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Abstract

Adsorption behavior of nitrogen, argon and oxygen on silver exchanged
titanosilicate (Ag-ETS-10) were studied in this work. A low temperature gas
chromatographic determination of relatively low concentration argon (<1%) was
developed, which was applied to evaluate the production of argon free oxygen by
adsorptive air separation on Ag-ETS-10. A lab-scale demonstration shows that
Ag-ETS-10 is promising as an adsorbent capable of producing high purity oxygen.

A mathematic model base on mass balance proves Ag-ETS-10 bed with
enhanced density possesses higher recovery yield of oxygen during adsorptive air
separation. Several techniques to enhance the bed density of Ag-ETS-10 were
investigated. A lab-scale demonstration was carried to verify the prediction of this
correlation.

Adsorption behaviors of different hydrocarbons (methane, ethane, ethylene) on
ETS-10 at high pressure were studied. Separation of binary mixture (ethylene/ethane,
methane/ethane) at high pressure was investigated on ETS-10 through lab-scale
demonstration. The bed selectivity was obtained from the demonstration and verified
through ideal adsorbed solution theory model.

As an alternative, microwave desorption provided a faster heating rate and
desorption rate, higher desorption and gas recovery and lower energy consumption
compared to conductive heating. Desorption of ethylene/ethane and carbon
dioxide/methane mixtures was performed by microwave heating on Na-ETS-10 were

investigated.
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Chapter 1

Introduction



1.1 Overview

Since zeolites were firstly discovered in 1756 [1], zeolite molecular sieves have been

widely applied in the chemical, petrochemical and environmental industries [2-4].

The traditional zeolites are described as aluminosilicate inorganic materials
possessing a three-dimensional network of AlO, and SiO, tetrahedra linked to each
other by sharing the oxygen atom. Zeolites exhibits uniform pore size distribution,
high surface area, high porosity, variable chemical composition, and controllable
acid-base properties [5]. Because of these unique properties zeolites have found
industrial uses in various fields, such as gas separation and catalytic and ion exchange

applications [6-8].

Traditionally gas separation has been carried out by cryodistillation, a well-known
technology operated at extreme conditions, such as low temperature and high pressure
[9]. These conditions make the separation energy intensive. Adsorptive gas separation
has been used as an alternative due to its low energy requirement and low equipment
costs associated with the separations. Separation is achieved by using zeolite
molecular sieves to preferentially partition substances from the gaseous phase onto the
surface of the solid [10]. Table 1-1 shows a summary of various applications of

aluminosilicate zeolites in the purification and separation of gases [6].

Although aluminosilicate zeolites have been widely applied in gas separations, several
application areas still remain a challenge. Among them is the adsorptive separation for
light hydrocarbons at high pressure, due to the degradation of the separation
performance under these conditions for most natural adsorbents; and production of
argon free oxygen from air, due to lack of positive selectivity on most zeolites for
argon over oxygen. A new area of research involving the synthesis of new zeolite

materials has been on-going and shows promise in overcoming the limitations of



natural zeolites.

Table 1-1. A survey of application of natural zeolites in the purification and

separation of gases [6].

Application Gas Materials
1. Air separation O./N, Ag-MOR
AgLILSX
CLI, CHA, MOR
2. Natural gas upgrading CHJ/N, Na, Ca-CLI
Ba-ETS-4
CH,/CO, K,Na,Ca-CLI
CLI, MOR, ERI
3. Air pre-purification CO,, CO, NO CHA, CLI
H.S, SO; CLI
4. Gas drying Air, hydrocarbons, H,, CHA
etc. CLI, MOR
5. H,, N, and rare gas He, Ne, Kr, Xe Ca-CHA
purification H, CHA
N, H-MOR
6. Natural gas, coal gas, H,S, SO, CLI
biogas, etc. purification SO, CLI, MOR, CHA
NH3 PHI

In 1989, S.M. Kuznicki reported on a new class of zeolites invented at Engelhard
Corporation [11]. It is a mixed octahedral/tetrahedral titanium silicate molecular sieve
with a three-dimensional network of interconnecting channels [12]. The completely
different physical and chemical properties of the Engelhard Titanium Silicate (ETS)
give this new class of zeolites a potential advantage compared to natural zeolites

especially in gas separation processes [13-20]. Among the ETS family, a large pore



zeolite ETS-10 has an average pore size of approximately 8 angstrom. This would
allow most of the gas molecules (light hydrocarbons, carbon dioxide, oxygen and
nitrogen) to enter into the channels and enable the separation of mixtures such as,

ethylene/ethane, methane/ethane, CO,/methane, and oxygen/nitrogen.

The work reported in this thesis has been focused on the use of ETS-10 in production
of argon free oxygen [21], separation of ethylene and ethane at high pressure [22],
extraction of ethane from natural gas at high pressure [23-24], and removal of carbon
dioxide from natural gas [25]. Due to the difficulties of regeneration of ETS-10 after
adsorption of hydrocarbons, microwave assisted regeneration as an alternative was

also investigated and studied [26-27].

1.2 Thesis Outline

The purification of different components of air, such as oxygen, nitrogen, and argon,
is an important industrial process [28]. Pressure Swing Adsorption (PSA) is
surpassing the traditional cryogenic distillation for many air separation applications,
because of its lower energy consumption [29]. Unfortunately, the oxygen product
purity in an industrial PSA process is typically limited to 95% due to the presence of
argon which always shows the same adsorption equilibrium properties as oxygen on

most molecular sieves [30-33].

Silver exchanged zeolites such as silver mordenite [34], silver exchanged zeolite A
[35], silver exchanged zeolite X [36], and silver exchanged Li-Na-LSX zeolite [37]
have all been reported to show some degree of argon over oxygen selectivity. In 2003,
Air Products and Chemicals Inc. reported that a vacuum and pressure swing
adsorption unit using AgLILSX adsorbent allows the production of 99% oxygen with

a recovery of 15% [38].



In 2008, Kuznicki’s group reported that titanium based molecular sieves, such as
ETS-10, have the ability to exchange silver ions and subsequently support
self-assembly of stable silver nanoparticles when heated. After such modifications,
nanosilver ETS-10 exhibits unique adsorption properties, especially toward the inert
gases-Ar, Kr and Xe [39]. The enhanced interaction between argon and nanosilver
ETS-10 makes it possible to separate argon and oxygen, and produce high purity

oxygen from air.

In chapter three, the separation performance of Ag-ETS-10 for air at ambient
conditions is described. A cryogenic chromatographic method was developed to
improve the quantification of O, and Ar in the product stream. The separation factor,

breakthrough and desorption profiles of N, Ar, and O, are reported.

In chapter four, from the prediction of a mathematic model, it shows the possibility
that increasing the production and recovery of high purity oxygen by enhancing
Ag-ETS-10 bed density. Two methods were investigated and applied to improve the
bed density of Ag-ETS-10 adsorbent, such improved adsorbents with higher density
were evaluated in the same air separation lab-scale demonstration system as described

in chapter three.

Ethylene produced by steam cracking and thermal decomposition of ethane must be
purified prior to use in the production of plastics, rubber and films. Ethane-ethylene
separation is generally achieved by cryo-distillation. The energy and equipment costs
associated with ethylene purification could be significantly reduced by the

development of alternative separation methods.

It has been reported that Na-ETS-10 can be used to separate a mixture of ethylene and
ethane from an industrial process stream under low pressure (101 kPa) with a binary
bed selectivity of 5 at 298 K [40]. However, the industrial cryogenic distillation

process for ethane/ethylene separation is performed at elevated pressures (2000-2500



kPa), and the product stream is also transported at a high-pressure pipeline. Any
alternative adsorptive separation technology related to ethane/ethylene separation that
operates at high pressure will provide a clear advantage in reducing the energy

requirements.

Chapter five describes the adsorptive separation of a binary mixture of ethane and
ethylene at high pressure on Na-ETS-10 using a laboratory-scale demonstration unit.
A gas mixture, with a composition similar to the one commonly found in industrial
processes, was separated by adsorption on Na-ETS-10 within a packed-bed column.
The separation factor, breakthrough profile and capacity for ethylene and ethane were
determined. The separation performance was compared at different pressure and
temperature conditions. Adsorption isotherms for ethylene and ethane at high
pressures were used to calculate the mixture’s adsorption equilibrium on Na-ETS-10
as a function of pressure, and to calculate the isosteric heats of adsorption as a

function of loading.

Ethane, the second largest component of raw natural gas (ranging from 0.7% to 6.8%
by volume), is an important source of feedstock for ethylene production via the
industrial scale cracking process [41]. Annual global demand for ethylene, a precursor
in the production of films, rubber and plastics, exceeds 100 million tones [42]. The
recovery of natural gas liquids (NGLs), such as ethane, from natural gas was
traditionally achieved by cryogenic separation method [43]. However this method has
associated high-energy consumption costs. One common approach to lower the
temperature of a natural gas stream is to use a turbo expansion process. In this process,
refrigerants are used to cool the natural gas stream, followed by rapid gas expansion
by an expansion turbine. Expanding the cooled gas produces a rapid temperature drop,
which condenses out NGLs, including ethane, while methane is left in the gas phase
[44]. Subsequently, the gaseous methane effluent must be recompressed to pipeline

pressure, requiring further energy input.



In light of the high cost associated with the cryogenic method, there has been interest
in developing alternative technologies for removing NGLs from natural gas [45-46].
Adsorptive gas separation as an alternative has been widely investigated at ambient
condition, due to its low energy requirement. However, the NG feedstocks for the
NGL recovery process are generally high-pressure streams, occasionally as high as
10* kPa. Taking this into account any potential adsorption process related to natural
gas treatment should contemplate materials and engineering designs with efficient
separation performance at higher pressures [46]. Working at higher pressures would
also minimize the recompression work required before materials are introduced into

the downstream pipeline.

In chapter six, extraction of ethane from natural gas at high pressure by adsorption on
Na-ETS-10 is reported. The objective of this work was to evaluate Na-ETS-10 as an
adsorbent material capable of separating C1/C2 and C1/NGL at conditions
approximating natural gas pipeline pressures. Adsorption isotherms were measured
for methane and ethane at high pressures and used to estimate the mixture adsorption
equilibrium on Na-ETS-10 crystals as a function of pressure. The separation
performance of Na-ETS-10 within packed-bed columns was analyzed based on the
raffinate and extract streams produced from C1/C2 and C1/NGL feed mixtures at

room temperature and high pressure (up to 5600 kPa).

The global increase in demand for energy is faced with a continuous demand for an
environmentally friendly source of energy such as natural gas. The composition of
natural gas varies depending on the source. Usually raw natural gas is composed
mainly of methane (typically 80-95%), and impurities such as CO,, nitrogen, and
heavier hydrocarbons (C,.). Natural gas must be liquefied at a very low temperature
before being fed to pipelines for transportation. The presence of the acidic carbon
dioxide can cause pipeline corrosion and reduce transportation efficiency [47-48].

Therefore separation of carbon dioxide from methane is an important separation in the



chemical and petrochemical industries.

Many available methods exist for removal of CO, from natural gas in order to meet
the pipeline requirements. They include adsorptive separation [49-51], chemical
absorption [52-53], membrane separation [54-55], and cryogenic distillation [56]. The
key to the success of adsorptive separation of carbon dioxide from natural gas is
finding an adsorbent with a high CO, over CH, selectivity and a high CO, capacity.
The pore size of ETS-10 has an average kinetic diameter of ~8 A, which allows both
CO; (3.3 A) and CH,4 (3.8 A) molecules to enter into the cages and channels of
ETS-10. It is possible to separate a CO,/CH; mixture on ETS-10 based on the

differences in thermodynamic equilibrium between the gases [57-58].

In chapter seven, a removal of carbon dioxide from a mixture of 90% CH,4 and 10%
CO, was demonstrated by adsorptive separation on Na-ETS-10. Adsorption of carbon
dioxide and methane in Na-ETS-10 was measured by elution chromatography over a
temperature range of 30-130 °C. Limiting selectivity and isosteric heat of adsorption
at zero loading were obtained through these inverse-phase gas chromatography
analyses. The adsorption equilibria of carbon dioxide and methane on ETS-10 were
measured by a static volumetric method at 25 °C and pressure up to 100 kPa. The
equilibrium isotherms were modeled using the Toth equation which was applied in the
Ideal Adsorbed Solution Theory (IAST) model. IAST was used to predict the
separation performance. A mixture of 10% carbon dioxide and 90% methane obtained
from an industrial process stream was run through 150 mL Na-ETS-10 bed.
Breakthrough data was obtained through this single bed separation system.
Experimental adsorbed phase composition was investigated by water desorption and

was compared with the data predicted by the IAST model.

ETS-10 is capable of adsorption and separation of hydrocarbons such as methane,
ethane, and ethylene but due to their high heat of adsorption the desorption of these

strongly adsorbed species becomes one of the most time and energy consuming steps



in the adsorptive separation of hydrocarbon by zeolites.

Microwave heating was first used for rapid heating of foods in the oven. Later its
rapid heating capability made it popular in industrial drying as well [59-61]. The
fundamental of microwave heating is the reverse of the conventional conductive
heating. In a conventional conductive heating system, the thermal energy is
transferred from the surface to the bulk of the materials. However, in a microwave
heating system, microwave propagates through molecular interaction between the
material and the electromagnetic field. This unique property makes the microwave
more efficient than traditional conductive heating and attracts interest in regeneration

studies [62].

The objective of chapter eight is to investigate the swing ability and energy efficiency
of microwave for desorption of hydrocarbon from Na-ETS-10 in a bench scale
microwave system. Desorption of single gas systems such as, methane, ethane,
ethylene and carbon dioxide was evaluated first. Two gas mixtures, ethane/ethylene
(C2He/C2H,4) and carbon dioxide/methane (CO2/CH,4), commonly found in industries
were separated on Na-ETS-10 in a packed bed column and were later regenerated by
the microwave demonstration unit. The swing ability, energy efficiency and capacity
of microwave to recover adsorbed gas were determined. At the end, the results of
microwave desorption were compared with a conductive heating experiment in

regenerating Na-ETS-10.

Chapter nine summarizes the key discoveries of this work. The objective of this
research program is to demonstrate the production of argon free oxygen by adsorptive
air separation on Ag-ETS-10; Adsorptive separation properties of titanosilicate
ETS-10 and its potential applications in the petrochemical industry such as
ethylene/ethane separation, extraction of ethane from natural gas, and removal of CO,
from natural gas; Research on using microwaves in the regeneration of ETS-10

adsorbent has also been conducted and is reported in this thesis.
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2.1 Titanosilicate Molecular Sieve Zeolite

2.1.1 Traditional zeolites

Molecular sieve zeolites were first introduced in 1954, as commercial adsorbents for
industrial separations and purifications [1]. Since then, this new class of materials has

played an important role in a wide range of industrial fields. [2-4].

Zeolites are recognized as crystalline aluminosilicates of an alkali element, such as
sodium, potassium, and calcium, and can be represented in terms of mole ratios of

oxides as follows:

My/n[ (A10,)4(Si0,)y] - zH,0

Where x and y are integral numbers and y is equal to or greater than x, n is the
valence of cation M, and z is the number of water molecular in each unit cell. It
possesses a three-dimensional network of AlO4 and SiO, tetrahedra linked to each
other by sharing the oxygen atom [5]. Due to this unique structure zeolites exhibit
unique properties such as, uniform pore size distribution, high surface area, high
porosity, variable chemical composition, and controllable acid-based properties [6].
These properties are the reason why zeolite materials have found industrial

applications in fields, such as gas separation, ion exchange and catalysis [7-10].

2.1.2 Titanosilicate ETS-10

Due to the slow progress in the discovery of new aluminum silicate-based molecular
sieves, researchers have taken various approaches to replace aluminum or silicon in
zeolite synthesis to generate either new zeolite-like framework structures or to form

qualitatively different active sites from the ones available in analogous aluminum
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silicate based materials [11-12]. A naturally occurring alkaline titanosilicate mineral,
identified as “Zorite”, was discovered in Lovozero Tundra in 1972 [13] and has been
used as a model for the synthesis of novel synthetic zeolites. In 1989, a new
crystalline synthetic titanium silicate molecular sieve zeolite, ETS-10, was reported
by Kuznicki [14]. This new material has a definite X-ray diffraction pattern unlike
other molecular sieve zeolites and can be represented by the following chemical

composition:

1.0 £ 0.25 M;,,0 : TiO; : y Si0; : z H,0

Where M is at least one cation having a valence of n, y is from 2.5 to 25, and z is from
0 to 100. M is an alkali element, such as sodium, potassium, and y is at least 3.5 and
ranges up to about 10. With the assistance of high-resolution electron microscopy,
electron and powder X-ray diffraction, solid-state NMR, molecular modeling and

chemical analysis, Anderson identified the structure of this new type of material

o»«.»u.»u_

P(u P(x

Figure 2-1. Framework of ETS-10, ETS-10 projections: (a) down [110] direction for
polymorph B; (b) down [100] direction for polymorph A. Dark TiOg octahedra, light
grey SiOy tetrahedra.

in 1992 [15]. The structure is shown in Figure 2-1. In ETS-10 the octahedral Ti** ions
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are lined to the tetrahedral Si* ions through bridging oxygen atoms. The negative
charge of these framework structures is compensated by Na*/K* ions. Such structure
possesses an average pore size of about 8 Angstrom units (the pore system contains a
twelve-membered ring in a highly disordered structure) and the TiOg octahedra are

not exposed at the surface of the large channels.

2.1.3 Applications of titanosilicate ETS-10

The cations M can be replaced with other cations by well-known exchange techniques.
The cation candidates could be hydrogen, ammonium, or other alkaline earth metals
(Mg, Ca, Ba ...). The ease of ion exchange makes ETS-10 a good candidate for water
purification applications [16-19]. ETS-10 because of its basicity can be considered a
zeolitic catalyst. Additionally, when it is exchanged with alkali metal cations, it has a
unique catalytic function for reactions that require strong basic character, such as
alcohol dehydration [20-21]. It is also reported that the alkaline earth-exchanged form
of ETS-10 has a high degree of thermal stability to at least 450 °C, or higher. Such
unique property will makes it useful in high temperature catalytic processes [14]. The
approximately 8 Angstrom pore size makes it suitable for thermodynamic separation
of mixtures which have large molecular size, such as light hydrocarbons. Table 2-1

shows the wide applications of ETS-10 in different fields
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Table 2-1. A survey of applications of ETS-10.

Fields Applications

Adsorption Hydrogen/methane, hydrogen/carbon dioxide separation [26]
Ethane/ethylene separation [27]
Propane/propylene separation [28]
Xe Capture in nuclear power plant [29]

lon exchanger Removal of heavy metal Pb** [17]
Uptake of Uranium from nuclear reactor [18]
Removal of Cu®*, Co®*, Mn®* and Zn** from waste water [16]
Sorption of radioactive cations **Cd?**, 2**Hg?** and **'Cs"* [19]

Catalyst Aldol condensation of acetone [22]
n-Hexane reforming reaction [23]
Catalytic oxidation processes [24]
Photocatalytic decomposition of acetaldehyde [25]

2.2 Adsorption Theory

2.2.1 Introduction

Adsorption is a surface phenomenon that occurs when a gas, a liquid or dissolved
solids accumulates on the surface of a solid or a liquid (adsorbent), creating a
molecular or atomic film (adsorbate) [30]. It is different from absorption, in which a

fluid is diffused into a liquid or solid to form a solution.

Adsorption occurs in most natural physical, chemical and biological systems, and
gas-phase adsorption is widely applied in purification or bulk separation. Based on the
nature of the bonding between the adsorbate molecule and the solid surface, the
adsorption process can be classified as physical adsorption or chemical adsorption

[31]. In physical adsorption, there is a weak van der Waals attraction of the adsorbate
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to the surface and the individuality of the adsorbate and adsorbent are preserved.
However, chemical adsorption involves electron transfer and is essentially a chemical

interaction, and such interaction is much stronger than physical adsorption.

2.2.2 Physical adsorption force

Adsorption happens when the total energy of the interaction is equal to the energy
needed to hold the adsorbate molecule to the atoms on the adsorbent surface. The
three main types of contributions to the interaction between adsorbate and adsorbent
are dispersive, electrostatic and coulombic types. The latter, coulombic type, exists

only on the polar surface [31-34].

The adsorbate-adsorbent potential can be written as follows:

Ptotar = $p + Gr + Gp + Ppp + Prg (2.1)

where ¢.ocq; 1S comprised of ¢, =dispersion energy, ¢x=close-range repulsive
energy, ¢p=polarization energy (interaction between electric field and an induced
dipole), ¢gp =interaction between electric field and a permanent dipole, and
¢rq =interaction between field gradient and a quadrupole [31]. The individual

contributions are discussed as follows:

Dispersion:

The dispersive force exists between any two molecules or atoms. It arises from the
rapid fluctuation of electron density in each atom, inducing an electrical moment in
the neighboring atom and creating an attraction between them. In the case of physical
adsorption, such force always occurs between the adsorbate and the adsorbent atoms.
The dispersive force was initially characterized and calculated by London, and

described as:
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$p =—7 (2.2)

where A is the dispersion constant associated with the dipole-dipole interaction, the
negative sign shows it is an attractive interaction. A can be calculated by the

following Kirkwood and Muller formula:

A=—7 (2.3)

where c is the speed of light, m is the mass of electron, « is the polarizability and y

is the magnetic susceptibility, i and j refer to the two atoms [32].

Repulsion:
A theoretical expression was derived for the short-range repulsive potential, which

was approximated by:

$r =+ 2.4)

where B is an empirical constant. The dispersion and repulsion interactions form the
Lennard-Jones potential. The curve is depicted in Figure 2-2. In physical adsorption,
¢p + ¢ = 0 at an equilibrium distance r,, which is recognized as the van der

Waals radii of the interacting pair [35].
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Figure 2-2. Lennard-Jones Potential
Polarization:

For a polar surface, which induces a dipole in the adsorbate molecule, the induction

energy can be calculated as:
¢p = —a?F (2.5)

where «a is the polarizability, and F is the field strength at the center of the adsorbate

[32].
Field-dipole interaction:
If the adsorbate molecule has a permanent dipole, u, an interaction between electric

field and a permanent dipole occurs. It could be approximated by [32]:

¢rp = —Fucos6 (2.6)
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where 6 is the angle between the direction of the field and the axis of the dipole.

Field-quadrupole interaction:
If the adsorbate molecule possesses a quadrupole moment @, an interaction can arise
between the field gradient and this quadrupole moment. Such additional energy can be

expressed as [32]:

1

brq = QF (2.7)

T2

where Q is the linear quadrupole moment, and F is the electric field gradient.

The first two components (¢ + ¢) are effective in all adsorbate-adsorbent systems.
However, the last three only arise from charges on the solid surface. For example, the
contribution of (¢p + ¢r) dominates in the case of activated carbon, while the
electrostatic interactions dominate in the case of adsorbents, such as zeolites and ionic

solids.

2.2.3 Equilibrium adsorption of single gas

The amount of gas which is adsorbed by a solid adsorbent depends on the equilibrium

pressure, P, and the temperature, T. Such relation can be described as follows:

v =f(P,T) (2.8)

were v can be expressed in cc STP/g. At a constant T, v is only a function of P,

which is called an adsorption isotherm [31].

Figure 2-3 shows the BDDT classification of five types of isotherms observed to-date.

Type | are characterized by a monotonic approach to a limit value conforming to a
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complete monolayer surface coverage by a monolayer of adsorbed molecules. Type 2
depicts the case when first, a monolayer is formed, and then a multimolecular layer
develops and becomes predominant. In Type 3, the lack of the flattish portion of the
curve indicates that monolayer formation is missing, but formation of multimolecular
layer still occurs. Type 4 and 5 are characteristic of capillary condensation of

adsorbates in porous solids [36].

0 o PSPy
Figure 2-3. The five types of adsorption isotherms, according to the BDDT

classification [37].

Here is the example of each type of adsorption isotherm [36]:

Type 1: Adsorption of nitrogen on clinoptilolite at 30 °C
Type 2: Adsorption of nitrogen on iron catalysts at -195 °C
Type 3: Adsorption of bromine on silica gel at 79 °C

Type 4: Adsorption of benzene on ferric oxide gel at 50 °C

Type 5: Adsorption of water on charcoal at 100 °C

Adsorption equilibrium information is the most important in understanding an

adsorption process. Many contributions have been made in the past decade to develop
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isotherm models for data correlation and design predictions for both pure component

and multi-component adsorption.

Langmuir Equation
The simplest and still the most useful isotherm is the Langmuir isotherm. It was
proposed by Langmuir in 1918 and is based on the concept of dynamic equilibrium

that the rate of adsorption is equal to the rate of desorption [38].

Before deriving the Langmuir equation, several assumptions, listed below, should be

made:

1. The surface is homogeneous (adsorption energy is constant over all the sites), and
there is no interaction between neighboring adsorbates.

2. Adsorption on the surface is localized, which means the adsorbed molecule or
atom is adsorbed at definite, localized sites.

3. Each site can only accommodate one molecule or atom.

Based on the kinetic theory of gas, the rate of striking the surface is given by:

P
Ry = e (2.9)

where M is the molar mass, R, is the ideal gas constant, T is the temperature, and

P is the pressure.

Allowing for the sticking coefficient «, the rate of adsorption on a bare surface can

be written as:

aP
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On an occupied surface, the rate of adsorption is equal to the rate given by (Equation

2.10) multiplied by the fraction of empty sites, which is:

aP
Ry = s (1-0) (2.11)

where 8 is the fractional coverage.

The rate of desorption from the surface is equal to the rate, which corresponds to fully

covered surface (kg), multiplied by 6, that is:
Ry = kg8 = kgeoexp (— =50 (2.12)
g

where E,; is the activation energy for desorption (equal to the heat of adsorption),

and kg IS the rate constant for desorption at infinite temperature.

At dynamic equilibrium, R, = R, we obtain the famous Langmuir equation:

g =-2 (2.13)

"~ 1+bP

where

Egq Q
aexp () @ exp (z—) )

gl _ g _
b= Kdoo/2ZTMRGT ~ Kgoo\/2TMRgT beoexp (RgT) (2.14)

Here Q is the heat of adsorption and is also equal to the activation energy of

desorption E;. b, is the affinity constant, which can be described by:

a

b = ————
© Kdoo\[2EMRyT

(2.15)
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When the pressure is very low (bP « 1), the Langmuir equation reduces to a linear
type isotherm (6 = bP), in which the amount of the adsorbed gas increases linearly
with pressure. When pressure is sufficiently high, the amount of adsorbed gas reaches

the saturation capacity (8 = 1).

Toth Equation

Another popular empirical equation proposed by Toth describes well many systems
with submonolayer coverage. Compared with other models, Toth model shows
advantage at both low and high end of the pressure range. It can be described as

[39-40]:

—g. . biP
CIL - CIL,m [1+(biP)t]1/t

(2.16)
where g; is the amount of the adsorbed species i the amount of adsorbent solid,
q;m 1S the saturation adsorption capacity, b; is the equilibrium constant or the

Langmuir constant, and t is a parameter which is usually less than one.

When t = 1, the Toth equation reduces to the famous Langmuir equation

b;P
9% =9im 5 (2.17)

As was pointed out by Do [40], t is a parameter that characterizes the system’s
heterogeneity. The more the parameter t deviates from unity, the more

heterogeneous the system is.

Based on hundreds of verifications and comparison, the Toth equation is
recommended as the first choice of isotherm fitting for adsorption of hydrocarbons,

carbon dioxide, hydrogen sulfide on adsorbents such as activated carbon, and zeolites.
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BET Equation
Under sub-critical conditions, multiple layers of adsorbate molecules are formed.
Brunauer, Emmett and Teller (1938) were the first to develop an adsorption theory to

account for multilayer adsorption [41].

Several assumptions were made by Brunauer et al. in the BET theory. They are

similar to those made in Langmuir theory:

1. A flat surface has no limit to the number of layers which can be accommodated on
the surface.

2. The surface is energetically homogeneous.

3. There is no interaction between the adsorbed molecules.

4. The heat of adsorption of the second and subsequent layers is the same and equal
to the heat of liquefaction.

5. The ratio of the rate constants of the second and higher layers are equal to each

other.

Based on these assumptions, the famous BET equation can be derived and described
as following:
14 (W

L= (2.18)

Vm (PO—P)[1+(C—1);;O]

where V is the adsorbed volume, P is the pressure in the fluid phase and P, is the

Vapor pressure.

This equation contains two fitting parameters: V,, and C. V,, is the monolayer

volume, and C is an affinity constant for the adsorbate-adsorbent interaction. C can

also be expressed as:
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Eq1-Ep

e RaT (2.19)

¢ = Qb

blaj
where R, is the ideal gas constant, T is the temperature, E; is the interaction
energy between the solid and the adsorbate molecule in the first layer, E; is the heat

of liquefaction, a and b are both the rate constant, 1 and j indicate the number of

layers from the surface.

Once the monolayer volume 1, is known, given the area occupied by one molecule,
the surface area of the solid can be calculated. Due to this unique property of BET
model, BET equation is extensively applied in porous solids surface area

measurements.

To determine V,,, equation 2.18 can be expressed as follows:

e e ) e (2.20)

V(Po—P)  ViC VinCJ P,

A plot of

P . P . . . .
) against P would give a straight line with a slope s and

y-intercept i, where:

5= (2.21)
i=— (2.22)
Vo = 1/(s +0) (2.23)

Once V,, is obtained, the surface area can be calculated by:

29



A =V,Nyap, (2.24)

Where N, isthe Avogadro constant and a,, is the molecule’s projected area.

2.2.4 Equilibrium adsorption of gas mixture

In the previous section, it is mentioned that the adsorption isotherm for single gas is
very important for understanding and investigation of the adsorption process.
However, in the real world, most adsorption systems usually involve more than one
component. It is necessary to develop a method for predicting the adsorption
equilibria of a gas mixture from the known adsorption isotherms of the pure
components. Approaches such as extended Langmuir equation, the ideal adsorbed
solution theory, the real adsorption solution theory, the vacancy solution theory and
the potential theory have been proposed [40]. Detailed introduction of ideal adsorbed

solution theory will be presented here.

Ideal adsorbed solution Theory (IAST) is the basis of solution thermodynamics. The
mixed adsorbates are treated as a solution in equilibrium with the gas phase, and the

adsorbed mixture is also treated as a two-dimensional phase [42].

IAST can be expressed as an analogue of Raoult’s law for vapor-liquid equilibrium:
Py; = P’(m)x; (constantT) (2.25)

where P is the total pressure of the gas-phase mixture, y; is the composition of the

component i in the gas phase, x; is the composition of component i in the

adsorbed phase, and P?(r) is the pure component hypothetical pressure which yields

the same spreading pressure as that of the mixture.

From the Gibbs isotherm, the spreading pressure m can be calculated based on its
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pure isotherm.

0,0
;= %T OP‘ n‘TfmdP (constant T)

(2.26)

Where nf(P) is the adsorption isotherm for pure component i, A is the area, R is

the ideal gas constant, and T is the temperature.

The basic assumption of IAST is that the spreading pressures are equal for all

components at the adsorption equilibrium, which is:

For a binary system, the IAST model consists of the following set of equations.

Py, = PP (m)x,
Py, = P;(m)x;
x1+x,=1
yity,=1

PPnd(P) ., _ (PEnd(P)
JytmgPap = [ ap

1 _ X1 X2

m‘ﬂm+@w>

If the Langmuir isotherm is substituted, equation 2.32 can be written as:

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)
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P b P) b
le fo ! - dP = qmz fo 2 —zdP (234)

1+b, P 1+b,P
And it could be analytically solved as:
Gmiln (1 + by PY) = qpln (1 + b, PY) (2.35)

2.2.5 Henry’s law and selectivity

At very low pressure, the Langmuir equation reduces to:

6 (= ﬁ) =bP , q=KP (2.36)

K = qub=qmbeXp (RZ—T) (2.37)
Q

K o exp (Rg—T) (2.38)

in which, the adsorption q is proportional to the pressure. It is known as Henry’s law,
and K here is known as Henry’s law constant. All isotherms should reduce to the
Henry’s law form at extreme dilute condition. Such relation can be illustrated by

classical isotherms of Ny, Ar, and O, on Ag-Mordenite as shown in Figure 2-4.

For a given adsorbent, the relative strength of adsorption of different adsorbate
molecules depends on the relative magnitudes of the polarizability, dipole moment,
and quadrupole moment of each. Selectivity is widely used to reflect the difference

between the relative strength of adsorption.
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Figure 2-4. Nitrogen, argon and oxygen adsorption isotherms at 30 °C on

Ag-mordenite [43].

Figure 2-4 shows typical adsorption isotherms of nitrogen, argon, and oxygen on
silver mordenite at ambient condition. It can be seen that the isotherms reduce into a
linear shape at the zero pressure zone. The selectivity of A over B in the Henry’s law

region (or at zero loading), a, is defined as the ratio of the Henry’s law constant of A

and B, which is exactly the ratio of slopes of the isotherm at low pressure.

(2.39)

SO,
(2.40)
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Such limiting selectivity could also be predicted by inverse-phase gas
chromatography (IGC). For a given IGC chromatograph as in Figure 2-5, a can be

defined as:

af =4t (2.41)

"~ tp—t,

Where t, and tg are the retention times of component A and B, while ¢, is the

dead time.
Air
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Figure 2-5. Inverse gas chromatography of O, and N, on Ag-ETS-10 at 30 °C [44].

In a two-component mixture system, the relative selectivity or separation factor can be
obtained from the equilibrium gas phase composition and the composition of the
adsorbed phase. The separation factor a for A over B can be defined by the

following equation:

o = 248 (2.42)

xa/xB
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Where y, and yp are the compositions of the adsorbed phase for A and B

respectively and x, and xp are the gas phase composition.
2.2.6 Heat of adsorption

Since G = H — T, when the temperature T is constant, we obtain the following

thermodynamics equation:
AG = AH — TAS (2.43)

During the adsorption, molecules in the adsorbed phase are more ordered than in the
gas phase (a decrease in the degree of freedom), so AS < 0. Physical adsorption, in
oder to be a spontaneous thermodynamics process must have a negative AG. From the
thermodynamics equation, we can demonstrate that physical adsorption processes are

exothermic (AH < 0), ie, they release heat [45-46].

The knowledge of the energetics of the gas adsorption process is critical because it
helps to understand the binding behavior of a gas to the adsorbent. The relevant heat
of adsorption of a gas is called “isosteric heat of adsorption” which is defined by the

Clausius-Clapeyron relationship [46]:

dinpP
ase = RT* () (2.44)

This equation can be used to calculate g,; as a function of n and T for pure gas
adsorption from the experimentally measured isotherms of the gas at different

temperatures. A plot of [nP against 1/T at constant n yields a straight line with a

slope equal to % for pure gas adsorption.

Application of equation 2.44 to the Henry’s law region for a pure gas yield:
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. dAInK(T)
q" = —RT? |00

(2.45)
where g* is the isosteric heat of adsorption at zero loading. Equation 2.45 can be

integrated in the equation below.
K(T) =a-exp (%) (2.46)

where a is the integration constant. This equation is the same as the one obtained

previously (equation 2.38).
2.2.7 Separation mechanism

Adsorptive separation is based on three distinct mechanisms: equilibrium, steric, and

kinetic mechanisms [31]. The following is a brief explanation of these mechanisms.

Thermodynamic equilibrium effect
Selectivity results from differences in the adsorption strengths and is driven by the
laws of electrostatics and thermodynamics. The controlling factors of the adsorption

are adsorbate polarizability and the charge exposure of the sieve sites.

An example of thermodynamic equilibrium separation is the separation of ethylene
and ethane by the titanosilicate ETS-10 [47]. The pore size of ETS-10 has an average
kinetic diameter of 8 A, which is larger than the molecular diameters of both ethylene
and ethane (4.163 A and 4.443 A, respectively). Since both species may enter into
the crystalline lattice, separation of ethylene and ethane by ETS-10 would be based on

equilibrium competitive adsorption.
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Steric effect
The selectivity of molecular exclusion (steric separation) results from differences in
molecular/pore size and can be quasi-equilibrium. The steric effect is driven by the

molecular sieving property of zeolites.

In the case of steric separation, only small and properly shaped molecules can diffuse
into the adsorbent, whereas other molecules are completely excluded. This
mechanism is unique to zeolitic materials since these materials possess uniform

aperture size in their crystalline structure.

The application of zeolite 3A on ethanol drying is a good example of steric separation
adsorption [48]. The water molecule is smaller than 3 A, while the ethanol molecule
is larger than 3 A. The pore size of titanosilicate ETS-4 (3~5 A) can be tuned by ion
exchange and barium-exchanged ETS-4 was applied on nitrogen (3.6 A) and methane
(3.8 A) separation. Such separation also, proved to be based on the steric mechanism

[49].

Kinetic effect

Kinetic separation results from differences in the adsorption rates and transition. In
such separation systems, the adsorbent possessing a distribution of pore sizes will
allow different gases to diffuse at different rates while completely avoiding exclusion

of any of the gases in the mixture.

For example, carbon molecular sieve (CMS) is used for nitrogen production from air
[50]. Such a kinetic separation is achieved due to the difference between the kinetic
diameters of nitrogen and oxygen, which making oxygen have a relatively higher
diffusivity. Recently, Lee reported that separation of propene and propane could be
accomplished by metal-organic frameworks (MOF) based on a kinetic separation
mechanism [51]. The controlling diffusion rates in such plate-shaped crystals was

achieved by tuning of the pore apertures and crystallite aspect ratios.
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2.3 Adsorption Characterization

2.3.1 Inverse gas chromatography (IGC)

Inverse-phase gas chromatography (IGC) is a materials characterization technique that
is used for the determination of sorption properties of gases. Traditional gas
chromatography (GC) is an analytical technique. In traditional GC, the mobile phase
is a carrier gas, such as helium, and the stationary phase is some solid adsorbent
inside metal tubing (called “standard column”). Such a standard column is used to
separate and characterize several gases (or vapors). However, in IGC, the roles of the
stationary (solid) and mobile (gas) phases are inverted. A single gas (or vapor) is

injected into a column packed with the solid sample under investigation.

During an IGC experiment, a pulse or constant concentration of gas is injected down
the column at a fixed carrier gas flow rate. The retention behavior of the pulse or
concentration front is then measured by a detector, such as a thermal conductivity
detector (TCD). Such experiment is typically carried out at infinite dilution where
only small amounts of the probe molecule are injected. It is also called Henry’s law
region. In this infinite dilute condition, probe-probe interaction is negligible and only
probe-solid interactions are considered. A fundamental property measured by IGC is
known as the retention volume, V), which reflects how strongly the probe molecule
interacts with the solid. Many other properties can be derived from Vy, such as, the
Henry constant, the limiting selectivity, and the heat of adsorption. The retention

volume V) is obtained from the retention time using the following equation [52]:

T

Vy=F-(tg=to) j- (1 =72 -

- (2.47)

Where j is derived by
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=0 [Z‘?)z_ll (2.48)

Fh-1

F is the carrier gas flow rate, tp is the retention time, t, is the dead time (retention
time for a non-interaction probe), p; and p, are the column inlet and outlet
pressures, p,, IS the water vapor pressure at room temperature Ty, and T are the

column temperatures.

The retention time per gram of an adsorbent (specific retention volumn, V;,,) is given

by:

Vi = Vy/m (2.49)
where m is the weight of the adsorbent packed in the column. Because the IGC
experiment occurs in the Henry’s law region, by using the ideal gas law, V,, can be
converted to the initial slope of K (Henry constant) of the isotherm:

K =V, /RT (2.50)
where R is the ideal gas constant, and T is the GC column temperature.

The selectivity of A over B at zero loading can be obtained by:

A _ K_A _ Vm (4) _ta-to
BT Ky T VB tato (251)

The heat of adsorption of A at zero loading can be derived by:

. dink dln(VTm) din(ta—to)
ga=R|—x| =R T =R|——=— (2.52)
i) a() a)
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Both of these two properties are related to the retention volume and the retention time.
2.3.2  Volumetric isotherm measurement

The adsorption isotherm is generally determined by one of two methods. The first
method, the gravimetric method measures the amount of gas or vapor adsorbed by
weighing the sample in a closed system on a balance. The second method, the
volumetric method, determines the quantity of gas present in the system by
measurement of the volume of the adsorbed gas [53]. Below is a description of the

second method which was frequently used in this dissertation.

GAS 2 GAS 1 He
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PRESSURE N
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TRANSDUCER
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-

VENT

[THERMOSTATED BATH j

Figure 2-6. Schematic of HPVA high-pressure volumetric adsorption analyzer [54].

Figure 2-6 simply shows a System Schematic of HPVA high pressure volumetric
adsorption analyzer, from which we can see that a classical volumetric set-up is

usually made up of 5 important parts: a manifold, a pressure transducer, a vacuum
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system, a constant temperature bath, and an activation unit. The general principle of
the volumetric method is illustrated in Figure 2-7. The volumetric technique consists
of introducing (dosing) a known amount of gas (adsorbate) into the chamber
containing the sample to be analyzed. When the sample reaches equilibrium with the
adsorbate gas, the initial and final equilbirum pressures are recorded. This data is then
used to calculate the volume of the gas adsorbed by the sample. This process is
repeated at given pressure intervals until the maximium pre-selected pressure is
reached. Each of the resulting equilibrium points (volume adsorbed and equilibrium

pressure) is then plotted to generate an isotherm.

|
|
Vi Pin B Vacuum |
e e & |
Closed Valve Adsorbent |
adsorbate e / |
— — e I
|
Manifold Adsorption Cell | \
l | Thermo-stated
Room
Vs P2, T d
I Opened Valve
adsorbate !

Manifold Adsorption Cell

Figure 2-7. General principle of the volumetic isotherm apparatus [53].

The volumes of both manifold and adsorption cell (V,,, V,.) are known. Each
measurement of the total quantity of gas admitted into the system (n,), and of the
amount of gas remaining in the gas phase (V;,, and 1/,.) at the adsorption equilibrium
(n,) is determined by the real gas equation of state before and after adsorption. The
amount adsorbed is calculated by a mass balance on the gas phase before and after

adsorption.
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The calculations are given by equation 2.53 to 2.55:

Vin

M= va(T1,P1) (2.53)
Vim+Vac

n, = m (254)

Mags = r::;l (2.55)

Where: n, is the adsorbate mole number in the manifold before the adsorption, n,
is the adsorbate mole number remaining in the gas phase after the adsorption, P; is
the pressure in the manifold before the adsorption, P, is the equilibrium pressure in
both manifold and adsorption cell after the adsorption, T; = T, is the experimental
temperature of this thermo-stated environment, v, (T, P) is the molar volume of the
adsorbate in the gas phase at temperature T and pressure P, and it is calculated by
real gas equation of state, mgqmpe IS the mass of the outgassed adsorbent, and n,4

is the adsorbed mole number per unit of mass of the outgassed adsorbent.

2.4 Pressure/Temperature Swing Adsorption

Desorption, contrary to adsorption, is thermodynamically favored at low pressure and
high temperature. Figure 2-8 shows how the adsorbent loading is reduced by either a
pressure reduction (pressure swing) or by an increase in temperature (temperature

swing) [55].
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Figure 2-8. Mechanisms of PSA and TSA process
Based on these mechanisms, we define pressure swing adsorption (PSA) and
temperature swing adsorption (TSA), two of the most commonly used adsorption

processes for gas separation.

In a typical pressure swing adsorption cycle, each bed goes through the following five
basic steps: (I) pressurization, (1) adsorption, (I11) concurrent blowdown, (VI)
countercurrent blowdown, and (V) purge. Usually two or more interconnected beds
are operated so that a continuous feed and products are possible. Figure 2-9 shows a

two-bed PSA system for continuous bulk separation of air [56-57].

In step I, bed one is pressurized to the feed pressure by the feed (or by the blowdown
gases, which are the least adsorbed gases from the other bed). In step II, the high
pressure feed flows through bed one while a portion of the effluent O, product is used
to purge bed two at reduced pressure. Step Ill, concurrent blowdown, is used to
recover the O, remained in the voids and to allow time for N, to desorb in the bed.
Steps IV and V are both operated countercurrent to the feed direction to produce N,

and provide a clean bed for the next cycle. The performance of a PSA process is
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determined by three interrelated sets of results: product purity, product recovery, and

productivity.
FTd FTd N2
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#1 Vv
> 02 l
02 02
T o
v
Bed [ I
#2 v
N2 Feed Feed
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Cocurrent [Countercurrent Pressuriza- .
Bed # 2| giowdown Il [Blowdown v [PUr98V| tion | Adsorption Il

Figure 2-9. Five Steps of a two-bed PSA process.

Figure 2-10 is a schematic representation of the TSA (temperature swing adsorption)
process [34]. For a given partial pressure of the adsorbate in the gas phase, an increase
in temperature leads to a decrease in the quantity adsorbed. If the partial pressure
remains constant at Py, increasing the temperature from T; to T, will decrease the
equilibrium loading from X; to X,. A relatively modest increase in temperature can
affect a relatively large decrease in loading. It is therefore generally possible to desorb
any components provided that the temperature is high enough. In a TSA process cycle,

two steps occur during regeneration: heating and purging. Heating provides energy to
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raise the temperature of the system, desorb the adsorbed gas, and make up for heat
losses. Passage of a hot purged gas or steam through the bed to sweep out the

desorbed components is always used in conjunction with the increase in temperature.
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Figure 2-10. Schematic of TSA cycle

The use of the pressure swing adsorption process has seen tremendous growth during
the last decades mainly due to its simplicity and low operating costs. Its principal
application is for bulk separations where contaminants are present at high
concentration. Major applications have been the recovery of high purity hydrogen
from raw gas, such as synthesis gases from steam reforming, partial oxidation or

gasification processes, as well as refinery off-gases, ethylene off-gas, coke oven gas,
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methanol and ammonia purge-gases as well as the generation of nitrogen and oxygen.
In addition, it has gained significance for the bulk removal of carbon dioxide in direct

reduction plants in the iron-making industry [58].
The principal application of TSA is for separations in which contaminants are present
at low concentration, i.e., drying compressed air and natural gas, as well as carbon

dioxide stripping from air. Table 2-2 is a summary of applications for PSA and TSA.

Table 2-2. Applications of PSA and TSA processes.

Process Adsorbent Applications

PSA CMS Nitrogen Generation [59]
AgLiLSX Oxygen Generation [60]
Zeolite 5A Hydrogen/CO; [61]
Ba-ETS-4 Methane/Nitrogen[62]

TSA Zeolite 13X CO, Capture [63]
ZrO,-based oxides Removal of NOy [64]
Activated Carbon Removal of VOC from air [65]
Co-ZSM-5 SO, removal from flue gases [66]

2.5 Microwave Assisted Regeneration

Microwaves refer to the electromagnetic waves between 300 MHz and 300 GHz, with
a corresponding wavelength between 1 m and 1 mm. The waves obey the laws of
optics and so can be transmitted, absorbed and reflected by a material. According to
the interaction with the microwaves, materials could be classified into three groups:
conductors (metals and alloys), insulators (glasses, ceramics, and Teflon) and
absorbers (aqueous solution and polar solvent). According to the illustration in Figure

2-11, conductors are materials on which microwaves are reflected and cannot
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penetrate; insulators are materials which are substantially transparent to the
microwaves; and absorbers are materials which absorb microwave radiation, direct

energy transfer, and are termed as dielectrics [67-69].

/\f?Q Conductor
v
\Q/x\/ \//\/ Insulator

, Absorber
/\\‘\/ S~

Figure 2-11. Materials classification due to interaction with microwave

When microwaves are applied to the dielectric materials with an oscillating electric
field, the dipoles within the materials will attempt to realign themselves and flip
around the applied field. This dipole movement generates friction inside dielectric
materials and the internal energy is dissipated as heat. Molecules with a symmetric
charge distribution are non-polar, have a very small dipole moment, and exhibit
limited absorption of microwaves. In contrast, water and a wide range of organic
compounds are polar and since they have charge asymmetry they have large dipole

moments and absorb microwave energy [70].
Although microwave heating was initially used for rapid heating of food, its unique

selectivity and fast heating rate proved to be useful in other applications such as

industrial drying [68-69]. In a conventional thermal regeneration process, the thermal
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energy is transferred from the surface to the bulk of the material. Such heating
conduction and/or convection can easily establish a temperature gradient in the
material until conditions of steady state are reached. By contrast, in the microwave
heating process, heat is produced internally within the material instead of originating
from external sources, and the energy is directly transferred to the adsorbate
molecules in the interfacial region where it is needed. Consequently, microwave

heating makes it possible to regenerate adsorbents very rapidly and efficiently.
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Production of Argon Free Oxygen by Adsorptive Air
Separation on Ag-ETS-10
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3.1 Summary

The purification of different components of air, such as oxygen, nitrogen, and argon,
is an important industrial process. Pressure Swing Adsorption (PSA) is surpassing the
traditional cryogenic distillation for many air separation applications, because of its
lower energy consumption. Unfortunately, the oxygen product purity in an industrial
PSA process is typically limited to 95% due to the presence of argon which always
shows the same adsorption equilibrium properties as oxygen on most molecular sieves.
Recent work investigating the adsorption of nitrogen, oxygen and argon on the
surface of silver-exchanged Engelhard Titanosilicate-10 (ETS-10), indicates that this
molecular sieve is promising as an adsorbent capable of producing high purity oxygen.
In this work high purity oxygen (99+%) was generated using a bed of Ag-ETS-10
granules to separate air (78% N3, 21% O,, 1% Ar) at 25 <T and 100 kPa, with an O,

recovery rate greater than 30%.
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3.2 Introduction

The purification of different gases in air, such as nitrogen, oxygen and argon, is an
important industrial process. Applications such as welding and cutting processes,
plasma chemistry and laboratory applications require oxygen purity greater than 99%.
Cryogenic air separation technology has long been used for producing high purity
oxygen and nitrogen for industrial and medical applications [1], and is currently the
most efficient technology when very large quantities of gas are required. The
energetics and complexity of cryogenic distillation plants do not lend themselves well
to point-of-use or on-demand high purity O, applications. PSA separation of O, is
well suited to applications where intermittent, on-demand requirements cannot be met
using bottled gas or liquid O, delivery. Current PSA systems cannot deliver greater

than 95% O, due to limitations in conventional air separation adsorbents.

An air separation pressure swing adsorption (PSA) process uses zeolites as adsorbents,
as they preferentially adsorb nitrogen to oxygen. The recovery of O, depends strongly
on the adsorbent selected. Zeolites A and X have been used commercially as
adsorbents for air separation [3-6]. A number of studies have investigated utilization
of various zeolites such as Zeolite 5A and Zeolite 13X as adsorbents in PSA processes
[4, 6]. In all the cases, the oxygen product purity is limited to 95% due to the presence

of argon which has almost identical adsorption equilibrium properties as oxygen.

Another option to separate Ar from O, is by non-equilibrium methods. Another type
of adsorbent, carbon molecular sieves (CMS), with a Kkinetic selectivity of oxygen
over argon has been investigated and employed for production of purified oxygen and
argon [7-11]. Ba-RPZ-3, a titanosilicate molecular sieve, was found to favor oxygen
based on the sieving properties of the adsorbent and the difference in size between O,
molecules and Ar atoms [12]. A two step experimental study was reported by Hayashi

et al. where direct air feed using Ca-X zeolite was used in the first step, producing 95%
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of oxygen and 5% of argon, and CMS is used in the second step to remove argon [13].
In both these studies, the O, is generated as the low pressure product and will require

re-compression adding cost and complexity to the process.

The earliest report of remarkable selectivity of Ag exchanged zeolite X for the
atmospheric gases was firstly pointed out by Harry Habgood fifty years ago [16].
After that, the unusual preference of silver mordenite for Ar over O, was also noted
by Boniface in 1983[14]. Silver exchanged zeolite A [15], and silver exchanged
Li-Na-LSX zeolite [17] have all been reported to show some degree of argon over
oxygen selectivity. In 2003, Air Products and Chemicals Inc. reported that a vacuum
and pressure swing adsorption unit using AgLiLSX adsorbent allows the production

of 99% oxygen with a recovery of 15% [18].

In 2008, Kuznicki’s group demonstrated that silver exchanged ETS-10, a mixed
coordination titanosilicate molecular sieve, has an adsorptive selectivity for argon
over oxygen [19]. The selectivity, reached 1.49 in Henry’s region, is the highest

selectivity reported to date for a silver-exchanged sieve.

This paper describes the adsorptive separation performance of Ag-ETS-10 for air at
ambient condition on Ag-ETS-10 using a laboratory-scale demonstration unit. An
adapted chromatographic method was developed to improve the quantification of O,
and Ar in the product stream. The separation factor, breakthrough and desorption

profiles are reported.

3.3 Experimental

3.3.1 Sample preparation
Na-ETS-10 was synthesized using conventional hydrothermal synthesis [20].

Preparation involved thoroughly mixing 50 g of sodium silicate (28.8% SiO,, 9.14%
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Na,O, Fisher), 3.2 g of sodium hydroxide (97+% NaOH, Fisher), 3.8 g of KF
(anhydrous, Fisher), 4 g of HCI (1 M), and 16.3 g of TiCl; solution (Fisher), stirring
the mixture in a Waring blender for 1 h, and then transferring the reactants to a 125
cm?® sealed, teflon-lined autoclave (PARR Instruments) and heating at 215 °C for 64 h.
The material was then thoroughly washed with de-ionized water, and dried in oven at
100 °C. The ETS-10 adsorbent was ion exchanged by adding 5 g of ETS-10 to 10 g of
silver nitrate (Fisher, USP) in 50 g of deionized water. The mixture was heated to 80
°C for 1 h. The silver exchanged material was filtered, washed with deionized water
and the exchanged procedure was repeated two more times (for a total of three
exchanges). The silver exchanged ETS-10 was dried at 80 °C in air. Ag-ETS-10
materials were pelletized by mixing 6 g of the molecular sieve with 2.5 g of Ludox
HS-40 colloidal silica (Aldrich). The mixture was homogenized using a mortar and
pestle and compressed in a pellet press at 69,000 kPa for 3 min. The resulting cakes
were crushed and sieved to obtain particles (sieve size between 0.85-1.68 mm). The
pelletized, crushed and sieved materials were used in both gas chromatographic and

column separation experiments.

3.3.2 Characterization

Inverse-phase gas chromatography (IGC) analysis was performed on a Varian 3800
gas chromatograph (GC) equipped with a thermal conductivity detector (TCD). Test
adsorbents were packed into 10-inch copper columns with OD of 6.35 mm. The
columns were filled with 4 g pelletized adsorbent (sieve size between 0.368-1.04 mm),
which was activated at 200 <C for 10 h under a helium flow of 30 cm*/min. Analysis
gases (Ar, O,, 50/50 mixture of O,-Ar, and air) were introduced by 1 cm® pulse

injections into the column at 30 °C.

Low pressure adsorption isotherms (up to 100 kPa) for nitrogen, oxygen and argon on
crystalline adsorbent powders were measured volumetrically at 25 <C using an
AUTOSORB-1-MP from Quantachrome Instruments (Boynton Beach, FL). No

binders or diluents were added to the adsorbent samples. Samples were activated at
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200 <C for 10 h under vacuum (<0.00005 kPa). Experimental isotherms were fitted to

the Langmuir adsorption isotherm (Eqg. 3.1):

qi __  biP;
Aim  1+biP;

(3.1)

with the standard deviations (o EQ.3.2):

g = ’Z(nexp_ncalc)z (32)
N-2

where @; is the amount adsorbed on the solid, P; represents the pressure in the gas

phase, qim Is the saturation or maximum adsorption capacity, and b; is the Langmuir
(equilibrium) constant. n.y, is the experimentally measured adsorption at pressure P,

ncac 1S the adsorption calculated from the Langmuir equation at the same pressure. N
is the number of measured experimental points. The Henry’s Law constants K = Qim
bi, for each component were used to calculate the limiting selectivity of A over B(a

Eq.3.3):

a=—-— (3.3)

3.3.3 Gas chromatographic separation and determination of argon and oxygen in
air by Ag-ETS-10

Traditional chromatographic packings do not resolve the O, and Ar elution peaks very
well and a significant amount of overlap between the two components is typical. As
this work aims to generate O, of purity greater than 99.5%, the quantification of
minor amounts of Ar was necessary. A chromatographic method that enhances the

resolution between the two elution peaks was developed for this work.
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A Varian 3800 gas chromatograph (GC) equipped with a thermal conductivity
detector (TCD) was adapted to operate at cryogenic temperature. The method used
Ag-ETS-10 granules packed into 50.8 cm copper columns having an OD of 6.35 mm.
The columns were filled with 8 g pelletized adsorbent (sieve size between 0.368-1.04
mm), which was activated at 200 <C for 10 h under a helium flow of 30 cm®/min.
After activation, the 50.8 cm column was dipped in an ethanol and dry ice solution
which maintains the column at a temperature close to -78 °C. Analysis gases (Ar, O,,
50/50 mixture of O,-Ar, and 95/5 O,-Ar) were introduced by 1 cm® pulse injections

into the column.

3.3.4 Laboratory-scale demonstration

Laboratory-scale demonstration is illustrated in Figure 3-1. Breakthrough experiments
were performed using 130 g samples of pelletized, crushed, and sieved test adsorbents.
The adsorbent was packed into a 150 cm® cylindrical stainless steel chamber with an
inner diameter of 20 mm and a length of 450 mm. The columns packed with

adsorbent pellets were activated at 200 <C for 10 h under 100 cm*/min of helium flow.

PG2 V-4

GC

01-S13-3vy

Figure 3-1. Schematic of one stage process for air separation on Ag-ETS-10.
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The breakthrough experiments were run by conditioning the bed at 100 kPa with
helium to purge any adsorbed gas from the system. The column temperature was
maintained at 25 °C using a water jacket around the bed coupled to a circulating water
bath. Dry, compressed air was introduced into the fixed-bed column at a flow rate of
126 cm®min and the outlet gas composition was analyzed every 1.08 min using the
adapted Varian 3800 gas chromatograph (GC) as described as above. N, breakthrough
was analyzed with the column at ambient condition, while the Ar and O, composition

of the gas stream was analyzed at -78 °C.

To analyze the solid-phase composition of the gas mixture, a desorption experiment
was carried out on the bed. Figure 3-2 shows the schematics of desorption experiment.
After 40 min of adsorption, system reaches equilibrium when the gas-phase outlet
concentration is equal to the inlet gas concentration. GC analysis of the outlet

composition was used to confirm that equilibrium was reached.

GC

Heating Jacket

V-1 Adsorbent Bed V-2

Figure 3-2. Schematic of desorption process.
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Once equilibrium is reached, the inlet of the bed is isolated and the bed is heated via a
heating jacket until its internal temperature reaches 200 °C. Heating the bed greatly
reduces its adsorption capacity and forces the expanded gas downstream into the gas
collector where it displaces a volume of water equal to the volume of collected outlet
gas. Samples were taken from the outlet stream and analyzed by GC. After gas

stopped flowing to the collector, the collected gas was sampled and analyzed by GC.

The gas collected includes both the adsorbed gas and the gas in the free space, but
since the dead volume of the system is small compared to the amount of gas adsorbed,

the collected gas should closely reflect the solid-phase composition of the bed.

3.4 Results and discussion

Figure 3-3 shows the results of IGC analysis of the separation of pure oxygen and
argon, a mixture of 50%-50% oxygen and argon, and air on Ag-ETS-10 at 25 <C. The
retention time for pure argon is larger than pure oxygen, indicating a preferred
interaction between argon and Ag-ETS-10. This preference was also reflected in the
analysis results for the 50-50% Ar-O, mixture. IGC analysis of the mixture shows that
two peaks were present, and the greater degree of overlap between the O, and Ar
peaks (compared to the pure components) suggests that the two species are competing
for some of the same adsorption sites in the material. Similar to other reported
silver-exchange sieves, Ag-ETS-10 has a strong affinity for N, which allows it to
efficiently remove N, from an air stream. The IGC results demonstrate that
Ag-ETS-10 can effectively separate the various components in air with a limiting

selectivity (a) of 12.88 for N, over O, and of 1.41 for Ar over Os.
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Figure 3-3. A typical gas chromatography separation of N, over Oz, Ar over O, on
AQ-ETS-10. Pure oxygen and argon (a), 50-50% O,-Ar mixture (b), air (c) was
injected into an Ag-ETS-10 column at 25<C under a 30 cm®*/min flow of helium
carrier gas were determined by IGC analysis.
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The selectivities of Ag-ETS-10 for N,/O, and Ar/O, may also be calculated through
the pure component adsorption isotherms; Figure 3-4 shows adsorption isotherms at
25 <T in pressure range of 0-100 kPa for N2, O, and Ar on Ag-ETS-10 together with
the calculated Langmuir fits. The parameters of these Langmuir isotherms are listed in
Table 3-1. Limiting selectivities of N, over O, (N, over Ar, Ar over O,) at zero
pressure can also be predicted by the Langmuir isotherms. These values are also
presented in Table 3-1. The values calculated from the isotherm fits demonstrate that
AgQ-ETS-10 has a higher selectivity for argon over oxygen compared to other
silver-exchanged sieves and has a strong preference for nitrogen over oxygen at zero
pressure. The IGC and adsorption data are consistent in their estimation of adsorption
selectivity and suggest that Ag-ETS-10, as a single adsorbent, can effectively and

simultaneously remove N, and Ar from an air stream.

0.7
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o~

n(mmol/g)
o
w

o
N
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Figure 3-4. Equilibrium adsorption isotherms for N,, Ar, O, on Ag-ETS-10 at 25<C.
P is pressure and n is capacity.
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Table 3-1. Langmuir parameters for adsorption data in the range of 0-100 kPa at 25
(0]
C.

Langmuir isotherm parameters

Adsorbate Oim b; K; Selectivity
(mmol g™ (kPat) (mmol kPa*g™)
N, 0.7545 0.0471 0.0355 o(N2/O2)=28
Ar 0.4856 0.0039 0.0019 o(N2/Ar)=18.7
O, 0.4844 0.0026 0.0013 a(Ar/0O3)=1.5

Figure 3-5 shows the results of GC analysis of the separation of pure oxygen and
argon, a mixture of 50%-50% oxygen and argon, and of 95-5% O,-Ar on Ag-ETS-10
at -78 <C. It demonstrates that the modified GC can quantitatively analyze Ar-O,
mixture which contains low levels of argon. Figure 3-6 shows a plot of a mixture that
IS 99.7% O, with 0.3% Ar. It can be seen in the plot that the Ar peak remains
well-resolved even at this level of purity. From this result we estimate our detection
threshold for Ar to be about 0.1% and thus our Ar-free oxygen has a purity of better
than 99.9%.

(a) o Pure 02& Ar

Ar

Intensity (Normalized)

0 20 40 60 80 100

Retention Time (min)
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(d) O, & Arin Air

95% O,

5% Ar
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Figure 3-5. Gas chromatographic separation and determination of argon and oxygen
in air by Ag-ETS-10. (a) pure oxygen and argon;(b) 50-50% oxygen and argon
(c)95-5% oxygen and Ar (d) Enlarged GC results of 95-5% oxygen and argon

99.7% O,

Intensity (Normarlized)

0 20 40 60 80 100
Retention Time (min)

Figure 3-6. Gas chromatographic determination of 0.3% argon and 99.7% oxygen in
air by Ag-ETS-10 (Enlarged GC results)
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Figure 3-7 depicts a breakthrough curve for air on Ag-ETS-10 at 25 <C and 100 kPa

which is represented in Table 3-2 as outlet concentration versus time. With a

continuous flow of feed gas (78% N, 21% O, and 1% Ar) at 124 mL/min, an

argon-free oxygen product was detected at 9 min (O, breakthrough). The bed

continued to produce high purity oxygen stream (>98% O,) for 2 min. During this

period, a total of 86.8 mL of high purity (99+%) O, can be produced. At 13.5 min, the

nitrogen front started to breakthrough. After 17 min of continuous flow in total, the

concentration of N,, O,, and Ar in the outlet gas begins to reflect the inlet (feed gas)

composition, indicating that the Ag-ETS-10 adsorbent has reached saturation.

100%

90%

80%

70%

60%

50%

40%

Outlet Concentration

30%

20%

10%

0%

Breakthrough of 02, Ar, N2 of Low Density Bed

—R’\%\Y =02
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5 10 1‘5 20 25
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Figure 3-7. Air breakthrough curve on Ag-ETS-10 at ambient conditions.
Compressed air (a mixture of 78% N, 21% O, and 1% Ar) was introduced into a
column containing 130 g of pelletized Ag-ETS-10 at a flow rate of 124 mL/min (bed
volume 150 mL). Composition of the outlet gas was determined by GC analysis.
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Table 3-2. Outlet composition of the breakthrough for N2, 02, Ar

Time Outlet Concentration(%)
(min) N2 02 Ar
Feed in 78.08 20.95 0.97
0-8 0 0 0.00

9 0 100.00 0.00
10 0 99.20 0.80
11 0 97.90 2.10
12 0 96.28 3.72
13 0 93.00 7.00
14 39.31 56.86 3.83
15 76.83 22.13 1.04
16 78 21.05 0.95
17 78.09 20.97 0.94
18 78.09 20.97 0.94
19 78.09 20.97 0.94
20 78.09 20.97 0.94

Figure 3-8 shows the outlet gas flow rate monitored by an Agilent ADM 1000.
Combined with the breakthrough information of oxygen, argon and nitrogen, it also
illustrates that helium from the dead volume came out at the first 9 min. High purity
of oxygen product came out since that. Nitrogen started to breakthrough at 13.5 min.
The two step-changes exactly match the breakthrough of oxygen and nitrogen, which
are the two main components of air. Integrating the flow measured between the O,

and Ar breakthrough events, 88 mL of 99+% O, was generated.
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Figure 3-8. Outlet flow rate monitored by Agilent ADM 1000 in adsorption
procedure.

Recovery rate of oxygen could be calculated as:

volume of produced oxygen
Feed in air X 21%

Recovery rate of oxygen =

Given the feed flow rate of 124 mL/min, 86.77 mL of 99+% oxygen, the recovery rate
of oxygen is 30.29%. Based on the information collected, it should be possible to

recover pure oxygen using a PSA containing Ag-ETS-10 as the sole adsorbent.

Thermal desorption was applied after the adsorption was allowed to last for one hour
(which was used to make sure the system reached equilibrium for all components).
Figure 3-9 shows the outlet gas composition during the thermal desorption procedure

and Table 3-3 helps to illustrate the concentration values of the outlet of desorption.
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Figure 3-9. Outlet composition analysis of the desorption procedure.

Table 3-3. Outlet composition of the thermal desorption of the adsorbed phase gas

Time Outlet Concentration (%)
(min) N> O, & Ar
0 82.95 17.05
15 88.43 11.57
3 93.52 6.48
4.5 96.52 3.48
6 97.77 2.23
7.5 98.36 1.64
9 98.5 15
10.5 98.61 1.39
12 98.7 1.30

We can observe that the outlet gas composition was mostly concentrated above 90%
N,. At the end, we can obtain 1200 mL desorbed gas from the Ag-ETS-10 bed. The

concentration for the adsorbed phase is 94% N,, 6% of mixture of O, and Ar. We can
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approximately calculate the bed selectivity of N,/O, based on the equation here (Eq.

3.4):

Xn2Y
51\12/02 = “N2-02 (3.4)

X02YN2

where Xy, Xg, are the adsorbed phase concentration of N, and O,, Yy, Yo, are the
N, and O, concentration in air. Bed selectivity of N, over O, on Ag-ETS-10 at

ambient condition is 4.16.

The multicomponent breakthrough demonstration suggests that Ag-ETS-10 would be
a very strong candidate as adsorbent for a PSA process to produce high-purity oxygen

at ambient temperature.

3.5 Conclusions

Adsorption measurements demonstrate that Ag-ETS-10 is selective for argon over
oxygen and nitrogen over oxygen. In this work, 86.77 mL of high purity (99+%)
oxygen was produced over a 150 mL bed of 130 g Ag-ETS-10 granules using
compressed air at 100 kPa and 25 <C, with an O, recovery rate greater than 30%. This
suggests that Ag-ETS-10 could be an effective adsorbent in a PSA system designed
for generating high purity O..
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Chapter 4

Air Separation by Silver Titanosilicate with

Enhanced Density

A version of this chapter was submitted to Sep. Purif. Technol. Reproduced with permission from

Shi, M., Avila, A.M., Wu, L., Sawada, J.A., Kuznicki, T.M., Kuznicki, S.M., 2012.
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4.1 Summary

Previously, we reported that Ag-ETS-10 can be used to separate air, and produce
argon free oxygen. High purity oxygen (99+%) was generated using a bed of
Ag-ETS-10 granules to separate air (78% N, 21% O, 1% Ar) at 25 <T and 100 kPa,
with an O, recovery larger than 30%. In this study, a higher recovery was achieved by
increasing the bulk density of the adsorbent material and thus the adsorbent packing
efficiency within the bed enhanced. The packing efficiency was further increased
through mixing different large and small size particles. A lab scale demonstration was
carried out to demonstrate that Ag-ETS-10 with enhanced bed density can produce
high purity oxygen (99+%) by adsorptive air separation (78% N2, 21% O,, 1% Ar),

with an O, recovery approaching 40%.
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4.2 Introduction

In Chapter three, adsorption analysis, such as, equilibrium isotherm and inverse phase
gas chromatography, showed that silver exchanged titanosilicate has an adsorptive
selectivity for both nitrogen over oxygen, and argon over oxygen. Furthermore, a 150
mL bed packed with 130 g of regular Ag-ETS-10 was tested in a lab-scale air
separation demonstration system. High purity oxygen (99+%) was generated at

ambient condition and with an oxygen recovery rate greater than 30%.

High purity O, recovery from air can be enhanced as Ar/O, adsorption selectivity
values are larger. Also, O, recovery can be enhanced by improving the packing
efficiency of the adsorbent material within the bed. The as-synthesized ETS-10
further cation-exchanged to generate Ag-ETS-10 has a tap density of 0.78 g/mL. The
density of ETS-10 crystals is 2.5 g/mL. Thus, higher tap density could be achieved
through a more favorable ETS-10 crystal morphology as an outcome of the
optimization of synthesis conditions. It is reported that multi-size sphere packing can
decrease the bed voidage[1-2]. The density of adsorbent bed could also be enhanced
by packing different size granules. It is encouraging to investigate the correlation

between the enhanced bed density and the production and the recovery of the product.

This work deals with the optimization of high purity O, recovery from air by using an
enhanced ETS-10 material with higher tap density. The production and recovery yield
of oxygen using this more compact material were evaluated and compared with those
results obtained with a regular lower density bed. A mathematical expression for the
O, recovery from air was developed based on integral mass balances in the adsorbent

column.
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4.3 Experimental

4.3.1 Sample preparation

Both regular ETS-10 (ETS-10-R) and high density ETS-10 (ETS-10-HD) were
synthesized using conventional hydrothermal synthesis. The regular ETS-10 with low
density was synthesized as reported by Kuznicki [3]. The later one with high density
was prepared following the recipe reported by Lan by change of the synthetic
conditions (2012) [4], such as temperature and time. The as-synthesized ETS-10-HD
was Ag+- exchanged by adding 5 g of as-synthesized adsorbent to 10 g of silver
nitrate (Fisher, USP) in 50 g of deionized water. The mixture was heated to 80 °C for
1 h. The silver exchanged material was filtered, washed with deionized water and the
exchanged procedure was repeated two more times (for a total of three exchanges).

The silver exchanged ETS-10-HD was dried at 80 °C in air.

4.3.2 Characterization

Phase identification of the as-synthesized sodium titanate was conducted by X-ray
powder diffraction analysis (XRD) using a Rigaku Geigerflex 2173 with a vertical
goniometer equipped with a graphite monochromator for filtration of K-p
wavelengths. Scanning electron microscopy (SEM) was performed on a Hitachi
S2700 equipped with an X-ray EDS detector. Oxygen, argon, and nitrogen
composition analysis was performed on a modified Varian 3800 gas chromatography
(GC) equipped with a thermal conductivity detector (TCD), which was reported by
Shi.

4.3.3 Density evaluation
Powder samples (Regular ETS-10, ETS-10-HD, Ag-ETS-10-R, and Ag-ETS-10-HD),
were pelletized by using a mortar and pestle and compressed in a pellet press at

69,000 kPa for 3 min. The resulting cakes were crushed and sieved to obtain particles
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(sieve size between 20-50 mesh and 10-16 mesh). Mixed packing was achieved by
mixing 50% 20-50 mesh size granules and 50% 10-16 mesh size granules through a
rotation machine. The determination of tap density for powder and the pelletized,

crushed and sieved materials followed the 1SO standardization [5].

4.3.4 Laboratory-scale demonstration

Laboratory-scale demonstration is illustrated in chapter three. Breakthrough
experiments were performed for high density adsorbent bed. The adsorbent was
packed into a 150 mL cylindrical stainless steel chamber with an inner diameter of 20
mm and a length of 450 mm. The columns packed with adsorbent pellets were

activated at 200 <C for 10 h under 100 mL/min of helium flow.

The breakthrough experiments were run by conditioning the bed at 100 kPa with
helium to purge any adsorbed gas from the system. The column temperature was
maintained at 25 °C using a heating jacket around the bed coupled to a circulating
water bath. Dry, compressed air was introduced into the fixed-bed column at a flow
rate of 120 mL/min and the outlet gas composition was analyzed every 1 min using
the adapted Varian 3800 gas chromatograph (GC) as described above. Outlet gas flow
rate monitored by an Agilent ADM 1000. The Agilent flow meter was calibrated
using a Bronkhorst mini CORI-FLOW™ to allow the measured volumetric flow rates

to be accurately converted to standard conditions.

4.4 Results and discussion

4.4.1 Density enhancement
Figure 4-1 shows the XRD pattern of the high density ETS-10 (Na-10-HD) is
identical to the pattern of low density ETS-10 (Na-10-LD), both conforming to the

pattern reported by Kuznicki [3], This is an indication that although the density of
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Na-10-HD was enhanced, it still has the unique zeolitic structure as classical ETS-10.

—Regular ETS-10
—ETS-10-HD

:0‘ b& " 1\ IJL&lIﬁ’\“ AML . “—h‘ o o A dad o g Aaa a
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Intensity (Normalized)

Figure 4-1. XRD of regular ETS-10 and ETS-10-HD.

SEM analysis (Fig.4-2and 4-3) show the morphology of both Na-10-HD and
Na-10-LD. Typically, ETS-10 crystals obtained in the present study resembled
truncated bi-pyramids with square basal plane shared by the two pyramids [6-7]. Here,
both Na-10-LD and Na-10-HD have such feature as described above, however, the
as-synthesized low density ETS-10 is more cubic in shape and with some defects on
the surface. The crystal of high density ETS-10 is more flat and with perfect surface.
We assume the difference in tap density is due to the difference of morphology. Both
XRD and SEM show that the new synthesized Na-10-HD possesses the reported
ETS-10 structure.
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Figure 4-3. SEM of ETS-10-HD.

The table 4-1 shows the comparison of tap density for regular ETS-10, high density
ETS-10, regular Ag-ETS-10 and high density Ag-ETS-10 in different forms, such as,
powder, 10-16 mesh size particles, 20-50 mesh size particles, and mixed size granules.
The data indicated that ETS-10 density could be enhanced through the new synthesis
method, and could also be increased by mixed packing. A 150 mL adsorbent bed can
pack 130 g low density Ag-ETS-10 with 10-16 mesh size. At the same time 175 g
high density Ag-ETS-10 with different size granules (50% 10-16 mesh size mixed

with 50% 20-50 mesh size) could be packed in the same volume. These two
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improvements result in a 34.6wt% more packing of Ag-ETS-10 in a fixed volume.

Table 4-1. Tap density of regular ETS-10 and high density ETS-10

10-16 mesh 20-50 mesh Mixed
Powder Adsorbent in
particles particles particle
(Tap Density) 150 mL Bed
Tap Density | (Tap Density) | (Tap Density)
ETS-10-R 0.78 g/mL 0.712 g/mL 0.736 g/mL 0.85 g/mL -
ETS-10-HD 0.95 g/mL 0.87 0.88 1.01 g/mL -
Ag-ETS-10-R 1.0 g/mL 0.931 0.953 1.121 1309
AQ-ETS-10-HD | 1.23 g/mL 1.18 1.2 1.45 g/mL 175¢g

4.4.2 Breakthrough times and O, recovery

Mass balance of the bed could be expressed as:

f (Fins = Foue )t = @05V + CarV €5 4.1)
0

From equation 4.1, the mean residence time or mean breakthrough time (also known

as stoichiometric breakthrough time) is expressed as:

* Foutj L Q;pb
t =f(1— Dydt = — +1 (4.2)
A Fin,j Vine \Gj Ep

in,j

Considering that the mass transfer zone in the ternary mixture breakthrough travels as

a shock wave, the mass balance for each component can be expressed as:

Finj X tpr; = q}'-‘prb +CV, €p;  j=N2,02and Ar 4.3)
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O, can also been expressed as:

tBT,02 tBT Ar tBT,02 tBT Ar
f Fin,02 dt + f Fin,OZ dt — f Fout,OZ dt — f Fout,oz dt
0 t

BT,02 0 tBT,02
= q020pVp + Co2Vp Ep
(4.4)
tBT Ar
Fino2 X tgrar — f Fout,02 At = qp2ppVp + Co2Vip Ep
tBT,02
(4.5)

tpT Ar
j Fout 02 dt = Fin 02 X ter ar — Fino2 X tgro2 = Finoz2 X (ter,ar — ter,02)
t

BT,02
(4.6)
So the recovery of O, can be expressed as:
tpT AT F dt
Rec% = ET.02 outoz™ _ Fino2 X (tsrar — tar,02) 1 tpT,02
Fino2 X tpr,ar Fino2 X tpr ar UBT, ar
(4.7)
Breakthrough time can be calculated as:
arPpVp + CarVy € L p
tor ar = QarPvVp T LarVp Ep _ (CIAer + 1) (4.8)
Fin,Ar Vint CAr €p
The relation between bed density p, and voidage €, can be expressed as:
Po_ Constant = A (4.9)
1-€,
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02Pp 4 4

t Cos €
Rec% =1—-2192_-1_292°b (4.10)
tBT,Ar QarPp +1
CAr €p
Which can simplified as:
gﬁ _ %
Rec% = -Ar 02 (4.11)
dar + Sp
CAr Pp

As we know qjr , 9oz » Car ,» Cop areconstant.

Assuming the same affinity for both materials, the recovery of O, could expressed as:

Rec% = = (M, N are constant) (4.12)
b
N +=L
Pb
Rec% i M (4.13)
ecyo = = .
€ 1
N+ 2 N+
AX(1—-€p) 1
A X (E_b — 1)

It demonstrates that, when the bed voidage is decreasing, which means the bed density

increases, the recovery of O, increases.

4.4.3 Lab-scale demonstration

Figure 4-4 depicts a breakthrough curve for air on 175 g of high density Ag-ETS-10
at 25 <C and 100 kPa which is represented in Table 4-2 as outlet concentration versus
time. With a continuous flow of air at 120 mL/min, an argon-free oxygen product was

detected at 16 min. The bed continued to produce high purity oxygen stream balanced
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with relatively low level of argon (<1.9% Ar) for 3 min. During these three minutes, a

total of 186.25 mL of high purity (99+%) O, was produced. At 23 min, the nitrogen

front started to breakthrough. At 32 min, the concentration of N, O, and Ar in the

outlet gas begins to reflect the inlet (feed gas) composition, indicating that the

Ag-ETS-10 adsorbent has reached saturation.

100%

90%

80%

70%

60%

50%

40%

Outlet Concentration

30%

20%

10%

0%

Breakthrough of 02, Ar, N2 of High Density Bed

==02

N2

10 15 20 25 30

Time (mins)

45

Figure 4-4. Air breakthrough curve on high density Ag-ETS-10 at ambient conditions.
Compressed air (a mixture of 78% N, 21% O, and 1% Ar) was introduced into a 150
mL column containing 175 g of pelletized high density Ag-ETS-10 with mixed
granule sizes (50% 10-16 mesh size and 50% 20-50 mesh size) at a flow rate of 120
mL/min. Composition of the outlet gas was determined by GC analysis.
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Table 4-2. Outlet composition of the breakthrough for N,, O,, Ar
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180 k
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=
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Outlet Flowrate (mL/min)
=)
(=]

40

20

0

Time Outlet Concentration(%)
(min) N2 0, Ar
Feed in 78.08 20.95 0.97
0-15 0 0 0.00
16 0.00 99.99 N/A
17 0.00 99.50 0.50
18 0.00 99.00 1.00
19 0.00 98.10 1.90
20 0.00 95.88 4.12
21 0.00 93.98 6.02
22 0.00 93.30 6.7
23 0.57 91.63 7.8
24 33.72 62.97 3.31
25 74.88 24.04 1.08
30 77.67 21.37 0.96
40 78.10 20.96 0.94
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Figure 4-5. Outlet flow rate monitored by Agilent ADM 1000 in adsorption

procedure for high density bed.
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Figure 4-5 shows the outlet gas flow rate for the high density bed. Combined with the
breakthrough information of oxygen, argon and nitrogen, it also illustrates that helium
from the dead volume came out at the first 15 min. High purity of oxygen product
came out after that. Nitrogen started to breakthrough at 23 min. The two step-changes
exactly match the breakthrough of O, and N,, which are the two main component of
air (21% O, and 78% N,). Integrating the flow measured between the O, and Ar

breakthrough events, 190 mL of 99+% O, was generated.

Given the feed flow rate of 120 mL/min, and 186.25 mL of 99+% oxygen, the
recovery rate of oxygen is 38.89%. In chapter three, it shows Ag-ETS-10 with lower
bed density possesses an oxygen recovery rate of 30% under the same experiment
conditions (same temperature, pressure, bed volume, and feed in flow rate). Compared
with the recovery rate we obtained in this high density bed, we can conclude that by
using the same silver exchanged titanosilicate materials, the bed with higher density
could produce more high purity (99%+) oxygen in one step process. In addition the
recovery of oxygen was increase from 30% to almost 40%, which matches the
prediction from the mathematic modeling. Enhanced bed density will help increase

the recovery of oxygen.

4.5 Conclusions

In this work, we demonstrated that new synthesized high density ETS-10 and mix
packing enhanced the AgQ-ETS-10 bed density by 34.6%. A mathematical model
predicted that enhanced bed density would help increase the recovery of oxygen
during air separation. In a lab-scale demonstration and comparison, 186.25 mL of
high purity (99+%) oxygen was produced over a 150 mL bed of high density
Ag-ETS-10 granules using compressed air at 100 kPa and 25 <C, with an O, recovery

rate approaching to 40%. Both the production and recovery was improved by
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enhanced bed density. This suggests that high density Ag-ETS-10 can improve the

performance of argon free oxygen production by adsorptive air separation.

4.6 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

Abdel-Dawad, Y.A., Abdullah, W.S., 2002. Construction and Building Materials
16, 495-508.

Yamada, S., Kanno, J., Miyauchi, M., 2011. Information Processing Society of

Japan Online Transactions 4, 126-133.

Kuznicki, S.M., 1991. Large-Pored Crystalline Titanium Molecular Sieve

Zeolites. US Patent No. 5, 011, 591.

Wu, L., Kuznicki, S.M., 2012. New Synthesis of Enhanced Density

Titanosilicate-10, in preparation.

Determination of Tap Density. http://www.iso.org (accessed October 1, 2012)

Anderson, M.W., Terasaki, O., Ohsuna, T., Philippou, A., Mackay, S.P., Ferreira,
A., Rocha, J., Lidin, S., 1994. Nature 367, 347-351.

Ji, Z., Yilmaz, B., Warzywoda, J., Sacco, A., 2005. Microporous and

Mesoporous Materials 81, 1-10.

89


http://www.iso.org/

Chapter 5

High Pressure Adsorptive Separation of Ethylene and
Ethane on Na-ETS-10

A version of this chapter has been published. Reproduced with permission from Shi, M., Avila,
A.M., Yang, F., Kuznicki, T.M., Kuznicki, S.M., 2011. Chemical Engineering Science 66,
2817-2822.
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51 Summary

Previously, we reported that Na-ETS-10 can be used to separate a mixture of ethylene
and ethane from an industrial process stream under low pressure (101 kPa) with a
binary bed selectivity of 5 at 298 K and 101.3 kPa. In this study, we show that
selectivity improves considerably under high pressure conditions. Na-ETS-10 was
used as a packed bed adsorbent to separate an ethylene/ethane 59/41 mixture over a
pressure range of 101-2,580 kPa and at two different temperatures (273 and 298 K).
At these pressures, pure ethane gas raffinate streams prior to ethylene breakthrough
are obtained. The extract phase obtained following desorption from the packed bed
column contained up to 94% ethylene. The separation performance improved as
adsorption column pressures increased. The ethylene/ethane bed selectivity achieved
at 298 K and 2,580 kPa was ~11, more than double the previously reported selectivity

under low pressure.
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5.2 Introduction

Ethylene is an important commodity petrochemical used mostly as a raw material in
the manufacture of polymers such as polyethylene, polyester, polyvinyl chloride,
polystyrene as well as fibers and other organic chemicals. It has replaced acetylene as
the most important building block in industrial organic chemistry [1]. According to a
report by Global Industry Analysts, the world ethylene market will reach 160 million
tons by 2015 [2]. One of the most important methods of manufacturing ethylene is
steam cracking and thermal decomposition of ethane [3]. In a typical ethylene plant,
the separation of ethylene and ethane is a key stage in the whole production chain.
The ethylene and ethane separation process is mostly carried out by cryogenic
distillation at high pressure and low temperature and requires high energy supply [4].
Therefore an effective ethylene and ethane separation method that could reduce the

energy and equipment costs is desirable.

Adsorptive separation is an alternative method to cryogenic distillation and is more
sustainable because of low energy costs and capital investment [3]. The key to the
success of the adsorptive separation of ethylene and ethane mixtures is finding an

effective adsorbent.

In the adsorptive separation of olefin/paraffin mixtures, zeolite 13X has often been
considered the primary adsorbent for the separation. Miltenburg tested the separation
of ethane/ethylene mixtures working with CuCl/NaX at 358K and 200 kPa [5]. The
use of zeolite 13X in the separation of propane/propylene mixtures has also been
reported in several articles from Delft’s and Porto’s research groups [5-8]. Uniformly
these studies have been conducted at relatively low pressures (less than 200 kPa) and
not at high pressures (typically 2000+ kPa) where ethane and ethylene are separated

industrially.
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Engelhard Titanosilicate-10 (ETS-10) is a large-pored, mixed octahedral/tetrahedral
titanium silicate molecular sieve with a three-dimensional network of interconnecting
channels [9, 10]. The pore size of ETS-10 has an average kinetic diameter of ~8 A,
which is larger than the molecular diameter of either C,H, or C,Hg (4.163 and 4.443
A, respectively) [11]. As a result both species may enter the crystalline lattice, and
ethylene/ethane separation selectivity on ETS-10 would be based on equilibrium

competitive adsorption.

A number of studies, including modeling predictions, suggest that ETS-10-type
materials especially Na-ETS-10, have great potential as adsorbents for
ethylene/ethane separations [12]. Other studies have shown that the characteristics of
the ethylene and ethane adsorption on ETS-10-type materials can be manipulated by
cation exchange [4, 13]. More recently, it was reported that the adsorption separation
of a binary mixture of ethylene and ethane using Na-ETS-10 at 298 K and 101.3 kPa,

can achieve a bed selectivity of approximately 5 [14].

However, the industrial cryogenic distillation process for ethane/ethylene separation is
performed at elevated pressures (2000-2500 kPa). Hence, any alternative adsorption
technology related to ethane/ethylene separation should contemplate materials and
engineering designs that allow efficient separation at higher pressures. Working at
high pressures would also minimize re-compression work and provide clear

advantages in reducing the energy requirements.

This work describes the adsorptive separation performance of a binary mixture of
C,H, and C,Hg at high pressure on Na-ETS-10 using a laboratory-scale demonstration
unit. A gas mixture, with composition commonly found in industrial processes, was
separated by adsorption on Na-ETS-10 within a packed-bed column. The separation
factor, breakthrough profile and capacity for C,H, and C,Hg were determined. The
separation performance was compared at different pressure and temperature

conditions. Adsorption isotherms were measured for ethylene and ethane at high
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pressures and used to estimate the mixture adsorption equilibrium on Na-ETS-10
crystals as a function of pressure, and to estimate the isosteric heats of adsorption as a

function of loading.

5.3 Experimental

5.3.1 Material Synthesis

Na-ETS-10 was synthesized hydrothermally as reported by Kuznicki [9]. A typical
sample preparation involved thoroughly mixing 50 g of sodium silicate (28.8% SiO,
9.14% Na,0, Fisher), 3.2 g of sodium hydroxide (97+% NaOH, Fisher), 3.8 g of KF
(anhydrous, Fisher), 4 g of HCI (1M), and 16.3 g of TiCls solution (Fisher). The
mixture was stirred in a blender for 1 h, and then reacted in a 125 mL sealed autoclave
(PARR Instruments) at 488 K for 64 h. The resulting material was thoroughly washed
with de-ionized water, and dried at 373 K. The Na-ETS-10 materials were pelletized
by mixing 6.0 g of the molecular sieves (equilibrated at 373 K) with 2.5 g of Ludox
HS-40 colloidal silica (Aldrich). The mixture was homogenized using a mortar and
pestle and compressed in a pellet press to 10,000 psi for 3 minutes. The resulting
cakes were crushed and sieved to obtain 20-50 mesh particles. The pelletized, crushed

and sieved materials were used in the column separation experiments.

5.3.2 Adsorption Isotherms

The ethane and ethylene adsorption isotherms on Na-ETS-10 at high pressures
(0-1800 kPa) were measured at 298, 323, 373, 423 and 473 K with an HPVA-100
High Pressure VVolumetric Analyzer adsorption unit from VTI instruments (Hialeah,
FL) using a static volumetric method. Low pressure isotherms (up to 10 kPa) were
obtained at 298 K with an Autosorb-1MP volumetric system from Quantachrome
Instruments (Boynton Beach, FL). Prior to adsorption tests Na-ETS-10 materials in
crystalline powder form (with no added binders or diluents) were dried at 523 K for

12 h under a vacuum of greater than 10 Torr.
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Figure 5-1. Schematic of high pressure adsorption process.

5.3.3 Breakthrough Experiments

Laboratory-scale demonstration is illustrated in Figure 5-1. Breakthrough experiments
were performed using 28 g samples of pelletized, ground and sieved test adsorbent.
The adsorbent was packed into a 50 mL cylindrical stainless steel chamber with an
outer diameter of 38 mm and a length of 95 mm. Following adsorbent loading,
columns were activated at 473 K for 10 h under 30 mL/min of helium flow. The feed
gas mixture composition was: a binary ethylene/ethane mixture (59% C,H4: 41%
C,Hg). The gas mixture was prepared by Praxair to mimic the process gas
composition at the inlet of the C2 splitter tower in an ethylene plant. The feed mixture
was introduced into the fixed-bed column at a flow rate of 150 mL/min (298 K, 101.3
kPa). The column pressure was 2580 kPa and column temperature was maintained at
298 K. Outlet gas composition was analyzed using a Varian 3800 gas chromatograph
(GC) equipped with an HAYESEP Q column and a thermal conductivity detector.
The adsorbed phase was extracted by steam desorption as described below and

analyzed by GC.
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5.3.4 Desorption Experiments

Figure 5-2 is a schematic representation of the pressure steps during one cycle. The
first step involves the pressurization with He. The second (“adsorption”) step involves
passing of the ethane/ethylene mixture at a constant high pressure through the
Na-ETS-10 bed. The third step is the co-current depressurization (down to ambient
pressure) of the column. The fourth step is co-current steam desorption followed by

He purge under ambient pressure.
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Figure 5-2. Schematic of the different steps involved during the adsorption cycle
where PH corresponds to the high pressure step, and PL corresponds to the low
pressure step.

The steam desorption was performed according to the method described by Shi [14].
When the adsorbent within the column approached equilibrium with the feed gas
mixture, the column pressure was released against ambient pressure. Next, steam at
473 K was passed over the adsorbent bed and the gas desorbed from the adsorbent

(the adsorbed phase) flowed into a downstream flask, displacing a volume of water
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equal to the volume of outlet gas. Outlet gas was sampled and analyzed by GC and,
after desorption was complete, the sorbent was thermally re-activated at 473 K for 10

h prior to initiation of further adsorption/desorption cycles.

5.3.5 Theoretical Background

Experimental isotherms were fitted to the Langmuir adsorption isotherm (Eq. 5.1):

i _ _biP;
Qim  1+biP;

(5.1)
For each hydrocarbon, g; is the amount adsorbed on the solid, P; represents the
pressure in the gas phase, gq;,, is the saturation or maximum adsorption capacity, and
b; is the Langmuir (equilibrium) constant. The Henry’s Law constants K; = q; i, b;,
for each hydrocarbon were used to calculate the limiting ethylene/ethane selectivity

(a, Eqg. 5.2):

o = ezt (5.2)
KcaHe

The isosteric heats of adsorption Q. ; (absolute values of the differential enthalpies
of adsorption AH;) were calculated from the Van’t Hoff equation [15, 16]. The values
of Qs at different adsorbed loadings were estimated from the isobars obtained from
the set of experimental adsorption isotherms:

dln Pi

Qsti = —AH; =—R [—6(1/T) . (5.3)

where 6; = q;/qim@osk) 1S the loading and  q;mosk) IS the saturation or
maximum adsorption capacity at 298 K. The isoteric heats at zero loading were

estimated as follows [16]:
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. dinkK;
AHi,O = llmpi—>0 AHi =—R [d(lL/T) (54)

The Ideal Adsorbed Solution Theory (IAST) was used to estimate binary
isotherms based on single component data [17]. Analogous to Raoult’s law for
vapour-liquid equilibrium, the IAST equation can be expressed as (Eq. 5.5):

Py;=xPi(m) i=12,..,n (5.5)

where x; is the mole fraction in the adsorbed phase is (Eq. 5.6)

(5.6)

and P;(m) is the sorption pressure for each pure component, which yields the same
spreading pressure, 7, as that of the mixture. The Gibbs adsorption isotherm [18]

defines the spreading pressure as:

E _ J'Pl* Qi,mgi,pure(P) dP (5 7)
rRT ~ Jo P '

The observed ethylene/ethane separation selectivity for Na-ETS-10 was defined in

terms of the extract composition and the feed mixture fractions (Eq. 5.8):

s =2 Yo (5.8)

Xg ' YE

where Xg;, Xy and Yg;, Yy are the mole fractions of ethylene (Et) and ethane (E) in

the extract and feed gas, respectively.
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5.4 Results and discussion

5.4.1 Single-gas isotherms at high pressure

In order to investigate the suitability of Na-ETS-10 as an adsorbent for the separation
of ethylene from ethane in industrial streams, single gas adsorption isotherms should
include a pressure range that is far from diluted conditions. In Figure 5-3 we show
single gas adsorption isotherms of C,H4 and C,Hg on Na-ETS-10 crystals at 298 K
and a pressure range up to 1800 kPa. The C,H, isotherm is more rectangular
indicating that C,H, is adsorbed stronger than C,Hs on Na-ETS-10. Both single
isotherms approach saturation at pressures above 600 kPa, although the saturation

capacity is higher for ethylene than ethane.

The adsorption data were fitted with a Langmuir model and the adsorption parameters
are shown in Table 5-1. The corresponding Henry’s law constant (Ki) was estimated
based on the high pressure data, and the selectivity for ethylene/ethane was
determined to be o= 8.1, which matches the selectivity estimated from low pressure

isotherms (0-10 kPa).

99



2.5
Ethylene
=)
4
—_ ! —
(=] — Ethylene
51.0;_ §12-;‘/ e
o g . If
£ 08¢ Ethane
[=2
N 0.4 /
0.5 1
o4 : v
r 0 2 4 8 8 10
Pressure (kPa)
00 = T T T T
0 400 800 1200 1600 2000

Pressure (kPa)

Figure 5-3. Adsorption isotherms for ethylene and ethane on Na-ETS-10 at 298K .
Insert: low pressure adsorption isotherms at 0-10 kPa.

Table 5-1. Langmuir adsorption parameters for ethylene and ethane on Na-ETS-10
material at 298 K

a,CZHél- (ZC2H4
Gas Qim b; K; C2H6 C2H6
(mol/kg) (kPa‘l) (mmol/g kPa) (0-1800 kPa) (0_10 kPa)
CoH,4 2.22 1.60 3.55 - -
CzHe 1.95 0.22 0.44 8.1 8.1
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Figure 5-4. Adsorption isotherms of ethylene (a) and ethane (b) on Na-ETS-10 at

temperatures 298 K, 323 K, 373 K, 423 K and 473 K.
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Figure 5-4 presents the adsorption isotherms for ethane and ethylene at elevated
temperatures: 298 K, 323 K, 373 K, 423 K and 473 K. The Henry’s law constants
were evaluated using a Langmuir model that fits each isotherm. The values of the
Henry’s constants (Ki) can be plotted as a function of 1000/T (as shown in Figure 5-5)
to calculate the adsorption heats at zero loading based on Eq. 4.4. These values are
shown in Table 5-2 along with those reported in the literature for Na-ETS-10 and
zeolite 13X. Na- ETS-10 shows a higher adsorption affinity than zeolite 13X for these

hydrocarbons, especially for ethylene.

1.E401 ¢

1.E400

1.E01 |

K; (mol/kg kPa)

1.E-02

1.e-03 = .
2.0 2.5 3.0 3.5

1000/T (K?)

Figure 5-5. Henry’s law constants for ethylene and ethane as a function of 1000/T for

Na-ETS-10.

Figure 5-6 shows the isoteric heats of adsorption of ethylene and ethane as function of
loading on Na-ETS-10. The isosteric heats for ethylene and ethane show an increasing
trend as loading increases. The isosteric heat for ethylene increases from its lowest
value of 49.7 kJ/mol (at zero loading) to 54.8 kJ/mol (0.6 loading). For ethane, the

isosteric heat slightly increases from 34.8 kJ/mol (at zero loading) to an average value
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of 37.0 kJ/mol (at loading above 0.2). At loadings higher than 0.2, the ethane isosteric
heat remains essentially constant. This trend is different than expected for classical
zeolites (such as zeolite 13X) and is consistent with the rising ethylene/ethane

selectivities with rising total pressure reported in this work.

Table 5-2. Comparison of the experimental and literature reported isosteric heats of
adsorption at zero loading for Na-ETS-10 and zeolite 13X.

(—AH; ) (kd/mol)

Material
Ethane Ethylene
Zeolite 13X 23.0 32.6
27-32 121 28-40 #
- 38.4 %
27.0 2 .
Na-ETS-10 33.0-36.0 2% 34.0-43.0 2%
34.8 49.7
60
________ o_----Q—-0—'0"0""‘6"0"0"6"'0"“'0
0 ¢ Ethylene
:40
N S T —
530 Ethane
-
w
J 20
10
0 [ 1 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6

Loading

Figure 5-6. Calculated isosteric heats of adsorption for ethylene and ethane as a
function of loading for Na-ETS-10.

103



5.4.2 Separation of a binary ethylene/ethane mixture

Breakthrough curves for ethylene and ethane on Na-ETS-10 at 298 K and 2,580 kPa
are shown in Figure 5-7. The feed gas was composed of 59% ethylene and 41%
ethane. The breakthrough concentration profiles are expressed as a function of the
number of bed volumes of the feed gas mixture (at standard conditions: 298 K, 101
kPa) that flowed through the packed bed. During the first stage (up to 60 bed
volumes), the adsorbent bed retained all the ethylene and the outlet stream (raffinate
stream) was composed of pure ethane. After ~115 bed volumes, the concentration of
the outlet gas reflected the inlet (feed gas) composition, indicating that the Na-ETS-10
had reached the adsorption equilibrium. Based on these data it is possible to design
cycle times to optimize the recovery of pure ethane and enriched ethylene using

Na-ETS-10 as the adsorbent at high pressure.
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Figure 5-7. Breakthrough curves for ethylene and ethane as a function of bed volume
on a fixed bed column composed of Na-ETS-10. Feed mixture: 59/41 ethylene/ethane.
Feed rate: 150 sccm (298 K, 101.3 kPa). Column temperature: 298 K. Column
pressure: 2,580 kPa.
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The feed gas (59% ethylene/ 41% ethane mixture) flowed onto the packed bed column

at different column pressures until the adsorbent within the column and the feed gas

mixture approached equilibrium. Next, the column pressure was released against

ambient pressure and the adsorbed phase on the bed was desorbed using steam. From

here on we will refer to the desorbed phase as the extract stream or extract phase. The

mole fractions of ethylene in the extract stream are shown in Table 5-3 as a function

of the packed bed column pressure. As the adsorption column pressure increased so

did the ethylene extract composition reaching up to 94% at 2580 kPa.

Table 5-3. Volume and composition of the extract stream (desorbed phase) for

different column pressures. Adsorbent: Na-ETS-10. Temperature: 298 K.

Column Pressure Volume Composition Adsorbent capacity
kPa ml (STP)a % CoHy4 mole C,H4/Kg ETS-10
101 1122 88.0 1.44
930 1207 91.6 1.61
1760 1233 92.1 1.66
2580 1344 94.0 1.84
59% C,H, @ 04% ., (b)

5 5

_f;f 41% CyHg _§

< <

- B J 6% C,Hg

1.5 é 2'.5 1'3 3.5 15 é 215

Retention Time (min)

Retention Time (min)

Figure 5-8. Gas chromatography analysis of feed gas (left) and extract composition

(right) under 2,580 kPa at 298 K.
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Gas chromatography analysis of feed gas and the extract composition is shown in
Figure 5-8. The increasing trend of the ethylene mole fraction in the extract phase is
consistent with the predicted behaviour of the equilibrium mole fraction based on the
IAST model (Figure 5-9). However, the predicted values for ethylene mole fraction
are higher than the experimental values in this study, particularly at low pressures. We
speculate this could be due to the non-ideal adsorption behaviour of ethylene in

comparison to that of ethane as previously suggested elsewhere [12].
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Figure 5-9. Mole fractions of ethylene and ethane in the extract stream (closed
symbols, solid line) and ethylene/ethane selectivity from a Na-ETS-10 adsorption
column at 298 K (open symbols) as a function of pressure. Predicted mole fractions
are based on the IAST mixture adsorption model using single gas adsorption isotherm
values from ethylene and ethane on NaETS-10 crystals at 298 K (dotted line).
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In addition, the observed ethylene/ethane selectivity for this separation increased with
the column pressure showing a value of ~11 at pressures (2580 kPa) similar to the
ones in industrial streams (Table 5-4). Higher selectivities were obtained when the
temperature was lowered to 273 K for almost all the entire pressure range. The only
exception was at the highest tested pressure (2580 kPa), where we observed no
change in low temperature selectivity. The results reflect the difference in isosteric
heats for ethylene and ethane as shown in Figure 5-6. It is important to point out that
the increasing trend of ethylene/ethane selectivity with pressure is consistent with that
of the predicted equilibrium values based on the IAST model even though the

predicted values are higher than those observed.

Table 5-4. Observed ethylene/ethane selectivities in the extract stream at 298 K and
273 K from a Na-ETS-10 adsorption column and those predicted by Ideal Adsorbed
Solution Theory, as compared to previously reported equilibrium adsorbed fractions
at 280 K.

Ethylene/ethane selectivity

Pressure Observed Equilibrium Ref.? Egigit;rt::jm
kPa 298 K 273 K 280 K 298K
101 5.1 6.3 - 12.4
150 - - 7.0 12.9
500 - - 7.8 15.0
930 7.6 9.1 - 15.9

1,760 8.1 9.8 - 17.2
2,580 10.9 10.5 - 17.9
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Table 5-3 also shows the volumes of desorbed gas, ethylene extract composition and
the amount of ethylene obtained per unit of adsorbent under different column
pressures. At 2580 kPa, the volume of desorbed gas was 1344 mL (STP, 298 K, 101.3
kPa), which corresponds to 1.84 mole of ethylene per kg of adsorbent in the extract
stream. Thus, a single step adsorption-desorption process was able to split a 59/41
ethylene/ethane feed mixture into an ethylene-rich extract stream and an ethane-rich
raffinate stream that would require minimal recompression work. These results
suggest that a stream containing 59% ethylene and 41% ethane can be enriched with
up to 94% ethylene at high pressure using common adsorption-desorption steps.
Na-ETS-10 adsorbent improves the performance of the ethylene/ethane separations as

the adsorption column pressures increase (up to 2600 kPa).

5.5 Conclusions

This study demonstrates that Na-ETS-10 can be used as an effective adsorptive
material to separate ethylene from ethane in a binary mixture under high pressure
conditions. A 59/41 mixture of C,H, and C,Hg was separated on Na-ETS-10 at 360
psi and 298 K over a pressure range of 101-2580 kPa. At the highest pressure tested
(2580 kPa), an ethylene/ethane bed selectivity of ~11 was achieved, which is more
than double the previously reported selectivity (S = 5) under low pressure. Although
these are laboratory-scale results the potential use of Na-ETS-10 as an adsorbent that
allows efficient separation of olefin/paraffin at industrial stream pressures is very

promising and requires further investigation.
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Chapter 6

Extraction of Ethane from Natural Gas at High

Pressure by Adsorption on Na-ETS-10

A revised version of this chapter has been published. Reproduced with permission from Avila,
A.M,, Yang, F., Shi, M., Kuznicki, S.M., 2011. Chemical Engineering Science 66, 2991-2996.
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6.1 Summary

Methane/ethane separation was achieved using Na-ETS-10 as a packed bed adsorbent
over a pressure range of 450-5600 kPa at 298 K. At these pressures, pure methane gas
raffinate streams were obtained prior to ethane breakthrough. The extract phase
obtained following desorption from the packed bed column was enriched in ethane.
Extract phases containing up to 75% ethane were achieved following separations of a
93/7 methane/ethane feed mixture. Separation performance did not deteriorate as
adsorption column pressures increased. Selective adsorption of a synthetic natural gas
mixture using a Na-ETS-10 packed bed column resulted in hydrocarbon outlet
compositions ranging from pure methane (up to ~60 bed volumes at standard
temperature and pressure) to ~93% methane, ~5% ethane and ~2% propane (~150 to
~850 bed volumes at standard temperature and pressure). In all cases, following
desorption, the extract phase was highly enriched in the larger and more valuable

hydrocarbons.
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6.2 Introduction

Natural gas (NG) is one of the most important energy resources worldwide. Modern
NG transport technologies ensure that large reserves of this high energy, clean
burning fuel are available at a low overall cost. Since NG is a commodity, however,
NG producers are constrained by the narrow operating margins between processing

cost and market price.

NG must be conditioned before it is fed to pipelines for distribution; processing costs
for treating NG are associated with both contaminant removal and liquid recovery [1].
Dehydration prevents corrosion, hydrate formation and freezing in the pipeline.
Reducing the concentration of acid gases, including H,S and CO,, prevents corrosion
and increases the NG energy content per unit volume. Removal of inert gases with no
heating value (such as N) also increases energy density. Hydrocarbons heavier than
methane, commonly known as natural gas liquids (NGL), can contribute to the energy
content of NG, but heavier hydrocarbons generally have a higher product value when
used as separate fuels or as chemical feedstocks, rather than as components of natural
gas. For example, ethane (C2) is a key feedstock in industrial ethylene production and,
as such, efficient recovery of ethane (C2) from NGL can control operating costs for
ethylene plants [2]. In addition, heavy hydrocarbons (C3+) are commonly removed

from NG to prevent fouling of downstream valves, pipes and other equipment.

NGL and C2 recoveries from NG, predominantly through cryogenic expansion, are
both energy intensive processes [3, 4]. A conventional cryogenic expansion process,
also known as a turbo-expander process, is outlined in Figure 6-1. After pretreatment,
the gas mixture is cooled by heat exchangers and partially condensed, followed by
separation into liquid and vapour streams in a flash separator. The vapor stream,
which contains the more volatile species, is expanded through a turbo-expander into a

distillation column (demethanizer), resulting in additional liquid condensation. The
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liquid stream is injected into the same column for recovery of the heavy hydrocarbon
components. The bottom product, containing C2 and C3+ (NGL) species, can be
further fractionated to produce feedstocks for polyethylene plants (C2) or
incorporated into high heating value fuels such as Liquified Petroleum Gas (LPG).
The top product of the demethanizer column (residue gas) must be recompressed from
approximately 100-450 psi (700 to 3100 kPa) up to common pipeline pressures (800
to 1000 psi/5500 to 6800 kPa) in order to be delivered as sales gas.

Recompressor

Residue gas «—————— Expander

Cooler

Pretreated P S
natural gas \ / \
—_—

Demethanizer

Separator

NGL

Figure 6-1. Conventional NGL recovery process. Basic turbo-expander process.

Adsorptive separation based on cation-exchanged ETS-10-type adsorbents has been
proposed as a process that could decrease the energy consumption associated with
ethane/methane separation and NGL recovery [5], reducing process costs and
contributing to environmental sustainability. ETS-10 is a large-pored, mixed
octahedral/tetrahedral titanium silicate with a framework composed of a
three-dimensional network of interconnecting channels and cavities whose adsorption

characteristics can be manipulated through cation exchange [6-8]. When Na-ETS-10,
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Ba-ETS-10 and Ba/H-ETS-10 were applied to the separation of ethane from methane
under low pressure conditions, Na-ETS-10 showed the most promising performance
in terms of both adsorbent capacity and selectivity [5]. It is important to note that,
since the average kinetic diameter of molecules that can enter the pores of ETS-10 (~8
A) is much larger than either methane or ethane, this separation is likely achieved

through equilibrium competitive adsorption [6].

NG feedstocks for the NGL recovery process are generally high pressure streams,
occasionally at pressures as high as 10* kPa. Hence, any potential adsorption process
related to natural gas treatment should contemplate materials and engineering designs
with efficient separation performance at higher pressures [1]. Working at high
pressures would minimize the re-compression work required before materials are
introduced into the downstream pipeline. However, as is the case for previous studies
of Na-ETS-10, adsorbent materials are generally evaluated at low pressures in the
laboratory, far from the conditions found in natural gas pipelines. In fact, some
previous work which examined the ethane/methane selectivity with as-synthesized
(non-cation-exchanged) ETS-10 showed that for a given temperature, the selectivity
of ethane/methane separation decreases as the pressure is increased, as is typical for
molecular sieve separations [9, 10]. These results are silent, however, to ETS-10
performance at pressures above 500 kPa (72.5 psia) and to the effects of cation

exchange on ETS-10 performance.

The use of a packed bed column with Na-ETS-10 pellets for treating the NG
feedstock at high pressures could be a promising alternative to strip paraffinic
hydrocarbons from NG by selective adsorption, if the adsorbent is able to support
efficient separation at high pressures. Similarly, a packed bed column with
Na-ETS-10 pellets could be used to extract the 1-2% ethane commonly present in the
residue gas from demethanizer units in order to supply feedstock for ethylene plants.
In both cases, adsorption at high pressure would minimize recompression work and

address the difficulties associated with the separation of ethane as an intermediate
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between methane and propane. High pressure adsorptive separation could provide

clear advantages relative to energy intensification in natural gas treatment processes.

The objective of the current study was to evaluate Na-ETS-10 as an adsorbent
material capable of separating C1/C2 and C1/NGL at conditions approximating
natural gas pipeline pressures. Adsorption isotherms were measured for methane and
ethane at high pressures and used to estimate the mixture adsorption equilibrium on
Na-ETS-10 crystals as a function of pressure. The separation performance of
Na-ETS-10 within packed-bed columns was analyzed based on the raffinate and
extract streams produced from C1/C2 and C1/NGL feed mixtures at room temperature

and high pressures (up to 5600 kPa).

6.3 Experimental

6.3.1 Material synthesis

Hydrothermal synthesis of ETS-10 was carried out as previously described [6]. A
mixture of 50 g of sodium silicate (28.8% SiO,, 9.14% Na,O, Fisher), 3.2 g of sodium
hydroxide (97% NaOH, Fisher), 3.8 g of KF (anhydrous, Fisher), 4 g of HCI (1M,
Fisher), and 16.3 g of TiCls solution (Fisher) was stirred in a blender for 1 h. The
mixture was then transferred to a Teflon-lined autoclave and reacted for 64 h at 488 K.
The product was washed with deionized water and dried at 373 K. Following drying,
ETS-10 was reduced to a fine powder (<150 jam; 100 mesh). Samples to be used for
breakthrough analysis were pelletized by mixing 2.5 g of Ludox HS-40 colloidal
silica (Aldrich) with 6 g of dried ETS-10, homogenizing with mortar and pestle, and
compressing in a pellet press. The resulting discs were ground and sieved to 20-50

mesh (297-841 pam).
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6.3.2 Adsorption isotherms

The ethane and methane adsorption isotherms on Na-ETS-10 at high pressures
(0-1800 kPa) were measured at 298 K, 323 K and 373 K with an HPVA-100 High
Pressure Volumetric Analyzer adsorption unit from VTI instruments (Hialeah, FL)
using a static volumetric method. Low pressure isotherms (up to 10 kPa) were
obtained at 298 K with an Autosorb-1MP volumetric system from Quantachrome
Instruments (Boynton Beach, FL). Na-ETS-10 materials in crystalline powder form
(with no added binders or diluents) were dried at 523 K for 12 h under a vacuum of

greater than 10™ Torr prior to adsorption tests.

6.3.3 Breakthrough experiments

Breakthrough experiments were performed using 30 g samples of pelletized, ground
and sieved test adsorbent. The adsorbent was packed into a 50 cc cylindrical stainless
steel chamber with an outer diameter of 38 mm and a length of 95 mm. Following
adsorbent loading, columns were activated at 473 K for 10 h under 30 sccm of helium
flow. Two feed gas mixture compositions were used: i) a binary methane/ethane
mixture (93.00 CH,: 7.00 C;Hg) and ii) a multicomponent mixture that approximates
raw natural gas (90.99 CH,: 5.60 C,Hg: 1.63 C3Hg: 0.69 CO,: 0.50 Nj: 0.49 C4Hio:
0.10 CsHy). Each feed mixture was introduced into the fixed-bed column at a flow
rate of 250 sccm (298 K, 101.3 kPa). The column pressure ranged from 450 to 5600
kPa and column temperature was maintained at 298 K. Outlet gas composition was
analyzed using a Varian 3800 gas chromatograph (GC) equipped with an HAYESEP
Q column and a thermal conductivity detector. The adsorbed phase was extracted by
steam desorption as described below and analyzed by GC. Methane (C1), ethane (C2)
and propane (C3) were quantified in the sample, but also the fraction of heavier

hydrocarbons (C4+: butanes, pentanes) were qualitatively detected.

6.3.4 Desorption experiments
The adsorbed phase was extracted and the column regenerated by steam desorption as

previously described [11]. When the adsorbent within the column approached
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equilibrium with the feed gas mixture, the column pressure was released against
ambient conditions. Next, steam at 473 K was passed over the adsorbent bed and the
gas desorbed from the adsorbent (the adsorbed phase) flowed into a downstream flask,
displacing a volume of water equal to the volume of outlet gas. Outlet gas was
sampled and analyzed by GC and, after desorption was complete, the sorbent was
thermally re-activated at 473 K for 10 h prior to initiation of further

adsorption/desorption cycles.

6.3.5 Theoretical background

Experimental isotherms were fitted to the Langmuir adsorption isotherm:

qG_ _ b;P;
dim 1+ biP;

(6.1)

For each hydrocarbon, q; is the amount adsorbed on the solid, P; represents the
pressure in the gas phase, gin is the saturation or maximum adsorption capacity, and

bi is the Langmuir (equilibrium) constant. The Henry’s Law constants K; = ¢; i bj, for

each hydrocarbon were used to calculate the limiting C2/C1 selectivity (o):

_ Kcane

= 6.2
Kens ©.2)

The Ideal Adsorbed Solution Theory (IAST) was used to estimate binary isotherms
based on single component data [12]. Analogous to Raoult’s law for vapour-liquid
equilibrium, the IAST equation can be expressed as follows:

Py, =P/ (mx; i=12..,n (6.3)

where the mole fraction in the adsorbed phase is x;
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(6.4)

and P;(m) is the sorption pressure for each pure component i , which yields the same
spreading pressure, 7, as that of the mixture. The Gibbs adsorption isotherm defines

the spreading pressure as follows [13]:

RT (Find(P)
=— | ————=dP (constantT) (6.5)
AlJ, P

/A

The observed C1/C2 separation selectivity for Na-ETS-10 was defined in terms of the

extract composition and the feed mixture fractions:

XCZYC1

Scz/c1 = X—C1Ycz (6.6)

where X and Y are the mole fractions of methane (C1) and ethane (C2) in the extract

and feed gas, respectively.

6.4 Results and discussion

6.4.1 Single-gas isotherms at high pressure

Natural gas is commonly transported at high pipeline pressures, and adsorptive
separations that extract ethane from natural gas at high pressure could increase the
energy efficiency of NG conditioning. To investigate the suitability of Na-ETS-10 for
the separation of ethane from methane in industrial natural gas streams, the evaluation
of single gas adsorption isotherms should include a pressure range far from diluted
conditions. Figure 6-2 depicts single gas adsorption isotherms of CH, and C,Hg on
Na-ETS-10 crystals at 298 K for pressures up to 1800 kPa. C,Hg adsorbs more
strongly than CH,4 on this material, resulting in a more rectangular isotherm that

approaches saturation at much lower pressures.
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Figure 6-2. Adsorption isotherms for methane and ethane on Na-ETS-10 at 298 K.
Insert: low pressure adsorption isotherms at 0-10 kPa.

Table 6-1. Adsorption parameters for ethane and methane on Na-ETS-10 materials at
298 K

C2H6
Giom by Ki iy *Ciia

A
Gas dorbent o okg) (kPa®) (molkg kPa) (0-1800 kPa)  (0-10 kPa)

CH, Na-ETS-10 1.98 0.008 0.016 - -
C,Hs Na-ETS-10 1.88 0.369 0.693 44 52

The adsorption data were fitted with a Langmuir model and the adsorption parameters
are shown in Table 6-1. Based on the high pressure data, the corresponding Henry’s
law constant (K;) was estimated and the limiting or Henry’s law selectivity for C2/C1
was determined to be 0=44. However, while adsorption capacities are expected to be

more accurate when taken at high pressures, limiting selectivity is best determined at
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low pressure. A more accurate value for limiting selectivity for C,Hg/CH4 on
Na-ETS-10 at 298 K was measured in a low pressure range (0-10 kPa). In this case,
the value for the Henry’s law selectivity was determined to be 0=52, in agreement

with previous results [5].

Figure 6-3 presents the adsorption isotherms for ethane and methane on Na-ETS-10
samples (using the same synthesis technique) at elevated temperatures of 323 K and

343 K. The values of the Henry’s constants (K;j) and the corresponding

ethane/methane selectivities (ocgffj") at different temperatures are shown in Table 6-2.

As the temperature increases, ocgillj‘* decreases according to the higher adsorption

heat for ethane in comparison to methane. However, ocgﬁ:‘* is still higher than 20 at

temperature of 343 K.
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Figure 6-3. Adsorption isotherms of ethane (a) and methane (b) on Na-ETS-10 at
temperatures 298 K, 323 K and 343 K.

Table 6-2. Henry’s law constants for methane and ethane for Na-ETS-10 at
temperatures 298 K,323 K and 343 K and corresponding ethane/methane selectivities.

Ki (mol/kg kPa)

Temperature (K) aliHe
CH, CoHs
298 0.0180 0.88 49
323 0.0092 0.28 30
343 0.0059 0.13 22
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6.4.2 Separation of a binary methane/ethane (C1/C2) mixture

Breakthrough curves for ethane (C2) and methane (C1) on Na-ETS-10 at 298 K and
3200 kPa are shown in Figure 6-4. The feed gas was composed of 93% methane and 7%
ethane. The breakthrough concentration profiles are expressed as a function of the
number of bed volumes of the feed gas mixture (at standard conditions) that flowed
through the packed bed. During the first stage (up to 230 bed volumes), the adsorbent
bed retained ethane and the raffinate was composed of pure methane, free of ethane

content.
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0 100 200 300 400 500 600
Bed Volumes

Figure 6-4. Breakthrough curves for methane (C1) and ethane (C2) as a function of
bed volume on a fixed bed column composed of Na-ETS-10. Feed mixture: 93/7
methane/ethane. Feed rate: 250 sccm. Column temperature: 298 K. Column pressure:
3200 kPa.

For methane/ethane (93/7) mixtures on Na-ETS-10, the feed gas was flowed onto the
packed bed column (at a range of column pressures) until the adsorbent within the
column approached equilibrium with the feed gas mixture. Next, the column pressure
was released against ambient conditions and the adsorbed phase on the bed was
desorbed using steam. For the purposes of this discussion, the desorbed phase

represents the extract stream. The mole fractions of methane and ethane in the extract
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stream are shown in Figure 6-5 as a function of the packed bed column pressure.
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Figure 6-5. Mole fractions of methane and ethane (solid lines) and ethane/methane
selectivity (dotted line) in the desorbed extract stream as a function of Na-ETS-10
adsorption column operating pressure. Feed mixture: 93/7 methane/ethane. Feed rate:
250 sccm. Column temperature: 298 K.

The extract composition was essentially unchanged over the entire range of column
pressures (450-5600 kPa). Similarly, the extract mole fractions were ~75% for C,Hg
and ~25% for CH, in all samples measured, representing a >10-fold increase in ethane
in the extract stream, compared to the feed gas. In addition, the ethane/methane
selectivity for this separation remained near 40 at all pressures tested, even at
pressures similar to typical natural gas pipeline pressures (5600 kPa; Figure 6-5). For
the separation performed at a column pressure of 3200 kPa, the volume of desorbed
gas was 1035 cm® (298 K, 101.3 kPa), which corresponds to ~1.1 mole of ethane per
kg of adsorbent (0.77 mol per dm® of adsorbent) in the extract stream. Similar

amounts of extracted ethane were observed at all pressures tested. Thus, a single step
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adsorption-desorption process was able to split a 93/7 C1/C2 feed mixture into an
ethane-rich extract stream and a methane-rich raffinate stream that would require
minimal recompression work. These results suggest that a methane stream containing
only 7% ethane can be enriched up to 75% ethane at high pressure using common

adsorption-desorption steps.
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Figure 6-6. Observed mole fractions of methane and ethane in the extract stream
(closed symbols, solid line) from an Na-ETS-10 adsorption column and those
predicted by Ideal Adsorbed Solution Theory (dotted line), as compared to previously
reported equilibrium adsorbed fractions from a 91/9 C1/C2 mixture at: (0)150 kPa,
280 K; (A)500 kPa, 280 K; (0)150 kPa, 325 K. Predicted mole fractions are based on
the IAST mixture adsorption model using single gas adsorption isotherm values from
methane and ethane on NaETS-10 crystals at 298 K (dotted line).

Figure 6-6 shows observed extract mole fractions of methane and ethane as a function
of pressure. IAST was used to predict mixture adsorption equilibria for a 93/7
methane/ethane mixture on Na-ETS-10 crystals, based on the single gas adsorption
parameters from Table 6-1. IAST predicted values (Figure 6-6; dotted line) are shown

as a reference for comparison to the observed values (Figure 6-6; closed symbols,
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solid line). Published experimental extract mole fraction values are scarce for the
adsorptive separation of methane and ethane, particularly at high pressures. Al-Baghli
and Loughlin have reported low pressure (below 500 kPa) equilibrium adsorbate
fractions for binary methane/ethane mixtures on Na-ETS-10, but did not address
methane/ethane adsorption behavior at pressures similar to natural gas pipeline
pressures [10]. At lower pressures, the previously reported fractions (open symbols)
are in agreement with the observed and predicted equilibrium mole fractions on

Na-ETS-10 reported here.

6.4.3 Separation of methane and natural gas liquids

The methane/NGL separation performance of Na-ETS-10 was evaluated through
breakthrough curves obtained from a synthetic natural gas feed at 298 K and 3200 kPa.
Under these conditions, the Na-ETS-10 adsorption column was able to separate the
mixture (90.99 CHj: 5.60 CyHs: 1.63 CsHg: 0.69 CO,: 0.50 Nj: 0.49 C4Hj0: 0.10
CsH1p) into three successive raffinate streams that were classified according to outlet
gas composition. Three different zones, corresponding to the proposed raffinate

streams, can be observed in the breakthrough profile (Figure 6-7).

In the Zone A, all hydrocarbons other than C1 are completely retained on the
adsorbent bed. During this period, the raffinate is a methane stream, free of C2+
content, which could be merged into a pipeline network without any recompression
work. The capacity of this Na-ETS-10 adsorbent for providing a methane-only stream
at high pressures is approximately 60 bed volumes. In Zone B (~60 to 150 bed
volumes), the only hydrocarbons present in the raffinate are methane and ethane and
the C1/C2 ratio averages ~97/3 (similar to the mixture separated in Figures 6-4, 6-5
and 6-6, above). Propane and larger hydrocarbons are still being adsorbed on the

Na-ETS-10 during this period. The Zone B stream could be recycled and reextracted
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Figure 6-7. (a): Breakthrough curves for methane (C1), ethane (C2) and propane (C3)
as a function of bed volumes on a fixed bed column composed of Na-ETS-10. (b): A
packed bed column composed of Na-ETS-10 producing three successive raffinate
streams (A, B and C) from classified according to their outlet compositions. Feed gas
composition: 90.99 CHqy: 5.60 C2H62 1.63 C3H8: 0.69 CO,: 0.50 N»: 0.49 C4Hlo: 0.10
CsHi,. Feed rate: 250 sccm. Column temperature: 298 K. Column pressure: 3200 kPa.
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on Na-ETS-10, to obtain an extract with higher ethane content. The Zone C stream
includes methane, ethane and propane, but larger hydrocarbons such as butane and
isobutane are not present. The hydrocarbon composition in the stream is
approximately: C1:93%:C2:5%:C3:2%. The Zone C raffinate could be recycled into

any convenient node of the natural gas conditioning process.

70.0

60.0 58.0

51.7 C3
50.0 | c3

40.0 |

30.0
23.3 25.0 243

20.0 Cc2 17.8/c2

Normalized (Mol %)

10.0

0.0

1800 3200
Pressure (kPa)

Figure 6-8. Fractions of methane (C1), ethane (C2) and propane (C3) in the desorbed
extract stream following steam desorption from a fixed bed column composed of
Na-ETS-10. Fractions were desorbed after the column had been exposed to ~850 bed
volumes of the feed gas mixture at one of two different column pressures. Feed
mixture: 90.99 CH4: 5.60 CyHg: 1.63 C3Hg: 0.69 CO,: 0.50 Nj: 0.49 C4Hyp: 0.10
CsHi,. Feed rate: 250 sccm. Column temperature: 298 K. Column pressures: 1800 or
3200 kPa.

6.4.4 Increase in NGL/C1 ratio with increasing column pressure

After approximately 850 bed volumes of gas flow, the Na-ETS-10 adsorbent column
approaches equilibrium with the feed mixture (Figure 6-7) and the adsorbate phase is
composed of larger, more valuable hydrocarbons including propane, butane, isobutane

and pentane. When the column pressure is released against ambient conditions and the
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adsorbed phase on the bed is desorbed using steam, the desorbed phase represents the
extract stream. When the extract compositions from separations performed at two
different column pressures (1800 and 3200 kPa) were compared, the C2+/C1 molar
ratio in the extract was found to increase with column pressure (Figure 6-8). At 1800
kPa, the ratio is equal to 3.3, while at 3200 kPa, the ratio is equal to 4.6. However,
higher C2+/C1 molar ratios are expected since C4+ were not quantified as mentioned
in the experimental section. Based on these results, NGL/C1 ratios are predicted to

increase as the column pressure increases.

6.5 Conclusions

In the current work, the separation of ethane from methane was achieved using a
Na-ETS-10 adsorbent at pressures approximating natural gas pipeline pressures (up to
5600 kPa). A packed-bed Na-ETS-10 adsorbent column was used to split a 93/7
methane/ethane gas mixture into a raffinate stream composed of ethane-free methane
and an extract stream containing 75% ethane. The extract composition was virtually
independent of the packed-bed column pressure (0-5600 kPa). The Na-ETS-10
adsorbent was also able to separate the components of a synthetic natural gas mixture
(90.99 CHy: 5.60 CyHg: 1.63 C3Hg: 0.69 CO,: 0.50 Ny: 0.49 C4Hjp: 0.10 CsHyy) at
high pressure. The breakthrough profile for this separation showed three distinct
zones based on outlet composition: C1, C1/C2, and C1/C2/C3. We propose that these
zones could be treated as separate raffinate streams that could also be recycled into
appropriate nodes of the natural gas treatment process. The adsorbed phase could be
recovered as an extract stream enriched in larger and more valuable hydrocarbons
including propane, butane, isobutene and pentane. Taken together, these results
indicate that ethane can be extracted from natural gas feedstocks at pipeline pressures

up to 5600 kPa by selective adsorption on an ETS-10-type material.

129



6.6 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Tagliabue, M., Farrusseng, D., Valencia, S., Aguado, S., Ravon, U., Rizzo, C.,
Corma, A., Mirodatos, C., 2009. Chemical Engineering Journal 155, 553-566.

Ren, T., Patel, M., Blok K., 2006. Energy 31, 425-451.

Pitman, R.N., Hudson, H.M., Wilkinson, J.D., Cuellar K.T., 1998. Next
generation processes for NGL/LPG recovery, In: Proceedings of the

Seventy-seventh Annual GPA Convention Dallas.

Chebbi, R., Al-Amoodi, N.S., Abdel Jabbar, N.M., Husseini, G.A., Al Mazroui,
K.A., 2010. Chemical Engineering Research and Design 88, 779-787.

Magnowski, N.B.K., Avila, A.M., Lin, C.C.H., Shi, M., Kuznicki, S.M., 2011.
Chemical Engineering Science 66, 1697-1701.

Kuznicki, S.M., 1991. Large-pored crystalline titanium molecular sieve zeolites.

US Patent No. 5,011,591.

Anderson, M.W., Terasaki, O., Ohsuna, T., Philippou, A., Mackay, S.P., Ferreira,
A., Rocha, J., Lidin, S., 1994. Nature 367, 347-351.

Anson, A., Wang, Y., Lin, C.C.H., Kuznicki, T.M., Kuznicki, S.M., 2008.
Chemical Engineering Science 63, 4171-4175.

Al-Baghli, N. A., Loughlin, K. F., 2005. Journal of Chemical and Engineering
Data 50, 843-848.

[10]Al-Baghli, N.A., Loughlin, K.F., 2006. Journal of Chemical and Engineering

Data 51, 248-254.

[11]Shi, M., Lin, C.C.H., Kuznicki, T.M., Hashisho, Z., Kuznicki, S.M., 2010.

Chemical Engineering Science 65, 3494-3498.

130



[12]Myers, A.L., Prausnitz, J.M., 1965. AIChE Journal 11, 121-127.

[13]Yang, R.T., 1987. Gas separation by adsorption process. Imperial College Press.

131



Chapter 7

Removal of CO, from a Binary Mixture of Carbon
Dioxide and Methane by Na-ETS-10

A revised version of this chapter will be submitted to Chemical Engineering Science. Reproduced

with permission from Shi, M., Avila, A.M., Sawada, J.A.,Wu, L., Kuznicki, S.M. 2011.
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7.1  Summary

Adsorption of carbon dioxide and methane in Na-ETS-10 was measured by elution
chromatography over a temperature range of 30-130 °C. Limiting selectivity and
isosteric heat of adsorption at zero loading were obtained through these inverse-phase
gas chromatography analyses. The adsorption equilibria of carbon dioxide and
methane on ETS-10 were measured by a static volumetric method at 25 °C and
pressure up to 100 kPa. The equilibrium isotherms were modeled using Toth equation
which was applied in the IAST model. IAST was used to predict the separation
performance. A mixture of 10% carbon dioxide and 90% methane obtained from an
industrial process stream was run through 150 mL Na-ETS-10 bed. Breakthrough data
was obtained through this single bed separation system. Experimental adsorbed phase
composition was investigated by water desorption and was verified with the data

predicted by the IAST model.
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7.2 Introduction

The increasing global economy is faced with a continuous demand for natural gas.
Depending on the source, raw natural gas is composed mainly of methane (typically
80-95%), and impurities such as CO,, nitrogen, and heavier hydrocarbons (C2+).
Natural gas must be liquefied at a very low temperature before being fed to pipelines
for transportation. The presence of the acidic carbon dioxide will cause pipeline
corrosion and reduce transportation efficiency [1, 2]. Therefore separation of carbon
dioxide from methane is one of the most important separations in the chemical and

petrochemical industries.

Many available methods exist for removal of CO, from natural gas in order to meet
the pipeline requirements. They include adsorptive separation [3, 4, 5], chemical
absorption [6, 7], membrane separation [8, 9], and cryogenic distillation [10]. Among
the adsorptive separation methods pressure-swing adsorption (PSA) removes CO,
from natural gas by using zeolite adsorbents that preferentially adsorb CO, to methane.
PSA has low energy requirements and low capital costs, and therefore has been

extensively applied in separation industry [11, 12].

The key to the success of adsorptive separation is finding an adsorbent with a high
CO; over CH, selectivity and a high CO, capacity. A classical aluminum silicate
zeolite known as 13X has been widely studied and applied in the field of gas
separation. A VSA-PSA system using zeolite 13X as the adsorbent has been
investigated for removal of CO, from a CH,/CO,/N, mixture to achieve fuel grade
methane [2]. Another example of using 13X to separate a CH4/CO, mixture by
layered pressure swing adsorption for natural gas upgrade was also reported [14].
Natural chabazite, mordenite, and Linde 4A have also been screened for CH4/CO,
separation [15]. Amorphous silica molecular sieve has been shown to be a promising

candidate for the adsorption and separation of CO,/CH, [16]. As a new family of
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porous crystalline materials, metal-organic frameworks (MOF) are also reported as
potential adsorbents for separation of CO, and CH,. It is reported that, a copper-based
metal-organic-framework processing apertures of (~3.5>3.5 A), favors the kinetically
controlled separation of CO, and CH,. The kinetic selectivity is found to be 26 at 298
K [17].

Recently, Engelhard titanosilicate-10 (ETS-10), a mixed coordinate titanosilicate
zeolite, has been shown in laboratory-scale studies great potential in binary gas
separations of mixtures such as ethylene/ethane [18] and ethane/methane [19]. The
pore size of ETS-10 has an average kinetic diameter of ~8 A, which allows both CO,
(3.3 A) and CH, (3.8 A) molecules to enter into the cages and channels of ETS-10.
Previous work on equilibrium isotherms suggests the possibility of separating a
CO,/CH,4 mixture on ETS-10 based on the differences in thermodynamic equilibrium

between the gases [20, 21].

In this work, adsorption of a carbon dioxide-methane mixture in Na-ETS-10 was
characterized by elution chromatography at different temperatures (25-140 °C). Both
limiting selectivity and heat of adsorption at zero loading were calculated.
Experimental single-adsorption isotherms data for carbon dioxide over methane were
obtained at 25 °C and pressures up to 100 kPa. A gas mixture, with a composition
commonly found in industrial processes (10% CO,-90% CH,;) was separated by a
laboratory-scale demonstration unit which contained 100 g samples of pelletized
Na-ETS-10 adsorbent. 100% purity methane was obtained at the outlet stream. A
desorption experiment was carried out to verify the prediction of the Ideal Adsorbed

Solution theory model.
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7.3 Experimental

7.3.1 Sample preparation

Na-ETS-10 was synthesized using conventional hydrothermal synthesis [21].
Preparation involved thoroughly mixing 50 g of sodium silicate (28.8% SiO,, 9.14%
Na,O, Fisher), 3.2 g of sodium hydroxide (97+% NaOH, Fisher), 3.8 g of KF
(anhydrous, Fisher), 4 g of HCI (1 M), and 16.3 g of TiCl;z solution (Fisher), in a
Waring blender for 1 h. The mixture was then transferred to a 125 cm?® sealed,
teflon-lined autoclave (PARR Instruments) and heated at 215 °C for 64 h. The
material was then thoroughly washed with de-ionized water, and dried at 100 °C.
Na-ETS-10 materials were pelletized by mixing 6 g of the molecular sieve with 2.5 g
of Ludox HS-40 colloidal silica (Aldrich). The mixture was homogenized using a
mortar and pestle and compressed in a pellet press at 69,000 kPa for 3 min. The
resulting cakes were crushed and sieved to obtain particles ranging in size between
0.85-1.68 mm. The pelletized, crushed and sieved materials were used in both gas

chromatographic and column separation experiments.

7.3.2 Characterization

Inverse-phase gas chromatography (IGC) analysis was performed on a Varian 3800
gas chromatograph (GC) equipped with a thermal conductivity detector (TCD). Test
adsorbents were packed into 10-inch copper columns with an OD of 0.25 inches. The
columns were filled with 3.5 g pelletized adsorbent, which was activated at 200 <C for
10 h under a helium flow of 30 mL/min. Gas (single-phase and mixtures) was
introduced by 1 mL pulse injections into the column. Experiments were conducted at

temperatures range of 30-130 °C.
Low-pressure adsorption isotherms (up to 100 kPa) for carbon dioxide, and methane

on crystalline adsorbent powders were measured volumetrically at 25 <C using an

AUTOSORB-1-MP (Quantachrome Instruments, Boynton Beach, FL). No binders or

136



diluents were added to the adsorbent samples. Samples were activated at 200 <C for

10 h under vacuum (<0.00005 kPa).

Breakthrough experiments were performed using 28 g samples of pelletized, ground
and sieved test adsorbent. The adsorbent was packed into a 150 mL cylindrical
stainless steel chamber with an outer diameter of 38 mm and a length of 95 mm.
Following adsorbent loading, columns were activated at 473 K for 10 h under 10
mL/min of helium flow. The feed gas mixture composition was: a binary carbon
dioxide/methane mixture (10% CO,: 90% CH,). The gas mixture was prepared by
Praxair to mimic the process gas composition in natural gas plants. The feed mixture
was introduced into the fixed-bed column at a flow rate of 300 mL/min (298 K, 101.3
kPa). The column pressure was 100 kPa and column temperature was maintained at
298 K. Outlet gas composition was analyzed using a Varian 3800 gas chromatograph
(GC) equipped with an HAYESEP Q column and a thermal conductivity detector.
The system reaches equilibrium when the gas-phase outlet concentration is equal to
the inlet gas concentration. GC analysis of the outlet composition was used to confirm

that equilibrium was reached.

To analyze the composition of the adsorbed phase gases, another small scale
adsorption experiment was carried out. The 150 mL bed was replaced by a 50 mL bed
which was packed with 30 g of Na-ETS-10 adsorbent. The bed was saturated until
equilibrium as illustrated in the breakthrough experiment section. After the bed
reached equilibrium, we injected pure water directly into the chamber, after which the
adsorbed gases (a mixture of CO, and CH,) were desorbed by water and collected by
the gas collection unit. After the complete desorption the desorbed gas was sampled

by a syringe and the composition was analyzed by GC analysis.

7.3.3 Theoretical background
The inverse gas chromatography method used for the determination of sorption

properties of gases is described in detail elsewhere. The values of retention times after
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correction of dead time were used to calculate net retention volume, Vy, and specific

retention volume, V,, using the following equation:

Fegj (1 - P—W)T

P,
V — 0

(7.1)

P 2

1) -1

Where V,,, = :V—” and j = (%) [ E?;S ] and F is the carrier gas flow rate. tg is the
s (z;) -1

corrected retention time, P, and P,are the column inlet and outlet pressures, P, is
the water vapor pressure at room temperature Tg, T is the column temperature and

w, is the weight of adsorbent in the column [22].

Vi, can be correlated to Henry’s constant by using the ideal gas law. Then the
limiting selectivity of carbon dioxide over methane o(A/B) and the heat of adsorption
at zero coverage, AH,, could be calculated using the corrected retention time

(Equation 7.2 and 7.3).

V, tp (A
af = 28 — r(A) (7.2)
Vi) tr(B)

Yo din(tg) (7.3)
= 7 d@/m) '

Where R is the gas constant and T is the GC column temperature in Kelvin.

Experimental isotherms were fitted to a popular empirical equation proposed by Toth

(Equation 7.4):

B bP
qi = 9i,m [1 + (bip)t]l/t

(7.4)
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with the standard deviations (o Equation 7.5):

o = \/Z(nexp - ncalc)z (7.5)

N-—-2

where q; is the amount adsorbed on the solid, P represents the pressure in the gas

phase, q;n, Is the saturation or maximum adsorption capacity, and b; is the
equilibrium constant. t is a parameter which is usually less than unity. ne,, is the

experimentally measured adsorption at pressure P, nc,. is the adsorption calculated
from the Toth equation at the same pressure. N is the number of measured
experimental points. When t = 1, the Toth equation reduces to the famous Langmuir

equation.

As was pointed out by Do, t is a parameter that characterizes the system’s
heterogeneity. The more the parameter t deviates from unity, the more
heterogeneous the system is [23]. Based on hundreds of verifications and comparisons,
the Toth equation is recommended as the first choice of isotherm fitting for adsorption

of hydrocarbons, carbon dioxide, hydrogen sulfide on zeolitic adsorbents.

Ideal adsorbed solution theory (IAST) is on the basis of solution thermodynamics [24].
The mixed adsorbates are assumed in equilibrium with the gas phase, and the
adsorbed mixture is treated as a two-dimensional phase. IAST can be expressed as an

analogue of Raoult’s law for vapor-liquid equilibrium:
Py; = P’(m)x; (constantT) (7.6)
where P is the total pressure of the gas-phase mixture, y; is the composition of

component i in the gas phase, x; isthe composition of component i in the adsorbed

phase, and P?(m) is the pure component hypothetical pressure which yields the same
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spreading pressure as that of the mixture.

From the Gibbs isotherm, the spreading pressure m can be calculated based on its

pure isotherm [25].

_RT (%'nd(P)
"), TP

dP (constantT) (7.7)

where n{(P) is the adsorption isotherm for pure component i, A is the area, R is

the ideal gas constant, and T is the temperature.

The basic assumption of IAST is that spreading pressures are equal for all

components at the adsorption equilibrium, which is:

Ty =Ty = =Ty (78)

For a binary system, the IAST model consists of the following set of equations.

Py, = PP (m)x, (7.9)
Py, = P7(m)x, (7.10)
X1 +x,=1 (7.11)
yity:=1 (7.12)

dP (7.13)

f”f neP) ., _ f"ﬁ’ngaﬂ)
o P ), P
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1 X1 Xy

= +
ne n(P)  ny(P)

(7.14)

The observed carbon dioxide/methane separation selectivity for Na-ETS-10 was
defined in terms of the extract composition and the feed mixture fractions (Equation

7.15):

_ Xc/Xm
S = Yoltn (7.15)

where X, Xy and  Yc, Yy are the mole fractions of carbon dioxide (C) and

methane (M) in the extract and feed gas respectively.

7.4 Results and discussion

7.4.1 Inverse phase GC

Retention times for carbon dioxide and methane on Na-ETS-10 at different
temperatures (CO, was measured at 100 °C, 120 °C and 140 °C; CH4 was measured at
25 °C, 30 °C, 40 °C and 100 °C) are shown in Figure 7-1, 7-2, and 7-3 and Table 7-1.
Based on the equation 1, limiting selectivity of carbon dioxide over methane on
Na-ETS-10 can be calculated and a selectivity of 31.5 was obtained at 100 °C.
Extrapolating the limiting selectivity at various temperatures it can be shown that
selectivity decreases as temperature increases, and the limiting selectivity of CO, over
CH, at 25 °C could reach up to 293. The Arrhenius plot of the low coverage isosteric
heat of adsorption for CH, and CO, on Na-ETS-10 is shown in Figure 7-4. The heats
of adsorption for carbon dioxide and methane at zero coverage, calculated based on
equation 3, are 42.1 kJ/mol and 23.3 kJ/mol respectively. Both the limiting selectivity
and the zero loading heat of adsorption indicate that Na-ETS-10 has a stronger

interaction with CO, than CHa.
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CH4=0.49 min

C02=31.5 min

Intensity (Normalized)

0 20 40 60 80 100
Corrected Retention Time (min)
Figure 7-1. A typical separation of CO, and CH4 on Na-ETS-10 at 100 °C. A mixture

of 50% CH, and 50% CO, was injected into a Na-ETS-10 column and retention times
were determined by IGC analysis.

Table 7-1. Corrected Retention time for CH4 and CO, on Na-ETS-10 at temperature
range from 25 to 140 °C. The value in () are extraplated through Van’t Hoff Equation.

0 Corrected Retention Time (min) Selectivity
T(C)  T(K) CHa co, CO,/CH,

25 298 3.26 (957) (294)
30 303 2.83 (723) (255)
40 313 2.08 (423) (203)
100 373 0.49 315 64
120 393 (0.34) 15.18 (45)
140 413 (0.24) 8.44 (35)
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Figure 7-2. IGC analysis of methane on Na-ETS-10 at 25, 30, and 40 °C.

Intensity (Normalized)

—
0 10 20 30 40 50 60

Corrected Retention Time (min)

Figure 7-3. IGC analysis of Carbon dioxide on Na-ETS-10 at 100, 120, and 140 °C.

143



y=5077x - 10.173 ¢ chd

3 RZ=0.9989 e CO2
£
1 -
y = 2810.8x - 8.245 //
R? = 0.9989
0 : :
0.002 0.0025 0.003 0.0035
1/T (K?)

Figure 7-4. Arrhenius plot of the low coverage isosteric heat of adsorption for CH,4
and CO; on Na-ETS-10. CH4, 23.3 kJ/mol;CO,, 42.1 kJ/mol.

7.4.2 Equilibrium isotherms

The isotherms for CO, and CH, adsorbed on Na-ETS-10 at 25 °C and pressures up to
100 kPa are shown in Figure 7-5. The curve for carbon dioxide is more rectangular
than the curve for methane, indicating that Na-ETS-10 has a stronger interaction with
carbon dioxide than methane. The equilibrium isotherms also show that Na-ETS-10
possesses a higher capacity for carbon dioxide (2 mmol/g) than for methane (0.77
mmol/g) at ambient temperature. The Toth equation was used to fit the isotherms for
carbon dioxide and methane. The adsorption parameters obtained from the Toth fits
are listed in Table 7-2. Judging from the standard deviation the Toth model appears to

provide a good description of the equilibrium isotherms.
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Figure 7-5. Equilibrium adsorption isotherms with Toth equation fitting for CO, and
CH, on Na-ETS-10 at 25 °C and pressure up to 100 kPa.

Table 7-2. Constrained Toth parameters for adsorption data in the range of 0-100 kPa
at 25 °C

Toth equation parameters

Adsorbate
qim (Mmol g™ b; (kPa™) t SD
CO, 2.40875 451385 0.4152 0.0088
CH, 1.46665 0.01110 1.00 0.002

7.4.3 Lab-scale demonstration

The carbon dioxide/methane separation performance of Na-ETS-10 was evaluated in
a lab-scale demonstration. Figure 7-6 depicts a breakthrough curve for CH, and CO,
on Na-ETS-10 at 25 <C and 100 kPa. With a continuous flow of feed gas (90%
CH4-10% CO,) at 300 mL/min, a pure methane product was detected after 2.5 bed
volumes. The bed continued to produce pure methane for 270 bed volumes of

continuous flow until the carbon dioxide front started to breakthrough. After 300 bed
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volumes of continuous flow the concentration of CO, and CHy in the outlet gas begins

to reflect the inlet (feed gas) composition, indicating that the Na-ETS-10 adsorbent

has reached saturation.

1.2
S 1} CH,
& §
c [}
508 } 8
3 :
S :
506 | ¢
[} i
= ;
204 } :
= H
= 3
So2 | Co, |
0 -
0 50 100 150 200 250 300 350

Bed Volumes

Figure 7-6. CH4/CO, breakthrough curve on Na-ETS-10 at ambient Condition.
Feed gas (a mixture of 10% CO, and 90% CH,) was introduced into a column
containing 120 g of pelletized Na-ETS-10 (10-20 mesh) at a flow rate of 300 mL/min
(bed volume 150 mL). Column temperature 25 °C, column pressure 1 bar.
Hydrocarbon content of the outlet gas was determined by GC analysis

Figure 7-7 shows the outlet gas flow rate monitored by an Agilent ADM 1000. The
Agilent flow meter was calibrated using a Bronkhorst mini CORI-FLOW™ to ensure
accuracy of the measured volumetric flow rates. With the breakthrough information
for methane and carbon dioxide, the outlet flow rate profile can be properly explained.
It shows that helium from the dead volume came out at the first 2 min. Pure methane
can be detected at 2.5 min but with a relative slow flow rate of 20 mL/min, which
could be due to the initial adsorption of both CO, and CH,. The outlet continued to
produce pure methane with a flow rate reaching up to 270 mL/min at 12.5 min. At this

point the adsorbent bed is starting to saturate with methane. During the next 125 min,
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the outlet stream produces pure methane maintaining the same flow rate (270 mL/min)
while the CO; is removed from the feed gas. After this point CO, becomes detectable
and the outlet flow rate starts to increase, explained by the fact that the bed is nearing
complete saturation with CO,. When the outlet stream flow rate increased to 300
mL/min, the same as the feed flow rate, the system reached equilibrium and the bed

was saturated with both CH,4 and CO,.
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Figure 7-7. Outlet flow rate monitored by Agilent ADM 1000 in adsorption
procedure

7.4.4 Desorption

Given the single gas equilibrium isotherms of CO, and CH,4, we can predict the
adsorption performance of a binary mixture system (adsorption capacity and
composition in the adsorbed phase gas) by ideal adsorbed solution theory model. The
Toth modeling of both CO, and CH; on Na-ETS-10, was applied. The feed
composition used was 90% CH, and 10% CO,. The amounts of adsorbed CO, and
methane calculated by IAST modeling are given in Table 7-3. These predicted

numbers are compared with the experimental desorption data.
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Table 7-3. Comparison of IAST, and lab-scale separation demonstration at 25 °C and
100 kPa.

Method Capacity (mmol/g) Adsorbed Phase Composition
CO, CH,
Single Isotherm 2 0.77 N/A
IAST 1.467 0.073 95.27% CO,, 4.73% CH,4
Lab-scale Demo 1.526 0.151 91% CO,, 9% CH4

Through the mass action displacement mechanism, adsorbed gas can be desorbed by
water desorption. The saturated Na-ETS-10 was flushed with water and the desorbed
gas was collected in a gas collection container. Desorption started immediately after
water injection. A total of 1230 mL gas was collected from approximately 30 g of
Na-ETS-10 pellets through water desorption; therefore the adsorption capacity is 41
mL/g Na-ETS-10. Based on GC-TCD analysis, the desorbed gas consisted of 91%
CO; and 9% CHy, indicating that a measured binary bed selectivity for carbon dioxide
over methane could reach up to 91. Adsorption capacity and composition confirmed
from the experimental tests are close to modeling prediction. This suggests that IAST

could be a modeling tool to quickly predict equilibrium adsorption of gas mixture.

The lab-scale breakthrough demonstration suggests that Na-ETS-10 can be a potential

candidate as adsorbent for CO, removal from natural gas steams.

7.5 Conclusions

In this work, removal of CO, from a binary mixture (90%CH;-10%CO,) was
achieved using a Na-ETS-10 adsorbent at ambient condition. Inverse phase gas
chromatography and volumetric isotherm measurements indicate that Na-ETS-10
processes a strong adsorptive selectivity (up to 300) for carbon dioxide over methane.
Elution chromatography shows that the heats of adsorption at zero loading for carbon

dioxide and methane on Na-ETS-10 are 37 kJ/mol, 25 kJ/mol respectively. A
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packed-bed Na-ETS-10 adsorbent column was used to split a 90/10 methane/carbon
dioxide gas mixture into a raffinate stream composed of pure methane and an extract
stream containing 91% CO,. Desorbed gas analysis shows that Na-ETS-10 possesses
a binary bed selectivity for carbon dioxide over methane of approximately 91. These
results together indicate that Na-ETS-10 would be a good candidate as adsorbent for

removal of CO, from a 90%CH,4-10% CO, mixture system.
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Chapter 8

Regeneration of Na-ETS-10 Using Microwave and

Conductive Heating

A version of this chapter has been published. Reproduced with permission from Chowdhury, T.,
Shi, M., Hashisho, Z., Sawada, J.A., Kuznicki, S.M., 2012. Chemical Engineering Science 75,
282-288.
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8.1 Summary

Desorption of ethylene/ethane and carbon dioxide/methane mixtures was performed
by microwave heating and conductive heating on Na-ETS-10. Gas recovery,
Na-ETS-10 regeneration efficiency and swing capacity were compared between the
two methods. Na-ETS-10 regeneration occurred within 8 minutes for microwave
heating and 22 minutes for conductive heating. For microwave heating the energy
consumption was 0.7 kJ/g Na-ETS-10 and the gas recovery was 94% for C,H4/C,Hg
and 70% for CO,/CH,. Conductive heating had an energy consumption of 7.7~7.9
kJ/g Na-ETS-10 and resulted in 71% gas recovery for C,H4/C;Hs and 57% for
CO,/CH,4. The adsorption capacity of Na-ETS-10 did not change over 5
adsorption-regeneration cycles for both heating techniques. Microwave desorption
provided a faster heating rate and desorption rate, higher desorption and gas recovery
and lower energy consumption compared to conductive heating. Hence, microwave
heating can be used as a more efficient and energy saving regeneration technique for
Na-ETS-10 for adsorptive separation of binary mixtures such as C,H4/C,H¢ and

CO,/CH4,
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8.2 Introduction

High purity ethylene (C,H,) is required for the production of polymers, rubber, fibre
and various organic chemicals [1]. Generally, C,H, is prepared through steam
cracking or thermal decomposition of ethane (C,;Hs). The gas product of cracking
contains un-cracked C,Hg. Separation of un-cracked C,Hg from C;Hj is crucial in the
polymer manufacturing production chain [2]. Cryogenic distillation is the most
reliable and commonly used technique for C,H4/C,Hg separation but it is extremely

energy intensive [3].

Currently, natural gas provides one fourth of the world’s energy needs for homes,
vehicles and industries [4]. Typically natural gas contains 80-95% methane; the rest is
made of C," hydrocarbons, nitrogen, and carbon-dioxide impurities. High
concentration of carbon dioxide in methane can lead to pipeline and equipment
corrosion and therefore, reducing it to trace levels is necessary to achieve the pipeline
quality methane (no more than 2% CO,) [5]. Typically the separation of CO; is
accomplished by chemical absorption with amines which is energy intensive and

requires high reagent costs [6].

Adsorptive separation is an effective alternative to cryogenic distillation or chemical
absorption as it requires less energy and capital cost [2]. Preliminary studies and
model predictions suggest that Engelhard Titanosilicate-10 (Na-ETS-10) has great
potential as an adsorbent in the separation of C,H4/C,Hg and CO,/CH4 mixtures [7-8].
It has been reported that the adsorption separation of the binary mixture of C,H4/C,Hg
using Na-ETS-10 can achieve a bed selectivity of 5 at ambient pressure and up to 11

at 2580 kPa [3, 9].

ETS-10 is a large pored, mixed octahedral/tetrahedral titanium silicate molecular

sieve possessing an inherent three dimensional network of interconnecting channels
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[10, 11]. The average pore size of ETS-10 has a kinetic diameter of ~8 A. Hence C,Hs,,
C,Hsg, CO, and CH, can enter the crystalline lattice as the pore size is larger than the
molecular diameter of all four species stated [9]. Therefore, separation selectivity of
C,H, over C,Hg or CO, over CH4 would be based on the equilibrium competitive
adsorption. Na-ETS-10 could preferentially adsorb ethylene in the binary mixture of
C,H, and C;Hg [9] and preferentially adsorb CO, in the binary mixture of CH,4and
CO, [7].

Despite Na-ETS-10’s great potential in adsorptive separation of C,H4, C,Hg, CO, and
CHy,, its regeneration cost presents a challenge because of the high heats of adsorption
of the gases to be separated [9, 12]. In this context, microwave heating can be a
promising alternative to the conventional pressure swing and temperature swing
regeneration methods that are currently used in separation industry [13, 14]. Although
microwave heating was initially used for rapid heating of food, its unique selectivity
and fast heating rate proved to be useful in other applications such as industrial drying
[15]. In a conventional thermal regeneration process, the thermal energy is transferred
from the surface to the bulk of the material. By contrast in microwave heating the
energy is transferred from the inside to the outside of the material as microwaves
propagate through molecular interactions between the material and the

electromagnetic field [16].

Microwave heating has been reported for the regeneration of zeolite 13X [13], DAY
[17, 18], zeolite 3A, 4A, 5A [19], and Na-X and Ca-X [20, 21]. A preliminary study
of microwave regeneration of Na-ETS-10 was recently completed using a kitchen
microwave and showed that microwave heating is capable of regenerating Na-ETS-10

over several adsorption/desorption cycles [9].
Conventional thermal regeneration, known as temperature swing regeneration, is

another widely used method for adsorbent regeneration in separation and purification

industries. During temperature swing regeneration a hot gas stream or steam is used
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for bed heating and a cold gas stream is used for bed cooling [22]. There have been
several reports of using temperature swing to regenerate zeolite 13X [23], 4A and 5A
[24] as well as an extensive review on temperature swing regeneration which can be

found elsewnhere [25-27].

The objective of this study is to investigate the performance of both conductive
heating and microwave heating for the regeneration of Na-ETS-10. Two gas mixtures,
ethylene/ethane (C,H4/C,Hg) and carbon dioxide/methane (CO,/CH,), commonly
used in industry, were separated on Na-ETS-10 in packed bed columns which were
later regenerated by microwave heating and conductive heating. The Na-ETS-10
swing capacity, regeneration efficiency and energy consumption were determined and
compared between microwave heating and conductive heating. The recovery and

purity of the desorbed gases were also determined.

8.3 Experimental

8.3.1 Sample preparation

Na-ETS-10 was synthesized using the hydrothermal technique as described elsewhere
[10]. A typical sample was prepared by thorough mixing of 50 g of sodium silicate
(28.8% SiO,, 9.14% Na,0), 3.2 g of sodium hydroxide (97+% NaOH), 3.8 g of
anhydrous KF, 4 g of HCI (1M), and 16.3 g of TiClssolution. The mixture was stirred
in a blender (Waring) for 1h. Then it was transferred to a 125 mL sealed autoclave
(PARR instruments) and heated at 215 °C for 64 h. The resultant material was
carefully washed with de-ionized water and then dried in an oven at 100 °C. The
material was reduced to fine powder (< 150 pm) and pelletized by mixing 6 g of the
material (equilibrated at 100 °C) with 2 g of Ludox HS-40 colloidal silica (Aldrich).
Morter and pastle were used to homogenize the mixture. Then the mixture was
compressed using a pellet press at 10,000 psi for 3 min. The resulting cake was

crushed and sieved to acquire 16-20 mesh particles. The prepared pellets were used in
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the adsorption-desorption experiments.

8.3.2 Adsorption-desorption experiments

Adsorption-desorption experiments were performed by saturating 10 g of pelletized
Na-ETS-10 (16-20 mesh) in a double-ended cylindrical quartz column. The adsorbent
bed height was 3.75cm and its diameter was 2.9 cm. The sample was activated at 200
<€ in a laboratory oven for 16 h under 120 mL/min helium gas flow. During
adsorption, feed gas flow was maintained at 22 °C and 101.325 kPa. Feed gas
consisted of either 59% C,HJ/ 41% C,Hg mixture or 10% CO,/ 90% CH,, The feed
gas mixtures were introduced to the fixed bed adsorbent column at a flow rate of 180
mL/min (C;H4/C,;Hg) and 300 mL/min (CO,/CH,). The feed gases (Praxair) were
surrogate mixtures for the process gas streams of ethylene cracking and natural gas
purification units. Outlet gas was sampled using 5 mL syringe at 5 minute intervals.
Outlet gas composition was analysed using a 5890A Agilent Gas Chromatograph (GC)
equipped with thermal conductivity detector (TCD) and a Supelco matrix Haysep Q
column (well suited for hydrocarbon analysis). 0.5 mL samples were pulse injected
and analysed with the GC-TCD. A continuous flow of feed gas was maintained until
the outlet composition became the same as the inlet composition which occurred after
approximately 16 minutes for C,H4/ C,Hg mixture and 90 minutes for CO,/CH,

mixture.

The microwave generation and propagation system consisted of a 2 kW switch-mode
power supply (SM745G.1, Alter), a 2 kW microwave source (MH2.0W-S, National
Electronics) equipped with a 2.45 GHz magnetron, an isolator (National Electronics),
a three-stub tuner (National Electronics) and a waveguide applicator connected to a
sliding short (IBF Electronic GmbH & Co. KG). The tuner and the sliding short were
manually adjusted at the beginning of the experiment to improve the energy transfer
to the adsorbent. The isolator was used to protect the microwave head by conducting
reflected power into a water load. The power was monitored with a dual directional

coupler with 60 db attenuation (Mega Industries), two power sensors (8481A, Agilent)
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and a dual channel microwave power meter (E4419B, Agilent). The temperature of
the material was monitored using a fiber optic temperature sensor and a signal
conditioner (Reflex signal conditioner, Neoptix). The temperature sensor, power
meter and power supply were connected to a data acquisition and control (DAC)
system (Compact DAC, National Instruments) equipped with a Labview program
(National Instruments) to record the data and control power application. Labview
program was used to monitor and control heating during desorption. After saturation,
the microwave generation system was turned on and the heating was initiated using
Labview program. The desorbed gas was flown to a downstream flask and was
collected by water displacement. The volume of the displaced water was equal to the
volume of the gas that was collected at the outlet. The desorption experiment was
continued until no gas evolution was observed. After desorption, the adsorbent was
cooled to room temperature by purging with nitrogen at 120 mL/min. Once the bed
reached ambient temperature, further adsorption/microwave desorption cycles were

initiated.

In conductive heating technique, a double ended cylindrical steel column with an
inner diameter of 1 cm and bed height of 7 cm was used as a reactor. Following
saturation of the adsorbent bed, the column was wrapped with a heating tape
(Omegalux™) followed by an additional insulation tape. The heating tape was
connected to a 120 V AC power source through a solid state relay interfaced to a
DAC system. A Labview program was used to initiate and control the heating. The
bed temperature was maintained at 190 <€. A shielded type K thermocouple (Omega)
was used to measure the bed temperature. Data were recorded using a DAC and a
Labview program as described in the microwave desorption experiments. Desorbed
gas collection system and post desorption adsorbent cooling system were analogous to
those used in the microwave desorption experiments. Heating was continued until no
gas evolution was observed. A block diagram for adsorption and regeneration by

microwave heating and conductive heating process is illustrated in Figure 8-1.
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Figure 8-1. Block diagram showing adsorption and regeneration of Na-ETS-10 using
microwave and conductive heating.

Swing capacity is generally defined as the adsorption capacity or working capacity of
an adsorbent between two extreme states of the swing force [7]. In this work, swing
capacity of Na-ETS-10 is defined as the amount of gas desorbed during heating from
22 °C to 190 °C. The maximum swing capacity was achieved by water desorption [3].

Gas recovery was calculated based on the Equation 7.1.

Gas recovery (%) = % x 100% (7.1)
w

Where, Vic = volume of gas desorbed by microwave (M) or conductive (C) heating

and V = the volume of gas desorbed by water desorption.
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8.4 Results and discussion

8.4.1 Ethylene/ethane (C,H4/C,Hs) desorption from Na-ETS-10

Desorption achieved by water desorption is considered as complete (100%) through
the mass action displacement mechanism [9]. Therefore, the saturated Na-ETS-10 was
flushed with water and the desorbed gas was collected in a gas collection container.
Desorption started immediately after water injection and lasted for 7-8 minutes. A
total of 320 mL gas was collected from approximately 10 g of Na-ETS-10 through
water desorption; therefore the maximum adsorption capacity is 30 mL/g Na-ETS-10
or 1.24 mmol/g Na-ETS-10. Based on GC-TCD analysis, the desorbed gas consisted
of 88% C;H,4 and 12% C,Hs which is equal to the reported data elsewhere [9].

A comparison of the temperature profiles for microwave heating and conductive
heating is provided in Figure 8-2(a). The temperature profile of microwave heating
shows a steep heating rate of 64 °C/min compared to only 13 °C/min for conductive
heating. The difference in heating duration is because heating was stopped when gas

evolution stopped.

The two heating techniques were also compared by power consumption as function of
temperature in Figure 8-2(b). During microwave heating, power consumption
fluctuates between 0-25 W before it stabilizes around 12 W, while temperature
becomes stable around 190 <€. During conductive heating, power consumption
fluctuates between 0 and 112 W and finally stabilizes around 50 W, which is four

times higher than that of microwave heating.
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Figure 8-2. Desorption of C,H4/C,Hg saturated Na-ETS-10 with microwave heating
and conductive heating: a) temperature; b) net power consumption; and c) desorption
rate.
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The comparison of desorption rates of adsorbed C,H4/C,Hg during microwave heating
and conductive heating is shown in Figure 8-2(c). Although net power requirement is
higher for conductive heating, the desorption rate is higher for microwave heating.
During microwave regeneration, desorption starts immediately and reaches a
maximum rate of 79 ml/min (3.25 mmol/min) within one minute. The rate decreases
to 3 mL/min as the temperature stabilizes at 190 <€. In conductive heating on the
other hand, desorption starts within the first minute and reaches a maximum rate of 20
mL/min (0.82 mmol/min) during the second minute of heating and maintains it up to
the tenth minute. Then the rate decreases as the power decreases until the temperature
stabilizes at 190 <€ at which point the rate remains at 1 mL/min. Figure 8-2 illustrates
that microwave heating performs better and quicker than conductive heating in terms
of heating rate, net energy consumption and gas desorption rate for adsorptive

separation of C,H4/C,He.

The microwave desorption took 8 minutes and 28 mL gas was recovered from 1 gram
of Na-ETS-10 (1.16 mmol/g). Based on GC-TCD analysis, the desorbed gas
contained 87% C,H; and 13% C,Hs, which is consistent with adsorbed phase
composition data reported elsewhere (Shi et al., 2010). When conductive heating was
applied to regenerate the Na-ETS-10 saturated with the C,H4/C,Hg mixture, it took 22
minutes to evolve 21mL/g Na-ETS-10 of gas (0.87 mmol/qg).

A total of five adsorption/desorption cycles for the C,H4/C,Hg mixture were
completed on Na-ETS-10 for both microwave and conductive heating. No mass loss
of the adsorbent was observed after each adsorption-desorption cycles, and the
refreshed adsorbent bed has the same weight as the starting adsorbent. A comparison
of microwave heating and conductive heating techniques over these five cycles is
presented in Figure 8-3 and Table 8-1. The swing capacity of Na-ETS-10 during
microwave heating and conductive heating was stable; 1.16 mmol/g Na-ETS-10 and
0.87 mmol/g Na-ETS-10 respectively over five cycles of adsorption/desorption

(Figure 8-3). The results indicate that swing capacity of microwave heating is 1.33
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times larger than that of conductive heating. The swing capacity also indicates that the
adsorption capacity of Na-ETS-10 is not influenced by successive

microwave/conductive heating cycles.

B Microwave heating B Conductive heating
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Figure 8-3. Swing capacity of Na-ETS-10 over 5 cycles remains unchanged under
microwave heating and conductive heating of C,H4/C,Hg at 190<€.

Table 8-1 shows that on average 94% of the adsorbed gas was recovered with
microwave desorption while only 71% was recovered with conductive heating.
However, with both techniques, the adsorption capacity remained steady over
repeated adsorption-regeneration cycles. In microwave desorption, an average net
energy of 0.73 kJ/g was consumed to achieve such desorption, however,

approximately 7.9 kJ/g was consumed in the case of conductive heating.
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Table 8-1. Comparison of microwave and conductive heating techniques for desorbing C,H4/C;Hg from Na-ETS-10

Gas recovered

Applied energy

Desorption
P Heating time ~ Cooling time (%0) (kJ/g Na-ETS-10)
temperature (min) (min) vl vl
min min ycles ycles
(€)
1 2 3 4 5 1 2 3 4 5
Microwave
] 190 8 20 90 96 91 96 95 0.7 0.7 0.7 0.7 0.7
heating
Conductive
) 190 22 60 69 74 70 71 73 7.6 7.7 8.1 8.1 8.2
heating

Table 8-2. Summary of the desorbed gas purity measured for microwave heating and conductive heating for CoH4/C,Hg

Purity of the gas recovered (%)

Cycles
1 2 3 4 5
Microwave Heating  CyH4 87.1 87 87.5 87 87.4
C,Hg 12.9 13 12.5 13 12.6
Conductive Heating  C,H,4 85.5 85.1 85 85 85.5
C,Hg 14.5 14.9 15 15 14.5
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On average, 25 J microwave energy and 370 J conductive energy was needed to
desorb 1mL of the adsorbed gas (mixture of ethylene/ethane) in each of the five
cycles performed (Figure 8-4). While both systems display steady energy
consumption during the five cycles of adsorption and desorption, the conductive
heating requires 14.8 times more energy than microwave heating to desorb the same
volume of gas. In the conductive heating experiments, the reactor was heated first and
then the energy was transferred to the adsorbent through conductive heating. However,
in microwave heating, the energy is transferred from the inside to the outside of the
material as microwaves propagate through molecular interactions between the
material and the electromagnetic field (Das et al., 2009). Hence, more energy loss
occurred during the conductive heating, which explains why microwave heating is

faster and consumes less energy.

400 ~
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E2 250 -
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e % 100 -
()
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4 0 A A A A A
0 1 2 3 4 5
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Figure 8-4. Variation in net energy consumption over 5 cycles was insignificant
during microwave heating and conductive heating of C,H4/C,Hs on Na-ETS-10 at
190<€.

165



Desorbed gas composition of each cycle was analyzed by GC-TCD which was
presented in Table 8-2. It shows that 87~87.5% C,H, and 12.5~13% C,Hg could be
obtained during the microwave desorption and 85~85.5% C,H, and 14.5~15% C,Hg
could be obtained during the conductive heating. Both methods gave the similar

desorbed gas composition as adsorbed phase gas.

8.4.2 Carbon dioxide/methane (CO,/CHj,) desorption from Na-ETS-10

Complete (100%) desorption of CO,/CH, from Na-ETS-10 was obtained by water
desorption, generating a total of 407 mL of gas from 10 g of Na-ETS-10, indicating a
maximum desorption capacity of 39 mL/g. Based on the GC-TCD analysis, the
desorbed gas contained 89% CO; and 11% CHy.

Comparisons of temperature profile, power consumption profile and desorption rate
of adsorbed CO,/CH,4 for both methods are shown in Figure 8-5. For microwave
heating, power consumption fluctuated between 0-20 W and stabilized around 12 W
while temperature stabilized at 190 €. For conductive heating power consumption
fluctuated between 0-101 W and stabilized around 44 W. Desorption rate for
conductive heating is slower than for microwave heating and also net power
requirement is higher. Desorption rate during microwave heating reached a maximum
of 100 mL/min in the first minute then decreased reaching close to zero at the eighth
minute. During conductive heating, the desorption rate reached a maximum of 26
mL/min in the seventh minute, remained constant up to the tenth minute and then
decreased and stabilized at 1 mL/min at twenty second minute of heating time. Figure
8-5 illustrates that microwave heating is more efficient and faster than conductive
heating in terms of heating rate, net energy consumption and gas desorption rate for

adsorptive separation of CO,/CH,.
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Figure 8-5. Desorption of CO,/CH, saturated Na-ETS-10 with microwave heating
and conductive heating: a) temperature; b) net power consumption; and c) desorption
rate.
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Microwave heating was successful in desorbing CO,/CH,4 mixture from Na-ETS-10.
27 mL of desorbed gas per gram of Na-ETS-10 was recovered after 8 minutes of
microwave heating. The desorbed gas consisted of 82% CO; and 18% CHj4 as
determined by GC-TCD analysis. After heating, the bed was cooled under N, flow at
120 mL/min. Regeneration of CO,/CH, saturated Na-ETS-10 with conductive heating

took 22 minutes to evolve 22 mL/g of gas.

A total of five adsorption/desorption cycles for the CO,/CH, mixture were completed
on Na-ETS-10 for both microwave and conductive heating. A comparison of
microwave heating and conductive heating over 5 cycles is presented in Figure 8-6

and Table 8-3.

B Microwave heating B Conductive heating

Swing capacity (mmol/g Na-ETS-

Cycle-1 Cycle-2 Cycle-3 Cycle-4 Cycle-5

Figure 8-6. Swing capacity of Na-ETS-10 over 5 cycles remains unchanged under
microwave heating and conductive heating of CO,/CH, at 190<€.

Based on the gas being recovered, the swing capacity of Na-ETS-10 over 5
adsorption-desorption cycles during microwave heating and conductive heating were
stable around 1.10 mmol/g Na-ETS-10 and 0.91 mmol/g Na-ETS-10 (Figure 8-6).

Figure 8-6 illustrates that the adsorption capacity of Na-ETS-10 was unchanged
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during both microwave heating and conductive heating. The results also indicate that

swing capacity of microwave is 1.21 times larger than that of conductive heating.

Table 8-3 shows that 70% of the adsorbed CO,/CH, was recovered by microwave
heating while only 57% by conductive heating. In microwave desorption, an average
net energy of 0.67 kJ/g was consumed to achieve such desorption, however,

approximately 7.7 kJ/g was consumed in the case of conductive heating.

On average 25 J of microwave energy and 348 J of conductive energy are needed to
release 1 mL of gas adsorbed on Na-ETS-10. Throughout the five
adsorption-regeneration cycles, conductive heating requires 14 times more energy
than microwave heating in order to desorb the same volume of gas. The higher energy
requirement in conductive heating is due to high heat loss as discussed in section 7.3.1.
Figure 8-7 illustrates the consistency in energy consumption over 5 cycles of

CO,/CH, desorption for microwave heating and conductive heating.
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2100 -
)
§ 50 -
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4
0 1 2 3 4 5
Cycles

Figure 8-7. Variation in net energy consumption over 5 cycles was insignificant
during microwave heating and conductive heating of CO,/CH,4on Na-ETS-10.
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Table 8-3. Comparison of microwave and conductive heating techniques for desorbing CO,/CH,4 from Na-ETS-10

Gas recovered

Applied energy

(%) (kJ/g Na-ETS-10)
Desorption . . . .
Heating time Cooling time
temperature (min) (min) Cveles Cveles
min min y! Vi
()
1 2 3 4 5 1 2 3 4 5
Microwave
. 190 8 20 63 74 73 73 65 0.6 0.7 0.7 0.7 0.6
heating
Conductive
. 190 22 60 59 47 59 61 60 7.8 7.9 7.6 7.8 7.3
heating

Table 8-4. Summary of the desorbed gas purity measured for microwave heating and conductive heating for CO2/CH,

Purity of the gas recovered (%)

Cycles
1 2 3 4 5
Microwave Heating CO; 82.1 83 82 82.5 82.7
CH,4 17.9 17 18 175 17.3
Conductive Heating CO; 81.3 81 81.8 81 81.5
CH, 18.7 19 18.2 19 18.5
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Table 8-4 summarizes the purity of the recovered CO,/CH, gas for these two heating
techniques over five cycles of adsorption/desorption. Based on GC-TCD analysis, the
purity of the gas desorbed by microwave heating consisted of 82~83% CO, and
17~18% CH, while the purity of the gas desorbed by conductive heating contained
81~81.8 % CO; and 18~19% CHj,.

Comparing these two different binary systems (C,H4/C,Hs, CO,/CHy), the recovery
percentage of C,H4/C,Hg was higher than CO,/CHjy. In C,H4/C,Hg separation system,
the adsorbed phase is highly enriched C,H, which has a polarizability of 42.52x10%
cm®, while in CO,/CH, separation system, the adsorbed phase is highly enriched CO,
which has a polarizability of 29.11x10% cm® [28]. Considering in the case of physical
adsorption, the adsorbed phase is in a liquid-like phase [29], so the adsorbed C,H,
consumed the microwave more efficiently than CO,. By supplying the same amount
of microwave energy, a higher recovery rate could be obtained in C,H4/C;Hs

separation system.

8.5 Conclusions

In this work, two binary gas mixtures C,H4/C,Hs (59:41) and CO,/CH,4 (10:90) were
separated by adsorption on Na-ETS-10 at 22 °C and 101.325 kPa. Na-ETS-10 was
regenerated using microwave and conductive heating desorption and the desorbed gas
was collected. Results show that microwave desorption can regenerate Na-ETS-10
more efficiently than conventional temperature swing regeneration such as conductive
heating. Swing capacity achieved in microwave heating is higher than that of
conductive heating. For both heating techniques swing capacity is not affected by
successive heating cycles. During microwave desorption, 94% of the adsorbed
C,H4/CyHs and 71% of the adsorbed CO,/CH,4 mixture were recovered. On the other

hand, during desorption with conductive heating, 71.4% C,H4/C,Hs and 57.2%
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CO,/CH, were recovered. Microwave desorption required an average of 0.7 kJ/g
Na-ETS-10 during 8 minutes of heating while conductive heating required 7.7~7.9
kJ/g Na-ETS-10 during 22 minutes of heating. Results show that microwave
desorption is characterized by faster heating, higher desorption rate, and lower energy
consumption compared to desorption with conductive heating. Therefore, microwave
heating can potentially be used as a cheaper energy source to regenerate Na-ETS-10

for adsorptive separation of binary gas mixtures such as C,H4/C,Hg and CO,/CHy,

The regeneration results can be further improved by using a sweep gas that can purge
the adsorbent bed during heating. Using steam as purge gas can be a practical
approach to enhance the heating both during microwave heating and conductive
heating. Another approach can be using previously recovered C,H4/ CO; to ensure
purging without diluting the product gas. It is expected that using C,H;/ CO, as
purge gas would speed up the desorption process and would improve heating and

therefore, requires further investigation.
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Chapter 9

Conclusions and Recommendations
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9.1 Conclusions

Compared with the traditional cryogenic distillation process, adsorptive separation of
gases is a viable alternative with a considerably lower energy requirement. In this
dissertation, application of titanosilicate molecular sieve ETS-10 in different gas
separation systems were demonstrated and evaluated, such as production of argon free
oxygen from air, separation of ethylene and ethane at high pressure, extraction of
ethane from natural gas at high pressure and removal of CO, from natural gas. We
have found that ETS-10 is a promising adsorbent for the different adsorptive

separation systems mentioned above.

Air separation has been used in industry for decades however, the purity of the
oxygen produced is still limited at around 95%. It is still a challenge to produce argon
free oxygen through adsorptive separation. In chapter three, adsorption measurements
demonstrate that Ag-ETS-10 is selective for argon over oxygen and nitrogen over
oxygen. Production of argon free oxygen has been achieved by Ag-ETS-10 through
one-stage lab-scale demonstration. 99+% purity of oxygen has been produced and a
recovery rate of 30% was reached at ambient condition. This suggests that Ag-ETS-10
could be an effective adsorbent in a PSA system designed for generating high purity

0,.

In chapter four the mathematical model that we designed predicts that enhancing the
Ag-ETS-10 bed density will increase the recovery rate of oxygen in the air separation
system. Two methods were used to increase the bed density: by changing the
synthesis conditions high density Ag-ETS-10 could be produced; by packing the bed
with different size granules increasing its bulk density. Through these two
improvements, Ag-ETS-10 bed density could be increased by 34%. Using such high
density Ag-ETS-10 we were able to demonstrate in one-stage lab-scale demonstration

the production of argon free oxygen of 99+% purity with a recovery rate approaching
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40% at ambient condition. This suggests that Ag-ETS-10 with enhanced density could

improve the performance of generating high purity O,.

Separation of ethylene and ethane and extraction of ethane from natural gas using
adsorptive separation have been widely studied and reported. However such
separations at high pressure were rarely reported before. To the best of our knowledge
no investigation of separation by titanolicate molecular sieve zeolites at high pressure
has been reported. In chapter five, we demonstrate that Na-ETS-10 can be used as an
effective adsorptive material to separate ethylene from ethane in a binary mixture
under high-pressure conditions. A 59/41 mixture of C,H4 and C,Hg was separated on
Na-ETS-10 at 360 psi and 298 K over a pressure range of 101-2580 kPa. At the
highest pressure tested (2580 kPa) an ethylene/ethane bed selectivity of ~11 was
achieved, which is more than double the previously reported selectivity (S = 5) under
low pressure. Although these are laboratory-scale results the potential use of
Na-ETS-10 as an adsorbent that allows efficient separation of olefin/paraffin at

industrial stream pressures is very promising and requires further investigation.

In chapter six, the separation of ethane from methane was achieved using a
Na-ETS-10 adsorbent at pressures approximating natural gas pipeline pressures (up to
5600 kPa). A packed-bed Na-ETS-10 adsorbent column was used to split a 93/7
methane/ethane gas mixture into a raffinate stream composed of ethane-free methane
and an extract stream containing 75% ethane. The extract composition was virtually
independent of the packed-bed column pressure (0-5600 kPa). The Na-ETS-10
adsorbent was also able to separate the components of a synthetic natural gas mixture
(90.99 CHg: 5.60 CyHg: 1.63 C3Hg: 0.69 CO,: 0.50 Np: 0.49 C4Hip: 0.10 CsHyyp) at
high pressure. The breakthrough profile for this separation showed three distinct
zones based on outlet composition: C1, C1/C2, and C1/C2/C3. We propose that these
zones could be treated as separate raffinate streams that could also be recycled into
appropriate nodes of the natural gas treatment process. The adsorbed phase could be

recovered as an extract stream enriched in larger and more valuable hydrocarbons
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including propane, butane, isobutene and pentane. Taken together, these results
indicate that ethane can be extracted from natural gas feedstocks at pipeline pressures

up to 5600 kPa by selective adsorption on an ETS-10-type material.

In chapter seven, the possibility of using ETS-10 to remove CO, from a binary
mixture (90%CH,4-10%CO,) was examined at ambient conditions. Inverse phase gas
chromatography and volumetric isotherm measurements indicate that Na-ETS-10
possesses a strong adsorptive selectivity (up to 300) for carbon dioxide over methane.
Elution chromatography shows that the heats of adsorption at zero loading for carbon
dioxide and methane on Na-ETS-10 are 37 kJ/mol and 25 kJ/mol respectively. A
packed-bed of Na-ETS-10 adsorbent column was used to split a 90/10
methane/carbon dioxide gas mixture into a raffinate stream composed of pure
methane and an extract stream containing 91% CO,. Desorbed gas analysis shows that
Na-ETS-10 possesses a binary bed selectivity for carbon dioxide over methane of
approximately 91. These results together indicate that Na-ETS-10 is a good adsorbent

candidate for removal of CO, from a 90%CH,-10% CO, mixture system.

The data reported in chapter five to seven shows there is a strong affinity between
ethylene or CO, and ETS-10 adsorbent, which illustrated by a high heat of adsorption
for ethylene and CO, on ETS-10. Following adsorption it becomes necessary to find
an efficient method for the regeneration of the ETS-10 adsorbent. In chapter eight,
two binary gas mixtures C,H4/C;Hg (59:41) and CO,/CH,4 (10:90) were separated by
adsorption on Na-ETS-10 at ambient conditions. Na-ETS-10 was regenerated using
microwave and conductive heating desorption and the desorbed gas was collected.
Results show that microwave desorption can regenerate Na-ETS-10 more efficiently
than conventional temperature swing regeneration such as conductive heating.
Microwave desorption is characterized by faster heating, higher desorption rate, and
lower energy consumption compared to desorption with conductive heating.
Therefore, microwave heating can potentially be used as a cheaper energy source to

regenerate Na-ETS-10 for adsorptive separation of binary gas mixtures such as
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C, H4/C2H5 and COz/C Ha,

9.2 Recommendations

9.2.1 Materials Aspect

In chapter three and four, Ag-ETS-10 has been demonstrated to separate air and
produce argon free oxygen. A simple three times silver ion exchange was preferred as
an ion exchange standard. It is important to continue studying the silver ion exchange
isotherm on ETS-10, in order to understand the capacity of Ag cation on ETS-10 and
reduce the usage of the silver nitrate during the ion exchange procedure. Furthermore,
finding a balance between the Ag loading and the optimal separation performance

requires future studies.

ETS-10, as a mixed coordinate titanium silicate zeolite molecular sieve, has been
demonstrated to efficiently separate ethane and ethylene, ethane and methane, CO2
and methane. This opens up the possibility of using materials of similar structure and
framework, such as ETAS-10 and vanadium silicate, in the same gas separation

systems mentioned above.

ETAS-10 was invented by Kuznicki in 1990, and is a crystalline
titanium-aluminume-silicate molecular sieve with a large pore size of approximately 9
A units, having both aluminum and titanium in the framework structure. Although
ETAS-10 is structurally related to ETS-10, the substantial quantities of highly polar
mono-charged tetrahedral aluminum sites profoundly change the character of the sieve,
and impact the adsorptive properties of the material. The incorporation of aluminum
expands the lattice planes and pore openings. This in turn allows ETAS-10 to adsorb
molecules somewhat larger than those adsorbed by ETS-10. Additionally, ETAS-10 is
a stronger sorbent than ETS-10 [1]. These differences between ETAS-10 and ETS-10

would enable these materials to perform differently in applications such as separation
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of ethylene and ethane, ethane and methane, CO2 and methane, or even larger

hydrocarbon gas mixture.

Another new class of microporous materials, vanadium silicates was reported after
ETS-10 invention. In 1997, Rocha reported the first example of a large-pore
vanadium silicate containing stoichiometric amounts of hexacoordinate vanadium
(Si/V=5) [2]. This material, dubbed AM-6, is a structural analogue of titanium silicate
ETS-10, where titanium has been fully replaced by vanadium. It is also possible to
replace titanium with other transition metals such as Zirconium. Because of the
different physical and chemical properties of these transition metals, a difference in
adsorptive properties of the respective ETS-10 analogues is expected. There is little
information in the literature on adsorption of vanadium silicate and zirconium silicate,
so investigation on this area is a worthwhile effort that might produce interesting

results.

9.2.2 Process Aspect

All the suggestions above are related to improvements on the material side. Future
work should focus more the process aspect as well. All the experiments in this
dissertation were carried out by one stage separation unit. If a two bed PSA process or
a VSA process could be applied, it will be very helpful for practical application. At
the same time diffusion simulation work will be also valuable for a real separation
unit design. Future studies on mass balance and energy balance of the system could

help to better understand the separation systems.
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