand side of Eq. 3 is pressure dependent while the second term
is invariable with pressure. P, is the mean pressure between the feed and the permeate
side. The coefficients a, and By, are the slope and intercept of a linear fitting of the
permeability data as a function of P*. a, is a coefficient associated with viscous flow and
Bk 1s attributed to Knudsen and zeolite fluxes. As it was discussed in [40], the ratio
A=0/Bk 1s @ comparative parameter which is associated with the averaged defect size of
each membranes. The membrane having the smallest averaged non-zeolite pore size
corresponds to the lowest value of the A=a, /By, ratio. The values for the coefficient A

were estimated and compared for the CLI and the Cu-CLI membrane disks to evaluate

the effectiveness of copper as a binder for clinoptilolite particles.

5.4 Results and Discussion

5.4.1 Gas permeation through pressed clinoptilolite disks

Effect of temperature

Figure 5-5 shows H,, CO, and C,Hg permeances through CLI as a function of
temperature. The permeances of all gases, hydrogen in particular, increased slightly with
the operating temperature. Since the permeance contributions associated with Knudsen
and viscous flux decreases with temperature, the increasing permeation trend for all the
gases with temperature reflect the prevailing contribution of zeolite flux at these

experimental conditions [40—45]. At higher temperatures, a larger fraction of H, flux

82



diffuses through the zeolite crystals. The H,/CO, and H,/C,Hg ideal selectivities were 6.5
and 5 respectively at 25 °C when the feed pressure was 111.2 kPa and the permeate

pressures was 108.2 kPa.
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Figure 5-5. Single permeance of H,, C,Hg and CO; through CLI membrane disks as a

function of temperature, feed pressure: 111.2 kPa, permeate pressure: 108.0 kPa.

Effect of pressure

Figure 5-6 shows the permeances of H,, CO, and C,;Hg at different feed pressures.
Accordingly, the H,, CO;, and C;Hg permeances through the membrane disks increased,
as the feed pressure was higher. However, the permeance fraction associated with the
Knudsen flux contribution remains constant as pressure increases [40],[44—46] while

permeance related to the zeolitic flux is either constant for weak or non-adsorbing
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components (H;) or slightly decreases with pressure for adsorbing groups like CO, and
C,Hg. The increasing trend of permeance with pressure is due to the growing viscous flux
contribution through the relatively large non-zeolite pores as feed pressure increased and

consequently H; selectivity decreased [40,45,47,48].
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Figure 5-6. Single permeance of H,, C;Hg and CO, through CLI membrane disks at

different feed pressures, temperature: 25 °C, permeate pressure: 108.0 kPa.

H, permeance across pressed clinoptilolite disk ranges between ~5 x107 and ~1 x10° for
temperatures increasing from 25 °C to 200 °C and feed pressure values up to 160 kPa.
The selectivity values for H, over CO, and C,Hg were higher than those predicted by

Knudsen selectivities S, cop = 4.6, SK2.cane = 3-9-
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Figure 5-7 a) shows that CO, permeance through CLI membrane disks does not correlate
with the H, and C,H¢ values in terms of their molecular sizes, which suggest that
transport mechanisms other than molecular sieving, are also contributing to the flux
permeation. Similarly, gas permeation across CLI disks cannot be described by a pure
Knudsen transport mechanism either (Figure 5-7b). Analogous to the permeation
behaviour observed previously in natural zeolite rocks disks [30], the gas permeation
across the pressed disks relies on the contribution of different transport mechanisms

associated with both zeolite and non-zeolite pores.
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Figure 5-7. Permeance of H,, CO, and C,H¢ through CLI disk membrane disks as a
function of a) kinetic diameter and b) molecular weight. Temperature: 25 °C, feed

pressure: 111.2 kPa, permeate pressure 108.2 kPa.
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5.4.2 Mixed clinoptilolite-copper composite membrane

In order to minimize the non-zeolite pores in the pressed clinoptilolite material, copper

metal was mixed with clinoptilolite particles to make Cu-CLI composite membranes.

5.4.3 Comparison of permeation results between both types of membrane disks

Figures 5-8 and 5-9 show the comparison for CO, and C,Hg permeances as a function of
feed pressure for both types of membrane disks respectively. While the CO, and C,Hg
permeances for the CLI membranes changed from ~0.8x107 mol m™ s Pa™ to ~2x10”
mol m? s Pa”and ~1x10" mol m™ s Pa™ to ~3x10” mol m™ s Pa” respectively over
the pressure range of range of Pgeq= 111-160 kPa, in the Cu-CLI composite membrane

the permeance changed in the ranges of ~1 10 mol m™ s™ Pa™' to ~3x10®* mol m™?s™ Pa’

Yand 2 x10* mol m™ s Pa'to ~5x10 *mol m? s Pa™.
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Figure 5-9. C,Hs permeance through CLI and Cu-CLI membranes at different feed

pressures, permeate pressure: 108.2 kPa, temperature: 25 °C.

The CO; and C,Hs gas permeance values through Cu-CLI disks decreased significantly
compared to those values obtained in the samples containing only clinoptilolite particles.
CO, permeance across the composite membrane was only 18% of the corresponding
permeance values through the CLI disks. A similar permeance drop was obtained for
C,He. Besides reducing the non-zeolite pores, a fraction of the permeance drop is
associated with the reduction of zeolite content in the Cu-CLI composite material in
comparison to the CLI disks. The volume fraction for the clinoptilolite content reduced in
the ratio 3:2 when the clinoptilolite particles were mixed with copper powder. Copper
and copper oxide may be also covering active zeolite pores for permeation and thus

representing an additional contribution to the flux reduction. However, CO, and C,Hg¢ gas
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permeance also decreased due to the non-zeolite flux reduction occurring in the Cu-CLI
membranes.

The CLI and Cu-CLI disks with 2 mm and 1.3 mm thickness respectively provided H;
permeance values which are comparable to those reported in the literature for micro
zeolite films supported membranes [49-53]. H, permeability (mxd) where 6 is the
membrane thickness, was two orders of magnitude higher than other H, selective
materials (Table 5-2).

Table 5-2. Comparison of H, permeability of different inorganic membranes.

Membrane Temperature  Permeability Thickness Ref.
(°O) (mol.m™.s".pa™) (1 m)
Molecular Sieve Silica 200 6x 10" 0.03 [54]
MFI 450 1.3 x 1072 2 [11]
MOF (ZIF-8) 25 1.18 x 107" 38 [55]
Cu-CLI 200 1.11 x 107" 1300 This Work

Figure 5-10 shows the H; permeability of each membrane as a function of P*as defined
in Eq. 3. Pressed zeolite (CLI) membrane shows higher permeability, as the intersection
at y-axis is larger. The corresponding values of the ratio A =ay/p,, ratio for each
membrane are listed in Table 5-3. CLI membrane shows a higher value of A than Cu-CLI
membrane. This is indicating that the average defect size is smaller for the Cu-CLI

composite membrane than for the CLI membrane disks. A smaller value of the average
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defect size represents a reduced fraction of non-zeolite fluxes for CO, and C,Hg as feed
pressure increased. Therefore, the extent of the “non-selective” viscous flux passing
through the relatively larger non-zeolite pores was reduced. This is consistent with a
smaller defect size for Cu-CLI composite as compared to the pressed CLI disks:

([ow/By,] cu-cr< [ow/By, ] cL).
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Figure 5-10. Comparative parameters (o, Byx,) for CLI and Cu-CLI membranes,

permeate pressure: 108.2 kPa, temperature: 25 °C.
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Table 5-3. Comparative Parameter (A =a,,/ B) for CLI and Cu-CLI disk membranes.

Membrane Ax 10° (kpa™)
Pressed CLI 3.44
Composite Cu-CLI 1.09

5.5 H; selectivity enhancement

The selectivity values of H,/CO, and H,/C,H¢ on CLI and Cu-CLI membranes are
presented in Figure 5-11. In the temperature range of 25 to 200 °C, the H,/CO; the
averaged selectivity for the Cu-CLI increased ~18 % regarding the original value of the
CLI disks while H,/C,Hg selectivity increased ~15%.

The increase of H; selectivity on Cu-CLI in comparison to the CLI is a clear indication
that copper metal was effective as a binder for zeolite particles. H, selectivity increased
because copper binder decreased the size of inter crystalline or non-zeolite channels
across the membrane disk as demonstrated with the estimation of the coefficient A =
oy/Bkz shown in Table 5-3. Since the size of relative larger defects in the membrane
decreased, the contribution of non-selective flux (viscous or Poiseuille flux) was reduced

and thus H,/CO, and H2/C,Hg selectivities increased.
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and permeate pressure: 108.2 kPa.
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5.6 Conclusions

Zeolite molecular sieve membranes for hydrogen separation can be achieved by high
purity and inexpensive natural zeolites combined with copper with bonding ability and
thermal stability. In this work, copper powders were added as binder and sealant to fill
out the non-zeolite region in pressed clinoptilolite membrane. Gas permeance in copper-
clinoptilolite membranes decreased due to reduction of the zeolite volume fraction and
the reduction of non-selective flux through inter particle channels. The increase of
H,/CO, and H,/C,Hg selectivities for the copper clinoptilolite composite membranes is
attributed to the metallic copper and copper oxide effectively filling a portion of the inter-
particle spaces and creating a complete adhesion with the zeolite particles. It is expected
that the membrane permeance can be improved by reducing the membrane thickness
through further optimization of the preparation method. The natural zeolite membrane
has the additional advantage of high thermal and chemical stability, which provides the

possibility of increasing the permeance at higher temperature.
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Composite Coated Stainless Steel Tubular Membranes

for Gas Separation
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6.1 Summary

Inorganic mixed matrix zeolite membranes from clinoptilolite particles in an
aluminosilicate binder were coated on tubular stainless steel supports. The phase
composition, structure and homogeneity of the membrane slurry were characterized by
X-ray powder diffraction, scanning electron microscopy and particle size distribution.
Membrane performance was evaluated using H,, C,Hg and CO, single gas permeations
and showed potential in H, separation from CO, and C,Hg at different temperatures and
pressures. Up to two layers of coatings were coated on the inner surface of the porous
stainless steel support and the separation performance was evaluated after applying each
layer. Introduction of the second layer significantly improved the performance of the
membrane system. The experiments on the double-layered membranes measured a
hydrogen permeance of 1.65x 10~ mol. m %.s '.Pa' at 300 °C, H,/CO, and H,/C,Hg
single gas selectivity were 10.2 and 8.45 respectively at 25 °C and feed pressure of 110
kPa.

Keywords: Clinoptilolite; mixed matrix membranes; hydrogen separation; stainless steel

support
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6.2 Introduction

Hydrogen is considered an industrially popular source of energy for clean power
production and high in energy content as it burns leaving a clean by-product. Hydrogen is
currently produced from fossil or biomass fuels by steam reforming of natural gas and
utilizing water gas shift reactions that require further separation.

Hydrogen separation by selective transport through membranes is one of the widely
utilized areas of gas separation because of its simple process. Comparing separations
using membranes with other separation methods such as distillation or adsorption,
membranes provide a single-pass process with low capital and operational expenditures,
and typically ease of operation [1], [2]. Currently, there are four types of membrane
materials used for hydrogen separation: Palladium (Pd), polymer (organic), inorganic
silica and zeolites.

Dense metallic membranes made of Pd and its alloys are used for several applications to
produce hydrogen but their cost is the major concern for the preparation [3—5]. Recent
studies were focused on thin metallic membranes to reduce using of precious metals and
to increase the hydrogen flux. Yet, they are not stable especially in acidic environments
causing damage to membrane. Polymeric membranes also experience relatively low
thermal stability for applications at higher temperature [6-9]. Microporous silica
membranes should be produced as thin as possible (about thirty nanometers) to get high
permeance. This introduces two challenges, one is the control of the thickness of the

coating and minimization of the mesoporous and macroporous defects and pinholes [10].
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Therefore, using zeolites, micro-porous poly-crystalline aluminosilicates, as membranes,
due to their thermal, chemical and acidic stability [11-13] are sought for.

First studies to use zeolites in the form of a membrane were pure polycrystalline zeolite
membranes without any supports. These zeolite membranes showed lower mechanical
strength to experience higher pressures and most of the recent zeolite membranes
reported are fabricated within porous substrates [ 14 —20].

Because of the long time and high pressure that natural zeolite deposits have experienced,
inter-crystalline grain boundaries, the main shortcomings of synthetic zeolite membranes,
have been linked or eliminated leaving materials with mechanical robustness unavailable
in synthetic analogues [15, 21-24]. This structural solidness in natural zeolites also
reduces technical and material challenges including requirements for support properties
and several synthesis processes for synthetic zeolites [25-27].

Clinoptilolite is one of the most common natural zeolites and was reported in 1923 [26].
The formula of clinoptilolite is typically referred as (Na", K¢ [Alg Sizp O7,]-20 H,O and
its framework structure has three sets of intersecting channels of eight and ten member
rings. The dimension of the largest channel of clinoptilolite framework is 5.5 x 4.0 A
[15] however, due to the positions of the framework cations the effective pore size is
smaller than most hydrocarbons and comparable with the kinetic diameter of hydrogen.
This feature defines natural clinoptilolite as a candidate for hydrogen separation, since
hydrogen goes through the pores while the retentate gets rejected based on size.

Several natural zeolite membranes have been reported for separation of hydrogen from
hydrocarbons mixtures or a mixture of H,/CO, [30],[31] or as membrane reactors to

improve the production yield in dehydrogenation [32],[33]. We previously reported that
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natural clinoptilolite membranes cut from mineral deposits for selective H, separation
processes [30]. To scale up production of such membranes regardless of their shape,
geometry or aspect ratios using a mixed matrix membrane (MMM) could be a solution.
The use of two or more materials with unique selectivities and fluxes to produce
membranes provides the possibility of preparation of one type of membrane technology
identified as MMM s [34].

The dip coating (slip-casting) process is a technique to make ceramic mixed-matrix
membrane (MMM) in which the ceramic slurry is introduced ont or into a porous
substrate of the specific shape. When a dry porous substrate is dipped into the slurry and
removed from the slurry's main mix, a dense, wet coating is formed on the substrate
surface which is later on air dried and heat-treated [35- 37].

In this study, membranes out of natural zeolites are shown to effectively separate
hydrogen from CO, and C,Hg. The focus in this work is coating the tubular membranes;
they were characterized using Scanning Electron Microscopy (SEM), X-Ray Diffraction
(XRD), Energy-Dispersive X-ray (EDX) and Particle Size Distribution (PDS) analysis.
The separation performance was evaluated by single gas permeation using hydrogen,
carbon dioxide and ethane. To study the uniformity of the membrane, a comparative
parameter associated with the relative average defect size of the MMM was defined. To
the best of our knowledge this is the first report that a natural zeolite membrane
integrated onto commercial porous stainless steel tubes for hydrogen separation

applications.
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6.3 Experimental

6.3.1 Materials

The membrane slurry was a mixture of clinoptilolite powder and a solution binder of
aluminosilicate (ALS). ALS is a single component aluminum oxide based ceramic
adhesive and has thermal resistance up to 1650 °C [38]. When ALS is heat treated and
namely cured, the ALS attaches to ceramics and to low expansion metals. Zeolites with
similar chemical properties compared to the aluminosilicate binder with a strong
chemical bonding which makes it a suitable binder material for production of natural
zeolite mixed matrix membranes [39],[40]. The binder was supplied by Accumet
Materials (Ossining, NY, USA). The weight ratio of Si to Al in the binder solution based
on the Inductively Coupled Plasma (ICP) analysis was calculated to the value of 1675.
Clinoptilolite powders were supplied by St. Cloud Mining Company (Winston, NM,

USA) with particle size corresponding to mesh size of 325 (< 44 u m). The moelcular

composition of St. Cloud’s deposit is shown in Table 6-1. Based on the composition data
the Si/Al molar ratio is 4.13. According to the Accumet’s product sheet, clinoptilolite has
the purity of at least 99%.

Table 6-1. Energy-dispersive X-ray (EDX) data for the natural zeolite samples.

EDX Data (Atomic mole ratio)

Na K Ca Mg Fe Al Ti Si

Clinoptilolite
0.553 0.361  0.047 0.063 0.0601 1  0.0036 4.125
(Ash-Meadows)

The porosity and pore diameter of substrates control the membrane formation process.
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Substrates with a more of smaller pores offer higher capillary suction and are preferred
for the membrane formation [35], [41-43]. Tubular, porous 316 L stainless steel substrate
was supplied by Graver Technologies (Glasgow, DE, USA) and has a pore size of 0.02
um which was used as the membrane support. Tubes were pre-coated with a porous TiO,
layer of about 10 pm to impove the surface area contact between the metallic support
metal and the zeolite layer. As-received porous stainless steel supporting tube is shown

schematically in Figure 6-1.

Dense Porous Dense

Welding Point Welding Point

Figure 6-1. Schematic picture of stainless steel support for zeolite membranes.

6.3.2 Preparation and Characterization of Membranes

The stainless steel tubes were washed with an alkaline solution (Decon Labs, King of
Prussia, PA, USA) and cleaned fully with distilled water in an ultrasonic bath for about
an hour to remove any potential fabrication residues.

The surface of porous stainless steel tubes were dip coated by introducing the slurry into
the tube using a syringe pump. During the dip-coating process, the dry porous substrate
contacts the slurry and capillary suction by the porous substrate leads the ceramic
particles to cover the substrate and slurry boundary and form a wet membrane [35, 37,
41-43]. The total driving force in membrane formation process (AP) is the combination

of pressure over the membrane, AP, (N.m?) used to drive the liquid pass through the
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membrane and the pressure driving the liquid flow in the pores of the support indentified

as capillary suction (APg) (N.m™).
AP=AP, +APg (1)

To minimize the defects or pinholes associated with the substrate surface coarseness,
multilayer coating method was applied. At the same time the layer thickness was kept as
small as possible to maintain higher permeation.

The slurry was introduced from the bottom with a syringe pump into a porous stainless
steel tube as shown schematically in Figure 6-2. The syringe was connected to the tube
using a flexible rubber hose. When the tube was filled with coating slurry the pump was
stopped immediately. The excess slurry was also let out when the syringe was removed

from the bottom of the tube into a separate container.

-—) -

2-Air-drying 3-Heat-treatment

Figure 6-2. Dip coating procedure using a syringe pump for slurry injection

The coated tubes were initially air dried at ambient temperature and atmospheric pressure
over the night and later on the binder was cured by heating the coated tube in a
programmable muffle furnace at 371 °C for 4 hours. The membrane formation by dip

coating process is summarized schematically in Figure 6-3.
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Figure 6-3. Membrane formation process on a porous substrate by the capillary suction

pressure.

The second coating layer was applied using the similar procedure. The resulting single
and double layered tubing membranes had a thickness of 0.5x10™* m and 0.8x10” m
respectively.

PSD

Solid volume fraction, mixing method and homogeneity of the zoelite slurry can affect
the membrane coating process among other factors such as the coating method and
substrate porosity.

In this study clinoptilolite powder, distilled water and aluminosilicate were mixed with
two different mixing methods. In one mixing method, ALS and distilled water were
completely mixed for duration of 30 minutes at the rate of 350 rpm using a magnetic
stirrer and clinoptilolite powders were added after and stirred at 700 rpm for 2 hours.

In another mixing method, clinoptilolite powder, ALS and distilled water were mixed
first separately using a planetary ball mill machine (Laval Lab, Laval, QC, Canada) at
300 rpm for 20 minutes. Effect of the mixing processes was evaluated by Particle Sixe
Distribution (PSD) analysis. In both methods, the composition of clinoptilolite powder,

ALS and distilled water in the slurry was 25 wt%, 50 wt% and 25 wt % respectively.
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XRD

The XRD patterns were collected to study the homogeneity and the phase composition of
the membrane slurry using a Rigaku Geiger flex 2173 (Rigaku Corporation, Tokyo,
Japan). The diffractor was equipped with a vertical goniometer equipped with a D/Tex
detector and a Fe filter. To prepare the sample for XRD analysis, the slurry was
introduced into a flat plastic container, after drying at room temperature overnight, a flat
layer was formed, separated from the container and heat-treated using the same procedure
as explained earlier in this chapter. Prior to the XRS analysis, the heat-treated sample was

pulverized and ground to a powder using a mortar and pestle.

SEM
SEM analysis (Hitachi S 3000N) was used to characterize the morphological coated
regions of the zeolite slurry (clinoptilolite powder: 25 wt%, ALS: 50 wt%, and distilled

water: 25 wt % in the slurry) that was prepared for the developed membranes.

6.4 Gas Separation Tests

Single gas permeation of H,, C;Hgs and CO, gases supplied by Praxair Canada (99.9%
concentration) was used for evaluating membrane performance at a feed pressure range
of 110 to 160 kPa and temperature range of 25 °C to 300 °C. Gas permeation was
measured in a stainless steel cross flow membrane testing system shown in Figure 6-4.
Membranes were sealed in a stainless steel tubing chamber. Leak tight swagelok
compression fittings were used between the tube and the chamber. The two regions

(tubing and the chamber sides) were separated by the MMM coating. The feed and
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retentate passed through the tube side while argon and permeate flowed through the
chamber side. For permeation tests at higher temperatures, the membrane cell was placed
into a programmable tube furnace with a multipoint temperature controller. The

membrane was heated at 5 © C/min between set points.
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Figure 6-4. Schematic of the set-up for single gas permeation measurements.

Trans-membrane pressure was controlled by a back-pressure regulator located at the
outlet of the feed side. The feed and sweeping gas flow rates were controlled by two mass
flow controllers (Sierra Instrument Inc., CA, USA). For all gas permeation tests, feed and
sweeping gas flow rates were constant at 100 mL/min (STP). The flow rate of the outlet
streams was measured using a bubble flowmeter. An on-line Shimadzu Gas
Chromatograph GC-14B (GC) equipped with a Thermal Conductivity Detector (TCD)
and packed column (Haye Sep Q, 80—-100 mesh) was used to analyze the outlet gas

concentrations. To achieve the maximum thermal conductivity difference between carrier
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gas and the analyte, helium was used as a carrier gas for CO,, C;H¢ while argon was used
for H, analysis.
H,, CO, and C,H¢ permeances and H,/CO, and H,/C,Hg selectivity were calculated based

on the following definitions [44] , [45]:
= ()

2 1

where T; is the permeance (mol.m™2.s™1. Pa™1), N; is the molar flux (mol.s 1. m™?),

AP ; is the partial pressure difference (Pa) of component i across the membrane; and

Sij = (3)

T

where, Sj; is the ideal selectivity of species i over j.

6.5 Relative Average Defect Size
Gas transport through a zeolite membrane is due to contributions from both zeolite and
non zeolite fluxes [46], [47—-50]. Potential transport passages through a zeolite membrane

are illustrated in Figure 6-5.

i Zeolite
Zeolite =P > Zeolite =) >

I

Non Zeolite —» Non Zeglite )
Non Zeolite — —

Cross-sectional SEM Scheme Model

Figure 6-5. Gas transport passages through the membrane.
To measure how much non-zeolite contribution was reduced after applying the second

layer, a comparative parameter associated with the relative average defect size was

calculated. It was previously shown that natural zeolite membranes can be screened based
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on the relative average defect size using a comparative coefficient obtained when H,
permeability is plotted as a function of pressure [46]. The H, permeance across the
membrane can be considered as a combination of two permeance fractions. One fraction,
associated with Poiseuille or viscous flow depending on pressure. The other fraction is
essentially not correlated with pressure variation and includes Knudsen and zeolitic flux

contributions. The permeability calculated for H; is expressed as follows:

Permeability = a,[P*] + Bk, 4)
s_p AP
P*=Pn 1 (5)

The first term in the above equation is pressure dependent while the second term is
invariable with pressure. P, is the mean pressure between the feed and the permeate side.
The coefficients a, and By, are the slope and intercept of a linear fitting of the
permeability data as a function of P*. o, is a coefficient associated with viscous flow
(non-selective flux fraction) and [, is attributed to Knudsen and zeolite fluxes (selective
flux fractions). As it was discussed in [46], the ratio A=a, /Py, 1S a comparative parameter
which is associated with the average defect size of each membrane. The membrane
having the smallest average non-zeolite pore size corresponds to the lowest value of the
A=ay /By, ratio. The values for the coefficient A were estimated and compared after the
first and the second layer of the coating was applyed on the stainless steel support to

evaluate the effectiveness of the each layer.

6.6 Results and Discussions

XRD

Powder XRD patterns of the raw clinoptilolite powder and the mixture of clinoptilolite
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and aluminosilicate binder are shown in Figure 6-6. The XRD pattern for membrane
slurry is similar to the standard clinoptilolite confirming the crystalline framework
structure in members slurry. The patterns also shows that the crystalline zeolite structure

was not damaged or influenced drastically by mixing or the heat treatment process

Membrane Matrix

Clinoptilolite

10 20 30 40 50 60 70 80

Degrees (2theta)

Figure 6-6. XRD patterns of the natural zeolte clinoptilolite powders and the natural

zeolte clinoptilolite membrane slurry.

Particle size distribution (PDS)

The particle size distribution analysis for the as-received clinoptilolite powder and the
membrane slurries prepared by two mixing methods (e.g. magnetic stirring versus ball
mill mixing) are shown in Table 6-2. Sample 1 was homogenized using a magnetic stirrer
while sample 2 was prepared using a ball mill. The analysis software assumed spherical

shape for the particles with the diameter of D10, D50 and D90 that respectively refers to
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10%, 50% and 90 % of the particle sizes. The D50 for the clinoptilolite was identified as
12.30 um, in sample 1 as 5.64 and in sample 2 as 5.16. While mixing the slurry by ball
mill method resulted in a slightly more homogenized mixture, the two mixing methods
did not show any significant differences in terms of particle size reduction or
homogeneity.

Table 6-2. Particle size distribution analysis of the zeolite powder and coating slurry

Sample D10, (um) D50, (pum) D90, (um)
Natural clinoptilolite zeolite 2.8 12.3 38.1
Sample 1(magnetic stirrer) 1.6 5.6 14
Sample 2 (ball mill) 1.6 5.2 12.6

SEM

Figure 6-7 shows the SEM images of air dried and heat-treated coating slurry. SEM
image showed a consistent mixture at the solid ratio that was selected for the membrane
slurry. Characterization of membrane using optical microscopy and SEM after heat-
treatment was employed to find the appropriate ratios of zeolite and binder in the mixed
matrix slurry. Figure 6-8 shows the cross-section of a porous tubular membrane coated,
air dried and heat treated with natural clinoptilolite zeolite slurry. The inside of the as-
received porous stainless steel tube was already pre-coated by the manufacturer with a

layer of TiO; to adjust the substrate porosity.
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Figure 6-8. Cross-section of a stainless steel tube, coated with TiO, layer and natural

clinoptilolite slurry

Single gas permeations

6.6.1 Single Layered Membranes
Single-gas permeation was measured after applying the first layer of the membrane.
Since normally water vapour molecules take up zeolite pores, prior to the gas permeation

experiments, membranes were activated in-situ to ensure zeolite flow.
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Effect of Pressure
The coated tubular membranes were tested at different feed pressures using H,, CO, and

C,Hg permeation. The permeance as a function of feed pressure is shown in Figure 6-9.

10.0

9.0 1
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Figure 6-9. Permeance of individual gases through the single-layered membrane at different
feed pressures, permeate pressure: 108 kPa, temperature = 25 °C.
H,, CO, and C;Hg permeance through the membranes increased as feed pressure rose.
This is due to the higher viscous flux contribution through the relatively large non-zeolite
pores. The permeance associated with the Knudsen flux, as a zone between selective and
non selective flux fractions, remains constant as pressure increases while the permeance
related to the zeolitic flux is either constant or decreases slightly with pressure [51-52,
46]. The trends in Figure 6-9 confirms that the zeolite flux contribution was not the
dominant transport mechanism for the single-layer membrane [46].
H,/CO, and H,/C,H¢ separation selectivity of membranes was 8.9 and 6.9 respectively.

Both H,/CO, and H,/C,Hs selectivities were higher than the corresponding Knudsen

118



MWC2H6

selectivity ( Shzcoz = (choz)l/2 4.6 , SK,cone = = (G )1/2 =3.9) suggesting

dominant microporous behaviour, while the micropores can be either zeolite or
nonzeolite pores such as pinholes or cracks [45-46, 53].

To estimate membrane pore size, permeance is plotted as a function of kinetic diameter
and molecular weight. Single gas permeances of H,, CO, and C,H¢ decreased with
increasing kinetic diameter. Figure 6-10a shows that CO, permeance does not correlate
with H, and C,Hg in terms of molecular sizes as expected from the micro-porous
diffusion mechanism, suggesting that transport mechanisms other than molecular sieving
(Knudsen or zeolitic) were also contributing to the flux permeation [46,53-55]. Similarly,
gas permeation across single layered membrane cannot be described by a pure Knudsen
transport mechanism either (Fig. 6-10b). Since permeance is not linearly proportional to

1/(M;)" as in Knudsen flux mechanism.
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Figure 6-10. Permeance of H,, CO, and C,Hg through single layered tubing membrane as
a function of (a) kinetic diameter and (b) molecular weight. Temperature: 25 °C, feed

pressure: 111.2 kPa, permeate pressure 108.2 kPa.

6.6.2 Double Layered Membranes

The gas permeation through the single layered membranes depends on the contribution of
different transport mechanisms associated with both zeolite and non-zeolite pores. While
presence of non-zeolite pores decreased hydrogen separation efficiency, subsequent
coating layers were applied to reduce the number of nonselective regions in the film,

using the same procedure as the first layer.

Effect of Pressure
Figure 6-11 shows the single gas permeation results on the tubular membrane after

applying the second layer. Compared to single gas permeation at different pressures, by
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increasing the pressure, the average permeation rates of CO, and C,Hs decreased
noticeably.

While CO; and C,Hg permeance in single-layered membrane increased by factors of 5 and 9
respectively over the feed pressure range of AP =110 to185 kPa, in double layered membrane
the permeace of CO, and C,Hs enhanced by the factor of 2. Since clinoptilolite pores are only
comparable with kinetic diameter of hydrogen, the decrease in CO, and C,Hs permeation
values shows the decrease in non-selective, non-zeolitic pores after applyion of second layer.
Hydrogen permeance reduction in Figure 6-11c also shows hydrogen transport through non-
zeolite pores in the first layer since in the second layer permeance was not affected by
pressure as the first layer. However, an additional contribution to hydrogen flux reduction is
also associated with the reduction of zeolite content after applying the second layer. The slight
increase in permeation with pressure shows the existence of nonzeolite pores in membrane.

However larger contribution of flux can be connected to the zeolite flux.
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Figure 6-11. CO, (a), C;Hg (b), H, (c) permeance through single and double layered

membranes at different feed pressures, permeate pressure: 108.2 kPa, temperature: 25 °C.

Figure 6-12 shows the permeability of membrane after applying each layer as a function
of P* as defined in Eq. 4. Singled-layered membrane showed higher permeability, as the
intersection at y-axis is larger. The corresponding values of A =a.,/Bk, for each membrane
are listed in Table 6-3. Single layered membrane showed a higher value for A ratio than
the double layered membrane, this is appears to mean that the average defect size is
slightly larger for the single layered membrane than for the double layered one. A larger
average defect size represents higher non-zeolite fluxes for CO, and C,H¢ as feed
pressure increased. The extent of the “non-selective” viscous flux passing through the
relatively larger non-zeolite pores increased as the total pressure difference rises. This is
consistent with a larger defect size for single layered tube as compared to double layered

one:
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Figure 6-12. Comparative parameters (o./Px,) for single and double layered membranes,

permeate pressure: 108.2 kPa, temperature: 25 °C.

Table 6-3. Comparative parameter (A = o,/Px, ) for single layered and double layered

tubing membranes.

Membrane/Parameter A x10* (kPa™)
Single layered 5.2
Double layered 0.9

Effect of Temperature

To study membrane performance and separation mechanism at higher temperatures, gas
permeation was conducted in the range of 25 °C to 300 °C. Figure 6-13 shows H,, CO,
and C,Hs permeance after applying the second layer. Hydrogen permeance increased

53% as temperature increased from 25 °C to 300 °C while permeance of C,H¢ and CO;,
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was almost constant.

Since the crystalline pores in clinoptilolite is in the order of the kinetic diameter of
hydrogen [56] and zeolitic permeance increases as temperature rises [57] higher fraction
of H, flux passing through the zeolite crystals associated with the larger contribution of
zeolite flux to the total flux across the membrane [51], [58].

The permeance associated with viscous flux decreases with increasing temperatures
which is similar to the Knudsen permeance mechanism [46, 59-60]. At more elevated
temperatures, with a weak adsorption affinity, molecules are expected to permeate
according to the activated gaseous diffusion regime [51, 58, 61]. The combined effects of
zeolitic diffusion flux as an activated process and non-zeolitic flux resulted in a constant
progression of the single CO, and C,Hs overall permeation flux through the membranes.
This membrane behaviour can be valuable for potential applications in hydrogen

separation industry where the process temperatures can reach to 300 °C or higher.
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Figure 6-13. Permeance of individual gases through double-layered membrane at

different temperatures, feed pressure: 111.2 kPa, permeate pressure 108.2 kPa.

6.7 H, Selectivity Enhancement

The ideal selectivity of H,/C;Hg and H,/CO, on single and double-layered zeolite
membranes is shown in Figure 6-14. Hydrogen selectivity decreased as the feed pressure
increased, while the fraction of the non-selective viscous flux passing through the
relatively larger nonzeolite pores increased as the total pressure difference rose. For both
of the layers, H,/CO, and H,/C,Hg selectivities were higher than the corresponding
Knudsen selectivity (SEIZI/COZ = 4.7, SEE/Q% = 3.8). By applying the second layer,
separation selectivity for H,/C,Hg increased from 6.9 to 8.4 and for H,/CO, it also
increased from 8.3 to 10.2 at room temperature at feed pressure of 110 kPa.

A comparison of relative average defect sizes (coefficient A in Table 6-3) is consistent

with the experimental values of the ideal selectivities as the pressure increased at room
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Figure 6-14. H,/CO; (a) H,/C,Hg (b) separation selectivity through single layered (solid
bars) and double layered (shaded bars) membranes at different pressures, temperature: 25

°C, kPa, permeate pressure: 108.2 kPa, (Dashed line: Knudsen selectivity) .

6.8 Conclusion

A natural clinoptilolite composite membrane was developed on a stainless steel tubular
support. The clinoptilolite mixed matrix membrane showed potential in H, separation
from CO; and C,Hg. To improve membrane separation performance, second layer of
membrane was applied. The improve in selectivity from 8.3 to 10.2 and 6.9 to 8.3 for
H,/CO, and H,/C,Hg respectively suggests that the number and size of nonselective,
nonzeolite pores reduced after applying the second layer which was also confirmed by
the comparative parameter. Total H, permeance increased 53% with the increase of
temperature due to the larger contribution of the selective compared to the non-selective

flux fraction. Further improvement on the membrane quality and performance could be
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expected by optimizing the coating composition and thermal treatment conditions. This
study shows that natural zeolite coated stainless steel tubular membranes have great

potential for large-scale hydrogen purification at high temperature requirements.
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Chapter Seven

Single and multi-component transport through metal

supported clinoptilolite membranes
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7.1 Summary

At room temperature and a feed pressure of 110 kPa considerable differences for
separation efficiency of hydrogen from lower n-alkanes (CHy4, C;Hs, C,Hg) was observed.
After increasing the temperature up to 600 °C, hydrogen permeance increased
considerably while the permrance of hydrocarbons slightly increased. The permeance of
the weekly adsorbing molecules such as hydrogen was found to drop at room temperature
resulting in lower hydrogen selectivities in the presence of strongly adsorbing molecules.
At higher temperatures (higher than 300 °C) molecules with kinetic diameters larger than
the zeolite pore were not adsorbed into the micropores, however, some transport was
observed. This might be attributed either to some larger pores in clinoptololite structure
or the vibration of the zeolite pore as the temperature was increased. Experimental
analysis showed that for mixtures of a fast-weakly adsorbing component and a slow-
strongly adsorbing component, the average selectivity for hydrogen separation was a

factor of 2 lower than the one obtained under ideal single gas permeations.

7.2 Introduction

The application of molecular sieve materials, such as zeolites in gas separation and
purification processes suggests alternative methods compared to conventional separation
technologies. Since zeolite pores are comparable with kinetic diameters of gases such as
hydrogen, it allows them for separation of components on the basis of differences in
adsorption affinity or differences in shape and geometry. Molecular sieves can be used as
adsorbents in pressure-swing adsorption (PSA), temperature-swing adsorption (TSA), or

as inorganic membranes. Inorganic membranes with intrinsic thermal, structural and
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chemical stability are preferred in particular for applications involving extreme
conditions such as high-temperatures with the possibility of regeneration in the process.
Zeolite membranes have been used for separation of different gases depending on the
particular application including separation of weakly adsorbing gases such as hydrogen
[1]-[4] or strongly adsorbing components such as butane [5]-[7].

Predicting the separation performance of zeolite membranes in microporous materials
depends on both multicomponent adsorption and diffusion properties. The adsorption of
gases in the crystalline channels of the zeolite has an influence on the diffusivity of the
molecules. When studying a gas mixture, depending on its composition, competitive
adsorption could have a considerable play on the diffusion of molecules. Although in an
ideal view, there is a tendency to predict mixture permeation based on single-component
parameters, however, different interpretation from mixed gases showed that the
behaviour for gas mixtures is different, according to process operating conditions.
Theoretical modeling of multicomponent permeace and separation through microporous
inorganic membranes is multifaceted and a inclusive study has not been reported so far
[8], [9]. The studies reported in the past years, have shown that the microstructure of a
polycrystalline zeolite membrane and structural change of the zeolite in the membrane
can have an effect on gas permeation and separation properties of the zeolites membrane.
One may suppose that zeolite crystallite size and shape, crystal direction in the film,
intercrystalline pore size and shape should be among the key parameters that describe the
microstructure of a zeolite membrane. However, even a pure polycrystalline zeolite
membrane often contains both zeolite and micro-porous non-zeoite pores, however, in

most cases, gas passes through both types of the micro-pores. The presence of micro-
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porous intercrystalline pores (with similar size of the zeolite pore) can affect separation
mechanism by a zeolite membrane. Making a distinction between these two types of
pores is not simple and therefore, considering the effect of each type of pore, cannot be
precisely predicted.

Literature reports on the permeation of gas mixtures in microporous membranes, are
limited even though practical applications of the zeolite membranes are likely to involve
multicomponent systems. While competitive adsorption may be modeled for zeolite
systems, permeance through defects will not be subjected to the same molecular forces,
which influences the predictability of the membrane layer. The most precise test for
membrane performance is therefore to test them under conditions similar to the end use.
The objective of this study is to predict the separation performance of a natural zeolite
mixed matrix membrane at altering operating conditions (e.g. temperature and pressure)
in comparison with single-component data. The contribution of adsorbate-adsorbent
interaction is evaluated by comparing single gas and multicomponent gas experimental

data through the mixed matrix zeolite membranes and measuring the adsorption data.

7.2.1 Classification of gas mixtures

When dealing with a gas mixture, depending on the composition, competitive adsorption
may have a major influence on the diffusion of the target permeate. The following
circumstances describe the expected molecular behaviour of gas mixtures [10 — 12]:

1- Weakly (W) - weakly (W) adsorbing gases (H,/CHa):

For combination of W — W adsorbing gases, the separation factor values are close to the
ideal selectivity values but are typically somewhat lower.

Separation Factor = Ideal Selectivity
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2- Weakly (W) - Strongly (S) adsorbing gases (H,/C,Hy):
For a W—S mixture, the flux of weakly adsorbing component can be considerably reduced
by the presence of the strongly adsorbing component. This effect is due to the adsorption
among gas molecules mixture, compared to the single gas permeation.

Separation Factor < Ideal Selectivity
3- Strongly (S) - Strongly (S) adsorbing gases (CO,/C,H,):
The permeance of both gases decreases considerably. In this scenario, he stronger
adsorbing gas of the two has lower permeance values. Separation factor is low at low
temperatures.

Separation Factor << Ideal Selectivity

7.3 Experimental

A gas blend specified by NOVA Chemicals (H,: 34%, CHa4: 6%, CyHa: 33%, CoHg; 27%)
was used for evaluating membrane performance in feed pressure range of 110-160 kPa
and temperature range of 25 °C — 600 °C.

Gas permeation through the natural zeolite tubing membranes was measured using the
test system shown in Figure 7-1. The membrane was sealed in a tube-and-shell chamber
made from stainless steel tube. Feed and retentate passed through the tube side while
argon and permeate entered and exited through the shell side. For permeation tests at
higher temperatures, the membrane cell was placed into a tube furnace with a multipoint
programmable temperature controller. A heating rate of 5 °C/min was used to ramp to

each specified temperature.
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Figure 7-1. Schematic of the set-up for gas permeation measurement

The trans-membrane pressure was controlled using a backpressure regulator located at
the feed side outlet. The feed and sweeping gas flow rates were controlled by two mass
flow controllers (Sierra Instrument Inc.). For all gas permeation tests, flow rates of the
feed and sweeping gas were constant at 100 mL/min (STP) and 100 mL/min (STP),
respectively. The flow rate of outlet streams was measured using bubble flowmeters. A
Shimadzu Gas Chromatograph GC-14B (GC) equipped with TCD and packed column
(HaySep Q, 80-100 mesh) was used to analyze both the permeate and retentate
concentrations.

To achieve the maximum thermal conductivity difference between the carrier gas and the
analyte in single gas experiments, helium was used as GC carrier gas for CO; and C,;Hg
while argon was used for H; analysis. For mixed gas permeance tests, however, the GC
was re-calibrated to detect all the gases at the same time using argon as the GC carrier

gas. Some loss of sensitivity was to be expected when argon was used as the sole sweep
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gas but the sensitivity was expected to be adequate for the concentrations that we were
measuring here. The thermal conductivity of different gases is brought in Table 7-1.

Table 7-1. Thermal conductivity of gases at 25 °C

Gas Thermal Conductivity (mW/m.K)
N> 26
Ar 17.9
H, 186.9
He 156.7
CO, 16.8
C,He 21.3
CH,4 34.1
C,Hy 20.5

7.3.1 Error propagation

In all reported permeation results in this study, there is an uncertainty which is
approximated through a standard propagation of errors analysis [13]. Absolute error
propagation was the product of the uncertainties associates with different variables

including pressure, temperature, flow rate and gas chromatography measurements.

8T[_ 8T2 SAPl 2 8(X1)2 8Vi2 1
= |G (o G+ G (1)

Where, T, X; , AP and V; are operating temperature, GC detection value, trans-membrane

pressure and outlet volumetric flow rate respectively:

__ Volume
t

v, )
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Where, volume is the measured amount of gas exiting a column in milliliters (mL) and t
is the measured time in seconds. Table 7-2 summarises the uncertainty associated with
source of error.

AP; = Pfeed — Prermeate 4)

6APi = 8Pfeed + 8Ppermeance (5)

Table 7-2. Uncertainty associated with each source of error

Parameter Uncertainty (8)
T 1°C
Volume 0.1 mL
t 0.1S
AP 0.2 psi
X 0.1 %

The uncertainty of reported values is shown in each graph by the error bars according to

the above equations and the calculated uncertainty.

7.4 Results and Discussion

Effect of Pressure
To characterize and compare the membrane performance, single and multicomponent gas
separation was conducted by varying the feed side pressure while maintaining

atmospheric pressure at the permeate side. The permeation tests, as the first set of
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experiments in membrane characterization was conducted at room temperature.

As shown in Figures 7.2, 7.3 and 7.4, the permeation and separation factors for all the
gases decreased over the feed pressure rage of 110-160 kPa at room temperature. The
decreasing trend implies that the gas permeation across the tubing membrane has
contributions from different transport mechanisms associated with both zeolite and non-
zeolite pores. The decreasing trend of permeance with pressure is expected to be due to
the growing contribution from viscous flux through the relatively large non-selective

(non-zeolite) pores as feed pressure was increased and consequently H, selectivity

decreased.
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Figure 7-2. H,/C,H; separation factor in multi component and single gas permeation test
through tubular mixed matrix membrane at different feed pressures, Temperature: 25 °C,

Permeate pressure: 108.0 kPa.
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Figure 7-3. H,/C,H, separation factor in multi component and single gas permeation test
through tubular mixed matrix membrane at different feed pressures, Temperature: 25 °C,

Permeate pressure: 108.0 kPa.
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Figure 7-4. H,/CH, separation factor in multi component and single gas permeation test
through tubular mixed matrix membrane at different feed pressures, Temperature: 25 °C,

Permeate pressure: 108.0 kPa.
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Although in the single and mixed gas measurement test, the separation efficiency
decreased over the pressure rage, however, two major differences in the behavior is
noticeable. First the average separation efficiency is higher for the single gas test, while
due to the competitive behavior of the gases, difference in sizes/geometries and the non-
similarity in adsorptive behavior at room temperature, the average separation factor for
the mixture is lower than the single gas selectivity. Secondly, for the single gas test, the
decrease in selectivity is sharper than the mixed gas, which is attributed to the
competition between the gases.

Increasing trans-membrane pressure had the opposite effect on the permeation of the non-
adsorbing hydrogen than the adsorbing hydrocarbon components. On the one hand, an
increase in feed pressure provided larger partial pressure differences across the
membrane for hydrogen and hydrocarbons that appears to increase their permeation. On
the other hand, increasing feed pressure at room temperature raised the partial pressures
of the strongly adsorbing hydrocarbons, which enhanced adsorption on the zeolite and
further blocked the zeolitic pores, resulting in inhibition of hydrogen and methane
permeance. Thus hydrogen separation factor for mixed gas was not affected as much as
single gas selectivity in the same pressure range.

The decrease in selectivity for H,/CyHg, Ho/C,Ha, Ho/CHy in the pressure range of 108 to
165 kPa in single gas permeation was 23.64%, 26.2% and 26.7% while for the mixed gas
separation the separation factor reduced 5%, 7.7% and 6% respectively. Therefore, when
dealing with a gas mixture, zeolite membrane operates at a slightly higher operating

pressure [14-16].
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Effect of Temperature

To compare single and mixed component gas selectivity in hydrogen separation, single
gas permeation was tested up to 600 °C. Figures 7.5, 7.6 and 7.7 show selectivity of
clinoptilolite membrane for H,/C,Hg , Hy/C,H4 and H,/CHy4 respectively. Selectivity of
single gases is almost constant as the temperature was increased. As the permeance
contributions associated with Knudsen flux and viscous flux decreases with temperature,
the constant permeation trend for all the gases with temperature reflects that both zeolite
and non-zeolite pores and related mechanisms exist in this membrane [17—19]. Therefore,
since the zeolite permeance is expected to increase as a function of temperature so that

the two effects was seen to be cancelling out.
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Figure 7-5. Mixed (Blue), Ideal (Red), Knudsen (green), H,/C,Hg separation selectivity
through tubular mixed matrix membrane at different temperatures, Feed pressure: 111.2

kPa, Permeate pressure: 108.2 kPa.
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At higher temperatures, a larger fraction of H, flux diffused through the zeolite crystals,
However, because single gas selectivity was constant, at higher temperatures other gases
in addition to hydrogen were passing from the feed side to the permeate side. This
phenomenon can be because of two reasons. First, all the channels allowing gas transfer
to the permeate side were not zeolitic channels that accommodate gases other than
hydrogen, such as C,H4, C;Hg or CH4 which resulted in constant selectivity trend for the
single gas permeation. Furthermore, the thermal vibrations of both the zeolite (framework
flexibility) and the probe molecules at higher temperatures had an effect [11].

The difference between single selectivity and mixed gas separation factor was larger up
to 300 °C. At lower temperatures competitive adsorption dominated and ethylene, as the
stronger adsorbing gas blocked the passages for hydrogen to permeate through the zeolite
pores and as a result adsorption took over. With further temperature rise, the zeolite
surface possession decreased.

At high temperatures where limited adsorption occurs, mass transport is kinetically
verified [11]. At temperatures over 300 °C, adsorption of light hydrocarbons on
clinoptilolite zeolite was negligible and the permeation became gaseous diffusion.
Permeation of hydrogen was taken over by the adsorbed hydrocarbons in zeolitic pores at
low temperatures, and increased with increasing temperature. Since the zeolite adsorption
is negligible at 600 °C for all the components, gas permeation is essentially determined
by the diffusivity of the gases in the zeolite pores.

For separation of multicomponent mixture, an inversion in separation selectivity could be
observed during temperature-programmed permeation, when the separation mechanism

shifted from adsorption at lower temperatures towards diffusion at higher temperatures.
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7.5 Adsorption Parameters

The use of accurate adsorption data is imperative to extract transport properties from the
single-component permeation as well as for modeling multi component permeation.

In the region of strong adsorption, molecules will have strong interactions with zeolite
membrane dissimilar to the region of weak adsorption (Henry region) that would
influence the diffusion behaviour.

The difference between single and multi-component gas behavior was maximized up to
300 °C and adsorption was discussed as one of the possible reasons causing this trend. To
check the effect of adsorption for this specific mixture on the zeolite membrane,
adsorption isotherms were measured. Ethane, ethylene and methane adsorption isotherms
on clinoptilolite (0-120 kPa) were measured at 25, 100, 200, 300, and 400 °C with a
Micromeritics ASAP 2020C in its chemisorption configuration. Sample was activated
under a flow of 200 ml/min of N> to 350 °C and held isothermally for 15 min. The sample
was evacuated under vacuum (10™* Pa) for 60 min and dosed with fixed quantities of gas
until a pressure of 1.14 bars, was reached. Adsorption isotherms of ethylene, ethane and
methane at different temperatures are shown in Figure 7.8. As shown is Figure 7-8,
adsorption strength decreased in the following order:

ethylene> ethane > methane > hydrogen.

No adsorption was measurable for hydrogen at the experimental conditions. Methane and
ethane adsorption isotherms were in essence linear with the partial pressure, while
ethylene was adsorbed more strongly and non-linearly.

While the adsorption strength of all hydrocarbons were strongest at 25 °C temperature,

further increase in temperature reduced adsorption on zeolites and this difference was
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minimized at 300 °C and ignorable at 400 °C. The adsorption results confirmed the
permeance behavior on zeolite membrane.
In this work, hydrogen in considered as the non-adsorbing or weekly adsorbing gas,

ethane/methane as moderately adsorbing gas and ethylene as the strongly adsorbing gas.
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The load inside the zeolite (0) is correlated with the partial pressure of component i by

means of an adsorption isotherm model. In this study, Langmuir model is selected due to its

simplicity and since it was able to describe H, and light hydrocarbons isotherms at low to
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moderate pressures. Langmuir model summarizes the pressure reliance of load as following:
[20], [21]:

0=y = ©)

Vsat 1+ KPy

Table 7-3 shows the value of adsorption parameters of the various components of the

Langmuir adsorption isotherm fit at 25°C, from 0 to 1.2 bars.

Table 7-3. Values of the adsorption parameters, for the various components at 70 °C,

(Langmuir isotherm)

Component V:ae K |, cc/(g.bar) Vearcc/g K
H, N/A N/A N/A
CH,4 5.22 15.24 0.0409
C,Hs 21.55 6.13 3.54
CoHy 2439 244 16

7.6 Conclusion

Different observations on mixed gases showed that the behavior for the mixture of the
gases was different depending on the operating conditions.

When a gas mixture is studies, depending on its composition in addition to geometrical
differences, competitive adsorption has a significant influence on the diffusion of the
target permeate. In the zeolite mixed matrix membranes, permeation of hydrogen (at

the target permeate) was negatively influenced by the adsorbed hydrocarbons in zeolitic
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pores at low temperatures. Increasing the operating temperature, higher than 300 °C,
eliminated the adsorption effect. At temperatures higher than 300 °C, geometrical
non-similarity and competitive transport among molecules caused deviation from

single gas permeance mechanism.
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Conclusion and Future Work
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8.1 Conclusions

Zeolite molecular sieves have improved the chemical processing industry for applications
ranging from membrane technology to adsorption and catalytic reactions. The objective
of this research was to develop new molecular sieve materials and study their
applications in membrane and adsorptive gas separation processes. Several techniques to
employ and modify zeolite molecular sieve materials have been developed, including
development of composite disk membranes, dip coated stainless steel tubular membranes
and a pore size modification method to create a new rate based adsorbent. The new
materials and membranes resulting from the development and modification techniques
can be potentially applied to commercial and applied membrane or adsorptive gas
separation processes.

In chapter 3 it was shown that the structure of a naturally occurring clinoptilolite was
modified through ammonium exchange, calcination, and post-calcination steam
treatment. The ammonium exchange removed the structural cations, which caused the
framework to expand, while steam treatment at 600 °C caused a contraction in the
structure. The effective pore size of the modified clinoptilolite allowed it to adsorb
ethylene and exclude ethane in a dynamic adsorption experiment. By incrementally
changing the pore size of clinoptilolite, a new rate-based adsorbent for the adsorptive
separation of ethylene from ethane was produced.

The study in chapter 5 estabilshed the fact that copper can be employed as a mettalic
sealant in membrane fabrication process to boost the membrane performance. Copper
powders were added as a binder and sealant to fill out the non-zeolite region in pressed

clinoptilolite disk membranes. However, gas permeance in copper-clinoptilolite
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membranes decreased due to reduction of the zeolite volume fraction and the
minimization of non-selective flux through inter particle channels. The increase of
membrane performance for the copper clinoptilolite composite membranes is attributed to
the metallic copper and copper oxide effectively filling a portion of the inter-particle
spaces and creating a complete adhesion with the zeolite particles. The natural zeolite
disk membrane has the additional aspect of high thermal and chemical stability, which
provides the possibility of increasing the permeance at higher temperature.

To enhance the process flexibility and to scale up the disk membrane fabrication process,
tubular mixed matrix zeolite membranes were coated on tubular stainless steel supports
and discussed in chapter 6. A natural zeolite mixed matrix membrane showed promise in
H, separation from CO, and C,Hs. Multilayer coating method was applied as a post
treatment method to improve membrane performance. The improve in selectivity from
8.3 to 10.2 and 6.9 to 8.3 for H,/CO, and H,/C,Hg respectively suggests that the number
and size of non-selective, non-zeolite pores reduced after applying the second layer
which was also confirmed by the comparative parameter. Total H, permeance increased
53% with the increase of temperature due to the larger contribution of the selective
compared to the non-selective flux fraction. The study concludes that natural zeolite
coated stainless steel tubular membranes have great potential for large-scale hydrogen
production at high temperature requirements.

Finally in chapter 7, hydrogen separation mechanism from a mixture of light
hydrocarbons was studied and discussed. At room temperature and a feed pressure of 110
kPa large differences for the separation efficiency of hydrogen from lower n-alkanes

(CHy4, CyHy4, CyHg) were observed for the components under study. After increasing the
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temperature up to 600 °C hydrogen permeance increased considerably while the
permrance of hydrocarbons slightly increased. Escalating the temperature to 600 °C,
enhanced hydrogen permeance significantly, whereas, the permrance of hydrocarbons
slightly increased. Experimental analysis showed that at temperatures lower than 300 °C
in gas mixture with different adsorption affinities, adsorption caused large deviation from
ideal gas behaviour when no geometrical or adsorptive effects play any roles. While
coated clinoptilolite membrane separated hydrogen effectively up to 600 °C, hydrogen
separation was a factor of 2 lower than the one obtained under ideal single gas
permeations.

By means of development of membranes in different shapes with process flexibility or
new adsorbents, we have developed several techniques to create new molecular sieve
materials for membrane and adsorptive gas separation processes. Further research and
development in new micro-porous materials will be critical to the chemical processing
industry and should be viewed as an opportunity for the advance of next-generation

sustainable membrane or adsorptive gas separation technologies.

8.2 Recommendations for Future Work

In disk membrane preparation, we proposed a new proof of concept based on the
use of copper as a binder and sealant agent of clinoptilolite particles to address the
cost and scaling-up limitations of zeolite membranes. Knowing that the formed copper
and CuO may be also covering active zeolite pores for permeation, the next logical step
would be to increase the zeolite volume content in the composite membrane to

enhance selectivity and at the same time the permeance. This requires the
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modification of heat treatment procedure. Additionally, the preparation method has
clear advantages in terms of scaling up. In addition to disks, the preparation method
can be applied to other geometries including plates and tubes, which are
satisfactory for industrial applications. Besides copper-clinoptilolite disks, more
characterization work can be added using other malleable materials like aluminum
powder, iron powder or alloys powder.

In coated tubular membranes, understanding the influence of thermal compatibility
between the coating slurry and the metallic support on the number of non-zeolite
pores requires further study. Since the difference in thermal conductivity results in
the appearance of cracks and possibly pinholes, a modified heat treatment at lower
temperature or heat treatment at vacuum or supercritical conditions are worth to
be further studied. Another method to minimize the effect of thermal conductivity,
would be to coat membranes by thermal spray coating method in which melted or
heated materials are sprayed onto a surface or the materials are coated onto a
heated surface. The benefit of this method is that water is evaporated immediately
and the probability of crack formation is reduced.

Presence of any dust or suspended particles facilitates formation of cracks on
membranes, it is recommended to perform the coating in a clean room with a low
level of environmental pollutants such as dust, airborne or possibly microbes and
aerosol particles, and chemical vapours.

Since most of the issues in membrane preparation process were relevant to support
as well as compatibility between the zeolite slurry and support, further study of the

performance and development of self-supported membranes with the slurry
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developed for this research is also encouraged.

Finally, combining a zeolite membrane as a membrane reactor system is another valuable
application in which a chemical conversion process is combined with a membrane
separation process to add reactants or remove products of the reaction. The zeolite
membrane is easily thermally stable to 600 °C, therefore, the membrane reactor system is

in particular valuable for endothermic reactions such as dehydrogenation.
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