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Abstract

High-purity oxygen above 99.0% is required in many medical and industrial applications

such as the pharmaceutical and aerospace applications. Due to the similar physical prop-

erties of oxygen and argon, this separation is very challenging. Adsorption separation

techniques are more preferable to conventional cryogenic distillation of O2/Ar for small

and medium scale applications as they offer more favorable process economics. However,

very few commercial adsorbents offer the ability to separate O2 and Ar. Silver-exchanged

titanosilicates (Ag-ETS-10) have shown the potential to separate these gases based on

their thermodynamic affinities. This opens up the possibility of developing processes for

high purity O2 separations. In the second chapter of this study, adsorption isotherms of

O2, Ar, and N2 on Ag-ETS-10 extrudates were measured using the volumetric technique

and described using a Langmuir isotherm. The large-scale performance of the adsorbent

was verified by measuring single, binary, and ternary breakthrough profiles using a labora-

tory scale dynamic column breakthrough apparatus which was designed and constructed

as a part of this study. These profiles were modeled by writing mass and energy balances

that were discretized in space and solved in MATLAB using the finite volume technique.

The model could predict the experimental profiles to a high level of precision. In the

third chapter, a detailed study on the mass transfer dynamics of oxygen separation using

Ag-ETS-10 was conducted. The effect of flow rate, temperature, pressure, and particle

size on the breakthrough profiles of N2, O2, and Ar was studied. Influence of different

mass transfer resistances and hydrodynamics of the separation were investigated based

on these experimental results using fundamentals of mass transfer which confirmed the

fast mass transfer nature of Ag-ETS-10.

In the fourth chapter, various vacuum swing adsorption (VSA) cycle configurations in-

cluding the simple Skarstrom cycle and more complicated 6-step VSA cycles were simu-
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lated using mathematical models. A mixture of 95.0%/5.0% O2/Ar was considered in the

simulations and a rigorous multi-objective optimization was conducted to maximize O2

purity and recovery. The simulations predicted 27.3% recovery for a product with 99.5%

purity for a 6-step cycle with pressure equalization (PE) and light product pressuriza-

tion (LPP) steps. The recovery for the same level of purity was improved significantly

to 91.7% by implementing a heavy product pressurization (HPP) step. The effect of

bed length on O2 purity and recovery and the comparison of VSA with pressure swing

adsorption (PSA) and pressure-vaccum swing adsorption (PVSA) for high-purity O2 pro-

duction were also presented. Rigorous multi-objective optimizations were conducted to

maximize oxygen productivity and minimize energy consumption of the VSA cycles, while

meeting different purity constraints, and significant improvement in the performance indi-

cators was obtained through process optimization. In Chapters 4 and 5, the simple 3-step

and Skarstrom cycle experiments with 95.0%/5.0% O2/Ar and dry air as the feed were

performed. In order to verify the cycle simulations, values of experimental purity and

recovery at cyclic steady state, transitional concentration and axial temperature profiles

were compared with the modeling predictions. Moreover, in the fifth chapter, the cycles

discussed in Chapter 4 were further explored by comparing single-stage and dual-stage

VSA processes in terms of total energy consumption and O2 productivity of the whole

process including the N2 removal stage. The simulations predicted 82.0% recovery for a

product with 99.5% purity for a 6-step cycle with PE and HPP and dry air feed stream.

The effect of bed length and nitrogen content in the feed on the performance indicators

was also studied. Operating conditions for various cycle configurations were optimized

through non-dominated sorting genetic algorithm technique to achieve lower total en-

ergy consumption and higher overall productivity and the Pareto fronts were compared

against each other in order to choose the best possible design. The results indicated that

the single-stage 6-step cycle with PE and HPP presents a better performance compared

to the other single-stage and dual-stage approaches. A simple graphical scheduling study

was also conducted in order to calculate the number of columns required for a continuous

process using the better performing configurations.
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1.1 Air separation

Atmospheric air mainly contains N2 (78.09%), O2 (20.95%), and Ar (0.93%) balanced

with other components such as water and CO2. Oxygen separation from air with purities

higher than 95.0% is an essential part of industries such as steel, paper, and glass produc-

tion. Oxygen in purities higher than 99.0% is required in medicine, aerospace, and semi-

conductor industries. According to The United States Pharmacopoeia (USP), ”Oxygen”

is expected to have a purity of 99.0% in USA [4]. This requirement is 99.5% in Europe [5],

and 99.6% in Japan [1]. It is worth noting that another class of oxygen named ”Oxygen

93” with a purity of 93% is also being recognized for medical applications. Military and

aerospace applications require oxygen higher than 99.5% purity [6,7] and semi-conductor

industry requires oxygen higher than 99.8% [8]. For large-scale processes similar to steel

industry, where oxygen with purity of 95.0% is sufficient, cryogenic distillation is usually

chosen as it is economically preferable compared to technologies such as adsorption sepa-

ration processes. However, to produce O2 with purities higher than 99.0%, due to similar

physical properties of oxygen and argon such as the molecular size (O2 kinetic diameter=

3.46 Å and Ar kinetic diameter=3.70 Å) and the boiling points (O2 boiling point= 90.15

K and Ar boiling point= 87.35 K), this separation is very challenging. While cryogenic

distillation is the preferred process for large-scale O2 purification, adsorption separation

techniques are more preferable for small- and medium-scale applications (less than 100

tons per day) as they offer more favorable process economics [9]. It is worth noting that

in order to produce high-purity O2, N2 should be also removed either at the same time as

separating Ar (single-stage separation) or prior to O2 purification (dual-stage separation).

In other words, type of the products required (N2, O2, or Ar), production rate, and purity

level of the products determine the appropriate technology for the air separation unit in

each application. In this section, an introduction to the technologies currently available

for oxygen production is presented.

1.1.1 Cryogenic distillation

Air separation by Cryogenic distillation was introduced by Carl von Linde in early 20th

century and still widely used in industry. The basis of this separation, similar to the

other distillation processes, is based on the different volatilities of the components. In

order to separate N2 and O2, atmospheric air goes through different stages: compression,

purification, and distillation. All the stages are conducted under very low temperatures

and factors like the physical phase and delivery pressure of the product determine the
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operating conditions. This technology is efficient for industries which require large-scale

oxygen production with purities less than 95.0%. However, for an small/medium-scale

application where argon also needs to be removed from O2 product stream, cryogenic

distillation is no longer considered an energy-efficient technology.

1.1.2 Membrane-based separation

Membrane technology has also been considered for high-purity oxygen production from

air. This separation is based on the differences in the diffusion rates of oxygen, nitrogen,

and argon. Oxygen is the smallest molecule compared to the other two and will diffuse

faster through the membrane. Thus, a permeate rich in O2 will be collected at the product

side. Low energy consumption, ease of the operations, and the possibility of designing a

continuous process are among the advantages of this technology. However, achieving O2

purities higher than 99.0% and synthesizing the material at a larger scale still remains an

issue.

1.1.3 Adsorption-based separation

Adsorption-based air separation consists of two different approaches: kinetic-based and

equilibrium-based separations. In the kinetic-based separation, similar to the membrane-

based technology, the separation is based on the differences in the diffusion rate of the

molecules. The pore size of the adsorbents used in this type of separation is in the same

order of magnitude of the kinetic size of the air components. Oxygen will diffuse faster

compared to N2 and Ar since the molecule has a smaller kinetic size compared to the other

two molecules. Therefore, the adsorbent is more selective toward O2 and the raffinate

stream contains more N2 and Ar whereas the extract is rich in O2. Carbon Molecular

sieves are the most common adsorbent used in the kinetic-based air separation processes.

In the equilibrium-based separation, pore aperture of the adsorbents is large enough to

allow all the components to be adsorbed at the same rate. However, the components are

separated based on the difference in their adsorption affinity. Nitrogen has the strongest

interaction with the cations of the adsorbent and will retain inside the column. This

means the adsorbents are selective toward N2 and the raffinate stream is going to be rich

in O2 and Ar. Conventional adsorbents used in air separation such as zeolite 5A or LiX

have no selectivity of Argon over oxygen or vice versa [10–15]. This makes producing

high-purity O2 very challenging if the choice of adsorbent is limited to these materials.

However, over the past two decades, new adsorbents showing Ar/O2 or O2/Ar selectivity
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were introduced into the field. This opened up the possibility of using commercialized

raffinate cycles for the purpose of high-purity oxygen production. This will be further

discussed in the following section.

In order to design a continuous separation process, adsorption separation technologies

are generally divided into three groups: pressure swing adsorption (PSA), temperature

swing adsorption (TSA), and vacuum swing adsorption (VSA). The separation in all

these three approaches relies on the change of adsorption affinity with the variation of the

operating conditions such as the pressure and temperature. Adsorption affinity increases

with a rise in pressure and a decrease in temperature. This assists in designing a simple

three-step cycle with specific operating conditions for the initial step (pressurizing or

cooling), conducting the adsorption step either at high pressure or low temperature, and

regenerating the adsorbent (desorption) at low pressure or high temperature. Fulfilling the

purity constraint for high-purity oxygen product may require introducing more complex

cycles depending on the nature of adsorbent used and the purity requirements.

1.1.4 Choice of adsorbent

When choosing an adsorbent for a separation process, several parameters need to be taken

into account. The adsorbent should be selective toward one of the components and this

selectivity should be high enough to meet the purity-recovery constraint. Selectivity of

component A over component B is analogous to the relative volatility in the distillation

and is defined as [32]:

αAB =
XA/XB

YA/YB

(1.1)

where X and Y are the mole fractions of the corresponding components in the adsorbed

and fluid phase at equilibrium, respectively. In addition to the high selectivity, the adsor-

bent should have large enough capacities and the kinetics of the adsorbent should be fast

enough to allow achieving high productivity rates. Cost and ease of synthesis at larger

scales plus stability at harsh operating conditions are also very important when choosing

the appropriate adsorbent. As stated earlier, conventional adsorbents used for air sepa-

ration do not show Ar/O2 selectivity and cannot deliver O2 with a purity greater than

95% [10–15]. Kinetic based separations using carbon molecular sieves (CMS) have been

reported for this separation [10, 16, 17]. Limited number of adsorbents that can separate

the two gases based on equilibrium have been also reported. The common characteristic

between most of these adsorbent is the presence of silver in their structure. However,

Afonso et al [18] have recently reported an Ar/O2 equilibrium selectivity of 1.3 on Ag-free

VA-class hydrophobic dipeptides. Argon showed the highest affinity followed by O2 and

4



N2, respectively. Table 1.1 summarizes Henry’s law selectivity of Ar/O2 for some of the

reported adsorbents.

Table 1.1: Reported Henry’s law selectivity of adsorbents showing Ar/O2 selectivity.

Adsorbent Ar/O2 selectivity Temperature (K) Reference
CMS 0.81-0.93 293.15 K Jin et al. [17]
VA-class hydrophobic dipeptides 1.3 278.15 K Afonso et al. [18]
Ag-Mordenite 1.17-1.19 303.15 K Sebastian and Jasra [19]
Ag-ZSM-5 1.11-1.29 303.15 K Sebastian and Jasra [19]
Ag-X 1.11 303.15 K Sebastian and Jasra [19]
Ag-LiLSX 1.14 298.15 K Ferreira et al. [20]
Ag-ETS-10 binderless 1.41-1.49 303.15 K Anson et al. [21] and Shi et al. [22]
Ag-ETS-10 1.39 303.15 K This study

As mentioned earlier, silver-exchanged adsorbents have shown Ar/O2 selectivity which

points to the potential to produce high-purity O2 in a single-stage adsorption process.

Silver mordenite [19,23], silver-exchanged zeolite-A [19], Ag-ZSM-5 [19], silver exchanged

X-type zeolites [24,25], Ag-Li-LSX [20,26,27] have been reported as a potential adsorbent

for Ar/O2 separation. Silver-exchanged Engelhard Titanosilicate (Ag-ETS-10), synthe-

sized at the University of Alberta, has shown relatively high Ar/O2 selectivity compared

to other reported adsorbents [21, 22]. On this material, N2 is the strongest component

followed by Ar and O2, respectively. This opens up the possibility of developing processes

where high-purity O2 can be obtained as a raffinate (light) product as the adsorption

processes have been commercialized only for situations where the desired product is col-

lected as a raffinate. In this study, Ag-ETS-10 adsorbent, synthesized in the same research

group, is characterized and used in all the experiments and cycle simulations.

1.1.5 Cycles for oxygen purification

Pressure swing adsorption (PSA) and vacuum swing adsorption are the two main processes

reported in the literature for O2 purification. Sircar has reported O2 purification in a single

stage VSA using zeolite 13X [28]. Jee et al. have also reported a two-bed PSA with various

cycle configuration and a three-bed PVSA (pressure vacuum swing adsorption) with two

consecutive blowdown steps using carbon molecular sieve (CMS) to develop high-purity

O2 [8, 29]. Knaebel and Kandybin have shown O2 production in a single-bed PSA cycle

using Ag-mordenite [23]. Air Products reported a process simulation for O2 production

using AgLiLSX [30] which was later demonstrated experimentally [26]. Ferreira et al.

reported experimental and process simulation of O2 production in a single-stage PVSA

using AgLiLSX and were able to obtain 99.13% O2 purity with 6.2% recovery from air [31].

In another recent publication [1], O2 purity and recovery of the process was improved to
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99.75% purity with 5.6% and 99.51% purity with 14.2% recovery using a two stage PVSA.

The authors have shown that multiple approaches can be used to remove N2 before using

an oxygen VSA, e.g. by using a PSA for Nitrogen removal (kinetic or equilibrium) they

were able to improve the purity and the recovery of the process by adding an intermediate

blower. Table 1.2 shows a summary of O2 purity and recovery obtained from P/VSA

processes using various sorbents. The common point between these reported cycles, except

the work by Jee et al [8] is the low O2 recovery obtained. Designing new cycles with higher

recovery values may assist in reducing the size of the column which is of interest for on-site

high-purity O2 production.

Table 1.2: Reported O2/Ar separation through P/VSA.
Adsorbent Feed [N2/O2/Ar in %] O2 purity [%] O2 recovery[%] Type Reference
Ag-Mordenite 0/95/5 99.5-99.6 9.8-12.0 experiment and simulation Knaebel and Kandybin [23]
CMS 0/95/5 99.8 78.0 experiment and simulation Jee et al. [8]
AgLiLSX 0/95/5 98.98-99.65 2.93-4.29 experiment and simulation Dee et al. [30] and Santos et al. [26]
AgLiLSX 78/21/1 99.13 6.2 experiment and simulation Ferreira et al. [31]
AgLiLSX 0/95/5 99.15-99.28 8.6-12.0 experiment and simulation Ferreira et al. [1]
AgLiLSX 78/21/1 99.51-99.75 5.6-14.2 experiment and simulation Ferreira et al. [1]

1.1.6 Thermodynamics and kinetics of adsorption

Adsorption technology has been widely applied in gas separation and purification indus-

tries. Air separation, N2/CH4 separation from natural gas, and H2 purification are among

the most common applications [32]. At this stage, only raffinate cycles, i.e. purifying light

product, are commercialized. Recently numerous studies have discussed the potential of

adsorption technology for heavy product separation (extract cycles). In order to design an

appropriate process for any application, both thermodynamics and kinetics of the sepa-

ration should be well understood. The former is usually studied by measuring adsorption

equilibrium isotherms either by a volumetric or a gravimetric method [33,34]. In the vol-

umetric approach two cells with known volumes are connected, where one cell is under

vacuum with a known amount of previously activated (de-gassed) sample, and the other

cell is filled with the adsorbate gas. Both temperature and pressure of the two cells are

known and recorded. Certain amount of gas is dosed from the second cell to the cell

under vacuum. Once the system reaches equilibrium, the amount adsorbed can be easily

calculated by writing a mass balance on the gas phase before and after the dosing. This

procedure is repeated for different pressure values until a full isotherm curve is obtained.

In the gravimetric approach, a known amount of activated sample is exposed to the ad-

sorbate at a certain pressure and constant temperature. Once equilibrium is reached, the

adsorbed amount can be calculated from the weight change before and after injecting the

adsorbate gas. Similar to volumetric method, this experiment will be repeated to measure

6



the amount adsorbed for the full range of pressure at the desired temperature.

Dynamics of adsorption (i.e. momentum, heat, and mass transfer) can be understood

using a dynamic column breakthrough (DCB) experiment. For an equilibrium-based sep-

aration, DCB seems to be sufficient enough to obtain the required information. However,

for a kinteic-based separation, more detailed techniques, such as zero-length column chro-

matography [35], might be required to measured the diffusion rates of gas species inside

the adsorbent particles. Since air separation on Ag-ETS-10 is an equilibrium-based phe-

nomena, only DCB experiments are considered in this study.

In DCB experiments, a column is packed with the adsorbent particles and is activated

prior to conducting an experiment. The column is then introduced to pure, binary, and

multi-component gas streams and the dynamics of adsorption is investigated by monitor-

ing the gas phase composition at the outlet of the column as well as the pressure, flow

rate, and axial temperature profiles across the column. Both adsorption and desorption

experiments can be conducted using a DCB apparatus. However, several factors need to

be considered before designing the system. Column dimensions should be designed such

that ratio of the gas in the dead volume of the apparatus to the gas adsorbed on the

adsorbent particles is negligible. At the same time the column size should be chosen so

that the duration of the experiments, specially desorption runs, are feasible. In addition

to this, large pressure drop and channeling should be avoided. Sufficient number of in-

struments such as flow controllers and meters, thermocouples, and pressure transducers

should be used in order to acquire all the data required to perform a mass balance around

the system and obtain all the information needed to investigate dynamics of the system.

It is worth noting that the dynamics of this experiment is affected by adsorption equilib-

rium as well as adsorption kinetics and fluid dynamics. Therefore, accurate measurement

of equilibrium of the adsorbate-adsorbent system with an independent technique, such

as volumetric method, is very important. Fluid dynamics of the system can be well de-

scribed by an equation of state (EOS). Therefore, kinetics of adsorption can be studied

using a properly designed DCB experiments by feeding the inputs from the independent

equilibrium measurement to a generic model and describing the profiles observed in the

DCB experiments with the model. Moreover, effect of the competition between multiple

adsorbate on the equilibrium can be easily studied using DCB experiment by feeding a

multi-component gas stream to the system. It is important to mention that investigating

this effect by a volumetric or a gravimetric method is not straightforward. In this study,

volumetric method is used to obtain isotherms of N2, O2, and Ar and DCB experiments

is used to validate the model and study dynamics of the separation more thoroughly.
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1.1.7 Pressure swing adsorption (PSA)

Pressure swing adsorption (PSA) is a technology used in gas industry to separate gases

based on the differences in their affinities at different levels of pressure [3,32]. This differ-

ence is usually referred to selectivity of the adsorbent towards one of the adsorbates. This

selectivity can emerge from the difference in the equilibrium loading (thermodynamics) of

the gases or the difference in the diffusion rates (kinetics) [36]. The size of the separation

unit predominately depends on the difference between the amount adsorbed at high and

low pressures for the desired product. This value is known as working capacity and is il-

lustrated in Figure 1.1. In a PSA process, the concept of selectivity and working capacity

is used to design a process. Basic PSA process, as shown in Figure 1.2, consists of three

steps: adsorption, blowdown, and pressurization [37]. During an adsorption step, feed is

introduced to the column at high pressure. The preferably adsorbed species is retained in

the column while the other species will leave the column and are collected as the raffinate

product. In the blowdown step, the column pressure is reduced to a lower value in order

to regenerate the column and the preferably adsorbed component is collected as the ex-

tract product at the feed side of the column. During the pressurization step, the column

is pressurized back to the high pressure with the feed stream in order to make it ready

for the next cycle. In more complex cycles, to improve the recovery of the cycle, both

raffinate or extract streams can be used to pressurize the column. The minimum number

of columns for a continuous process is two. However, more columns may be required for

more complex cycles.

Skarstrom [38] proposed adding a purge step after the blowdown step in order to improve

the recovery of the light product. During this step, part of the raffinate stream is refluxed

back to the column which will help in pushing the concentration front of the preferably

adsorbed component back to the feed end. Later Berlin [39] proposed adding a pressure

equalization step where the ends of the two columns, one at high pressure and one at low

pressure, are connected. Therefore, the pressure in both of the columns will be equalized

and this results in reduction of the energy consumption and higher recovery since one

column is partially pressurized with the high pressure gas in the other column instead

of pressurizing with the feed stream. Table 1.3 summarizes some of the most common

applications of PSA technology in the area of gas separation.
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Figure 1.1: Pressure dependency of adsorption explored in pressure swing adsorption pro-
cesses. Δq represent working capacity between the adsorption and desorption pressures,
PAds and PDes, respectively.

Table 1.3: Some of the applications of PSA in the area of gas separation [2, 3].

Adsorbent Application
Alumina, Zeolites 4A and 5A air drying
Zeolite 5A H2 recovery
Carbon Molecular sieve (CMS), Na-ETS-10 N2 production
Zeolites 5A and 13X O2 production
Zeolite 13X N2/CO2 separation
Zeolite 13X H2/CO2 separation
CMS CH4 recovery

In order to evaluate the performance of an adsorption cycle, product purity, product

recovery, productivity and total energy consumption of the cycle are considered. Product

purity is the average concentration of the desired component in the product over the period

of collection. Product recovery is defined as the amount of desired component collected

in the product divided by the amount of the same component introduced to the column

during the adsorption and pressurization step. Productivity is defined as the amount of the

target component collected in the product per unit volume or mass of the adsorbent per

unit time. Total energy consumption is measured as the total energy consumed in one cycle

per unit mass or mole of the desired component collected in the product. The advantage

of PSA over other adsorption technologies such as temperature swing adsorption (TSA)

is the faster cycles since reducing and increasing pressure is much faster than changing
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temperature levels which results in higher productivity. However, a PSA process requires

more valves and vacuum pumps compared to a TSA process and scheduling the steps is

more complex. It is worth noting that if the low pressure during the regeneration step

is less than the ambient pressure, then the process is called vacuum swing adsorption

(VSA) and the regeneration step is called evacuation instead of blowdown. VSA process

consumes more power compared to PSA due to the lower pressure levels. However, similar

to the case of O2/Ar separation on Ag-ETS-10 in this study, going to vacuum levels might

be helpful to meet the purity constraints due to the higher selectivity at lower pressures.

Figure 1.2: Schematic representation of a basic 3-step PSA cycle.

1.1.8 Modeling and simulation of adsorption

Modeling and simulation of the adsorption processes assists in ranking the adsorbents and

choosing the promising ones for the next steps of any study on adsorption processes [40].

Once the material is chosen, DCB experiments can be used to validate the model and

based on that validated model, cycles can be designed and the economics of the process

can be studied before moving to pilot-scale demonstration. There are mainly two ap-

proaches to model an adsorption process. The first approach is to consider a simplified

model such as equilibrium theory model [41] or batch adsorber model [42] where instan-

taneous equilibrium is assumed between the adsorbent and the adsorbate. These models

can provide information about the best possible performance of an adsorbent and a cycle
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and can be used to rank the materials at a short computation time. The other approach

to model adsorption process is to use a dynamic model where finite mass transfer and

other effects such as dispersion are taken into account. Therefore, in order to simulate

the process, a system of coupled non-linear momentum, heat, and mass balance partial

differential equations (PDE) should be solved numerically in parallel. Appropriate initial

and boundary conditions for each of these PDEs need to be defined and these equations

should be discretized in space or time using numerical methods such as finite difference

and finite volume technique. The resulting ordinary differential equations (ODE) can be

solved using programing tools available such as MATLAB or COMSOL. Obviously, this

approach requires better computations resources compared to the first approach but can

be reliably used to predict cycle performance and can be later used in optimizing the

operating conditions in order to meet the target performance indicators.

In this study adsorption equilibrium is modeled by well-known Langmuir model [43]. This

empirical model assumes the molecules are adsorbed at a fixed number of site with iden-

tical energies. Each site can only accommodate one molecule and there is no interaction

between molecules adsorbed on two neighboring sites. In other words, the original Lang-

muir model assumes homogeneous site with identical energies. However, this might not be

true for all the systems. Therefore, this model is modified to dual-site Langmuir model by

introducing a second term. More details about these models and the fitting parameters is

provided in Chapters 2 and 3.

In almost all of the applications of adsorption processes, more than one component is

present and therefore, competitive adsorption equilibrium between the multiple compo-

nents present should be well described in order to design a separation process. This can be

done by ideal adsorbed solution (IAS) theory or the extension of single-component models

to multi-component systems, known as extended single-site or dual-site Langmuir model.

In this study, it was shown that the extended Langmuir model was able to describe the

competition between N2, O2 and Ar. This was confirmed by comparing the experimental

equilibrium loading from DCB experiments and those predicted by the extended Lang-

muir model and will be discussed in Chapter 2.

Kinetics of adsorption can also be described using two different approaches: pore diffu-

sion model and linear driving force (LDF) model. In the pore diffusion model [44], local

loading at every point within the adsorbent particle is calculated by solving the detailed

diffusion equation for the particle. However, in the LDF model, an average concentration

is assumed for the adsorbent particle and a lumped mass transfer coefficient is assumed.

Chapter 2 provides more details on this model. It has been shown in the literature that

LDF is sufficient enough in most of the equilibrium-based separations to describe ad-

sorption kinetics [45]. In this study, since the pore opening of Ag-ETS-10 is much larger
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than N2, O2, and Ar molecule sizes, LDF model is used to describe the kinetics of the

separation.

1.1.9 Optimization of adsorption processes

As discussed earlier, the performance of an adsorption process is usually evaluated by

indicators such as product purity, product recovery, productivity, and total energy con-

sumption. Purity and recovery targets are usually decided by the application, as in O2

purification, or by regulatory targets set by responsible institutions. Energy and pro-

ductivity may be considered as a proxy for the operating and capital cost, respectively.

Reaching the global optimal operating conditions for an adsorption process with the aid

of process optimization can save a significant amount of time and energy. Therefore,

optimization of energy-productivity is of outstanding importance. However, the purity-

recovery constraints should be also met while the optimal operating conditions are found

for energy-productivity values. Therefore, a global optimization tool, which considers mul-

tiple objective functions and satisfies all the constraints, is required. The complexity of

multi-step multi-component dynamic adsorption processes requires the optimization rou-

tines to be accurate and at the same time the optimization needs to be done at a reasonable

amount of time. It is worth noting that adsorption processes need to pass through a tran-

sient state before reaching cyclic steady state. This can be anywhere from less than 50

cycles for less complex systems to more than 100 cycles for more complex systems. Hence,

the optimization routine needs to be well-optimized for a prompt and precise outcome.

Depending on the optimization method, definition of objective functions, and the method

used to solve PDEs, multiple approaches are available in the literature [46–51]. Multi-

objective optimization algorithms provide a robust approach by creating many generations

of the operating conditions but involves computational complexity. Non-dominated sort-

ing genetic algorithm II (NGSA-II), used in this study, introduced elitism to the original

approach and hence, reduced the computation time [51]. This approach mimics biological

evolution by using natural selection strategy. The algorithm chooses an initial population

of the decision variables and calculates a fitness value for each of the decision variables.

Based on the fitness value, new members of the population, called parents are created

and then children are created either by a crossover between the parents or by mutation,

where random changes are made to a single parent. In the next stage, the parents are

replaced by the children and this will continue until an optimal solution is found. This

approach is stochastic and is able to escape a local minimum but does not guarantee

reaching the global optima. However, it is available in MATLAB optimization toolbox

and can be linked to the PSA model described earlier and easily parallelized on multiple
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cores, therefore, reducing the computation time. It is worth noting that this approach

has been successful in predicting the performance indicators in a pilot plant adsorption

unit [52] which further verifies its success in scaling up.

In this study, GA was used to optimize the operating condition for purity-recovery and

energy-productivity optimizations. Figure 1.3 shows the typical work-flow of an optimiza-

tion routine in this study. As it can be seen, the optimizer choses a random set of decision

variables as the initial population and introduces them to the full PSA model. The model

later calculates the objective functions (J1 and J2 ), that is a function of performance

indicators (P.I.), e.g. purity and recovery. This procedure is repeated once the stopping

criteria, which is usually the number of generations or the tolerance of the objective func-

tions, is met. However, for a constraint optimization such as energy-productivity, where

a certain product purity or recovery is required, the objective function is penalized if the

constraints are not satisfied. This will prevent the optimizer from choosing the operating

conditions that are far from meeting the desired constrains. In the last stage, the opti-

mizer returns a trade-off between the two objective functions with the optimal operating

conditions.

Figure 1.3: Typical work-flow of the PSA optimization routine in this study.
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1.2 Challenges in high-purity oxygen production

Although air separation with adsorption technology has been widely studied over the past

decades and commercialized, producing O2 with purities higher than 99.0% still remains

a challenge. The three main challenges, that this thesis addresses, are as follows:

• Few adsorbents are reported in the literature with sufficient Ar/O2 or O2/Ar selec-

tivity for high-purity O2 production. Ag-ETS-10 has previously shown selectivity of

around 1.5 for Ar/O2 [21,22], which is to the best of our knowledge the highest equi-

librium selectivity reported for this separation. However, exploring the possibility

of producing high-purity O2 using Ag-ETS-10 at a larger scale is necessary.

• On the other hand, the recovery of PSA process for O2 production is generally

low (Table 1.2). Further, most of the applications for high-purity O2 are aimed for

small-scale on-site O2 production and require higher recoveries in order to reduce

the equipment size. Therefore, size of the adsorption unit is an important factor

and designing advanced PSA cycles with higher recoveries, that results in smaller

columns, is of great interest.

• Obtaining a trade-off between multiple performance indicators such as O2 purity and

O2 recovery or productivity and total energy consumption of the cycle is not straight

forward. Creating robust and efficient optimizations routines to obtain these trade-

offs will assist in comparing different cycle configurations and choosing the most

optimal design while meeting the constraints.

1.3 Objectives and structure of the thesis

The principal objective of this thesis is to characterize Ag-ETS-10 adsorbent for high-

purity oxygen production from air, validate the large-scale performance of the material

experimentally, design VSA processes and optimize them for high-purity oxygen produc-

tion, and validate experimental performance of Ag-ETS-10 in a lab-scale VSA process.

To reach the main objectives, the following key steps were followed:

• The experimental single-component low-pressure and high-pressure adsorption isotherms

at different temperatures were measured and fitted to an empirical model for Ag-

ETS-10 extrudates used in the next stages of this study.

• A lab-scale dynamic column breakthrough adsorption apparatus was designed and
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constructed. Detailed pure, binary, and ternary breakthrough experiments were per-

formed in order to validate large-scale performance of Ag-ETS-10 for O2 purification.

• A rigorous and efficient model was implemented and validated with the experimental

breakthrough data such as the concentration and temperature profiles. Dynamics of

the separation was extensively studied by investigating the effect of multiple param-

eters such as the adsorbent particle size, feed velocity, pressure, and temperature

on the breakthrough profiles.

• The model was extended to simulate different PVSA configurations. New VSA cycles

were proposed and simulated to verify the potential of Ag-ETS-10 for high purity

O2 production.

• Two sets of multi-objective optimization studies were conducted, first to determine

the optimal process conditions to maximize O2 purity and recovery and second to

minimize energy consumption and maximize productivity of the cycles designed

while meeting different O2 purity constraints. Significant improvement in the per-

formance indicators was obtained through process optimization.

• Experimental performance of Ag-ETS-10 was validated with the Skarstrom VSA

configuration and the values of experimental purity and recovery were compared

with those predicted by the simulations.

Chapter 2 presents characterization of Ag-ETS-10 adsorbent by single-component ad-

sorption isotherms of O2, Ar, and N2 using a volumetric technique and single, binary, and

ternary breakthrough profiles which were measured using a laboratory scale dynamic col-

umn breakthrough apparatus. A simple vacuum swing adsorption process (VSA) is also

simulated and optimized in this chapter to demonstrate the potential of the material to

produce high-purity oxygen.

Chapter 3 provides a detailed study on the mass transfer dynamics of O2 separation using

Ag-ETS-10. The effect of adsorbent particle size, feed flow rate, temperature, and pressure

on the breakthrough profiles are studied. Influence of macropore, micropore, and film

resistance and dispersion within the column is investigated based on these experimental

results using fundamentals of mass transfer which assists in classifying the dynamics of

this separation.

Chapter 4 discusses the possibility of using various vacuum swing adsorption (VSA) cycle

configurations including the simple Skarstrom cycle, a 6-step with pressure equalization

and light product pressurization, and 6-step with pressure equalization and heavy product

equalization to maximize O2 purity, recovery, and productivity, and to minimize total
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energy consumption of the cycles. The effect of different operating parameters such as

the bed length and the nitrogen content in the feed on the performance indicators is also

presented and the experimental Skarstrom VSA cycles are compared with the predictions

from the model.

Chapter 5 provides a detailed comparison between all the cycles proposed in the previous

chapter. The possibility of performing a single-stage separation is investigated and the

results are compared with different combinations of dual-stage processes by looking into

the energy-productivity optimization results. Experimental Skarstrom VSA cycles are

compared with the predictions from the model. A simple graphical scheduling study was

also conducted in order to calculate the number of columns required for a continuous

process using the better performing configurations.

Chapter 6 provides the conclusions of this work as well as recommendations for further

studies.

16



Chapter 2

Characterization of Ag-ETS-10

Many medical and industrial applications require high-purity oxygen. Due to the simi-

lar physical properties of oxygen and argon, this separation is very challenging and very

few commercial adsorbents offer the ability to separate the two gases. Silver exchanged

titanosilicates (Ag-ETS-10) have the potential to separate these gases based on their ad-

sorption affinities. In this work, adsorption isotherms of O2, Ar, and N2 on Ag-ETS-10

extrudates have been measured using a volumetric technique and described using a Lang-

muir isotherm. Single, binary, and ternary breakthrough profiles were measured using

a laboratory scale dynamic column breakthrough apparatus. These profiles have been

modeled by writing mass and energy balances that are solved using the finite volume

technique. The model was able to predict the experimental profiles to a high degree of

accuracy. A simple vacuum swing adsorption process (VSA) was simulated using math-

ematical models to demonstrate the potential of the material to produce high-purity

oxygen. Multi-objective optimization to maximize O2 purity and recovery from a feed

containing 95% O2 and 5% Ar revealed that purities in excess of 99.0% can be achieved

at a recovery of 11.35%.
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2.1 Introduction

The separation of oxygen and argon is an important process for many applications such as

in medicine, waste water treatment, aerospace, welding, and steel production [8,53]. Many

of these applications require high-purity oxygen in excess of 99%. According to The United

States Pharmacopoeia (USP), ”Oxygen” is expected to have a purity of 99% in USA [4].

This requirement is 99.5% in Europe [5], and 99.6% in Japan [1]. It is worth noting that

another class of oxygen named ”Oxygen 93” with a purity of 93% is also being recognized

for medical applications. Military and aerospace applications require oxygen higher than

99.5% purity [6,7] and semi-conductor industry requires oxygen higher than 99.8% [8]. Due

to the similar physical properties of oxygen and argon such as size (O2 kinetic diameter=

3.46 Å and Ar kinetic diameter=3.70 Å) and boiling points (O2 boiling point= 90.15

K and Ar boiling point= 87.35 K), this separation is very challenging. While cryogenic

distillation is the preferred process for large-scale O2 purification, adsorption separation

techniques are more preferable for small- and medium-scale applications (less than 100

tons per day) as they offer more favorable process economics [9]. It is worth noting that

adsorption-based high purity (99.5%) oxygen purifiers are already commercialized with

multiple vendors providing this technology [54].

Conventional adsorbents used for air separation do not show Ar/O2 selectivity and cannot

deliver O2 with a purity greater than 95% [10–15]. Carbon molecular sieves (CMS) are

able to separate O2 and Ar based on the kinetics of adsorption [10,16,17] and few adsor-

bents that can separate the two gases based on equilibrium have been reported. Afonso et

al [18] have recently reported an Ar/O2 equilibrium selectivity of 1.3 on Ag-free VA-class

hydrophobic dipeptides. Argon showed the highest affinity followed by O2 and N2, respec-

tively. Table 1.1 summarizes Henry’s law selectivity of Ar/O2 for some of the reported

adsorbents. Silver-exchanged adsorbents have shown Ar/O2 selectivity and have created

a potential to produce high-purity O2 in a single stage adsorption process. Silver mor-

denite [19, 23], silver exchanged zeolite-A [19], Ag-ZSM-5 [19], silver exchanged X-type

zeolites [24, 25], Ag-Li-LSX [20, 26, 27] have been reported as a potential adsorbent for

Ar/O2 separation. Recently, sliver-exchanged ETS-10 (Ag-ETS-10) has shown relatively

high Ar/O2 selectivity compared to other reported adsorbents. [21, 22] On this material

N2 shows the strongest affinity followed by Ar and O2, respectively. This opens up the

possibility of developing processes where high-purity O2 can be obtained as a raffinate

(light) product. It is worth noting that adsorption processes have been commercialized

only for situations where the desired product is collected as a raffinate.

Experimental and process simulation of O2 purification using pressure swing adsorption
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(PSA) and vacuum swing adsorption (VSA) have been reported in literature. Sircar has

reported O2 purification in a single stage VSA using zeolite 13X [28]. Jee et al. have re-

ported a two-bed PSA with various cycle configuration and a three-bed PVSA (pressure

vacuum swing adsorption) with two consecutive blowdown steps using carbon molecular

sieve (CMS) to develop high-purity O2 [8, 29]. Knaebel and Kandybin have shown O2

production in a single-bed PSA cycle using Ag-mordenite [23]. Air Products reported a

process simulation for O2 production using AgLiLSX [30] which was later demonstrated

experimentally [26]. Recently, Ferreira et al. reported experimental and process simula-

tion of O2 production in a single-stage PVSA using AgLiLSX and were able to obtain

99.13% O2 purity with 6.2% recovery from air [31]. In another recent publication [1] from

the same authors, O2 purity and recovery of the process was improved to 99.75% pu-

rity with 5.6% and 99.51% purity with 14.2% recovery using a two stage PVSA. The

authors [1] have shown that multiple approaches can be used to remove N2 before using

an oxygen VSA, e.g. by using a PSA for Nitrogen removal (kinetic or equilibrium) they

were able to improve the purity and the recovery of the process by adding an intermedi-

ate blower. Table 1.2 shows a summary of O2 purity and recovery obtained from P/VSA

processes processes using various sorbents. In this work, adsorption isotherms of O2, N2

and Ar on Ag-ETS-10 extrudates have been obtained using a volumetric apparatus over

a range of temperatures and pressures and described using a suitable isotherm model.

A laboratory-scale dynamic column breakthrough apparatus was used to validate the

large-scale performance of the adsorbent, using both pure gases and mixtures. From these

experiments, competitive isotherms were measured and compared to those predicted by

the model. A mathematical model was developed by writing mass and energy balances in

order to describe the breakthrough experiments. Finally, a simple 4-step vacuum swing

adsorption (VSA) cycle was simulated to estimate the potential of the process to produce

high-purity oxygen.

2.2 Materials and methods

2.2.1 Materials

As a first step, Na-ETS-10 was synthesized by the hydrothermal method [22, 55] and

then formed into 1/16” extrudates with the use of a binder. The extruded sample was

twice ion-exchanged with silver nitrate solution, containing 1.5 times the mass of the Na-

ETS-10 in the column, at 358.15 K by using a strip column setup with 30 wt.% silver

loading. Prior to each set of experiments, the Ag-ETS-10 extrudates were activated for 16
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hours at 523.15 K under a N2 environment. All gases in this study (99.999% N2, 99.999%

Ar, 99.999% He, dry air, 95% O2/5% Ar, 50% O2/50% Ar, and 70% O2/30% Ar) were

obtained from Praxair Canada Inc.

2.2.2 Isotherm measurements

Adsorption isotherms of pure N2, O2, and Ar on Ag-ETS-10 were measured using a Mi-

crometrics ASAP 2020C volumetric physisorption system. This instrument delivers high

resolution data in the Henry’s law region. Samples (∼500 mg) were loaded into quartz

U-tubes and activated under N2 flow of 200 ml/min at 523.15 K overnight. The sample

was held isothermally under N2 flow for 15 min before applying vacuum for 60 minutes at

a pressure of less than 0.5 Pa. Once the temperature in the furnace was stable, equilib-

rium data was collected. Adsorption isotherms of all three gases were measured at 303.15,

323.15, and 343.15 K from 0 to 115 kPa. All experiments were performed at low pressures

where the measured quantity can be conveniently assumed to be the absolute adsorbed

amount.

2.3 Dynamic column breakthrough experiments

A lab-scale dynamic column breakthrough apparatus, shown in Figure 2.1, was designed

and constructed to validate the large-scale performance of the Ag-ETS-10 adsorbents to

separate O2 from air. This apparatus was designed to record relevant parameters required

to study adsorption column dynamics. The stainless steel column had a volume of 325.6

cc and a packed length of 32 cm. The inner and outer diameters were 3.6 cm and 4.8

cm, respectively. The column was placed in a water bath to ensure the experiments are

conducted in an isothermal condition. The temperature was controlled using a water

circulation bath (PolyScience, Niles, Ill, USA). Two mass-flow controllers (Parker/Porter,

Hatfield, PA, USA) located at the column inlet, were used to control the flows of the

purge and test gas in the range of 0 to 5000 sccm. The outlet flow rate is measured

using a flow meter (Parker/Porter, Hatfield, PA, USA) in the range of 0 to 500 sccm.

The accuracy of the flow meter is ±1% FS. Two thermocouples (Omega Engineering,

Stamford, CT, USA) were positioned along the bed at 8 cm and 24 cm from the inlet to

record temperature changes. The inlet pressure was monitored using a pressure transducer

(GE Druck, Billerica, MA, USA). A differential pressure transducer (GE Druck, Billerica,

MA, USA) was used to measure pressure drop across the bed. A back pressure regulator

(Swagelok, Solon, OH, USA) was located at the outlet to maintain the system pressure
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at a desired value. The outlet gas composition was monitored by a mass spectrometer

(Pfeiffer Vacuum OmniStar GSD 320, Asslar, Germany). A data acquisition system was

built using LabView to control and record all the measured parameters.

Figure 2.1: Schematic diagram of dynamic-column breakthrough apparatus. Picture at
the bottom shows Ag-ETS-10 extrudates along with a ruler (units in cm)

The column with Ag-ETS-10 extrudates was activated in an oven at 523.15 K for 12 hours

with a purge of He prior to each set of experiments. Mass flow controllers and the mass flow

meter were calibrated at different pressures and gas compositions using a universal gas

flow meter (Agilent technologies, Santa Clara, CA, USA). The mass spectrometer signal

was also calibrated prior to each run using gases of known compositions. The bed was

initially saturated with the purge gas and then switched to the test gas for the adsorption

experiments and switched back to the purge gas for the desorption experiments. The flow

rates were controlled by the mass flow controllers with given set points. In this study,

breakthrough profiles at 303.15 K and 95 kPa were obtained for pure N2, pure Ar, dry

air, and various O2/Ar mixtures (95/5, 70/30, and 50/50). Experiments were conducted

normally at flow rate of 150 ccm (P=95 kPa, T=293.15 K). Prior to performing the

breakthrough experiments, the dead volume in the upstream and downstream piping
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was estimated by replacing the column with a union and running a blank breakthrough

experiment. These experiments revealed that the dead volume in the system (piping and

instruments) was 15 cc compared to the empty column volume of 325.6 cc. Since the

dead volume was much smaller compared to the column volume and the spread of the

breakthrough arising from extra-column volume was minimal, a simple point-by-point

correction was used to correct the adsorption and desorption breakthrough curves [56].

2.4 Modeling

2.4.1 Modeling column dynamics

A generic dynamic column breakthrough model was developed to simulate the dynamic

column breakthrough experiments. This model includes contributions from dispersion,

convection, adsorption, pressure drop across the column, and heat transfer. The model

was developed based on the following assumptions:

1. The gas phase is ideal since all experiments are conducted at low pressure (<200 kPa)

and 303.15 K.

2. No radial gradients of composition and temperature exist in the column.

3. The flow in the column is adequately described by the axially-dispersed plug flow model.

4. The temperature at the water bath, is constant and uniform around the column.

5. The heat transfer resistance is lumped into the inside and outside heat transfer coeffi-

cients.

6. The gas and the solid phases are in thermal equilibrium.

7. The specific heat capacity of the adsorbed phase is equal to that of the gas phase.

8. The pressure drop in the column is described by the Darcy’s law, since the experiments

were performed at low flow rates and the maximum measured pressure drop was 1.4 kPa.

9. The binary and ternary equilibrium were assumed to be adequately described by the

extended Langmuir isotherm.

10. The mass transfer resistance is controlled by molecular diffusion in the macropores.
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Based on this assumptions fluid phase mass balance for component i is given by:
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(2.1)

where ci is the fluid phase concentration of component i, DL is the axial dispersion co-

efficient, yi is fluid phase mole fraction of component i, v is the interstitial velocity in z

direction, ε is bed voidage and qi is solid phase concentration of component i. The axial

dispersion coefficient, DL is described by the following equation [32]:

DL = 0.7Dm + 0.5vdp (2.2)

where Dm is the molecular diffusivity and dp is the diameter of the adsorbent particle.

Using the ideal gas law, Eq. 2.1 is rearranged to give:
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Using the same approach, the total mass balance can be written as:
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The mass transfer into the solid phase is described by Linear driving force (LDF) model:

∂qi
∂t

= ki (q
∗
i − qi) (2.5)

where q∗i is solid phase equilibrium capacity and ki is the lumped mass transfer coefficient

of component i. Considering macropore diffusion resistance, ki can be described by [32]:

ki =
15εpDp

r2p
(2.6)

where εp and rp are particle porosity and radius respectively. Dp is macropore diffusivity

and is defined by the following equation:

Dp =
Dm

τ
(2.7)

where Dm is molecular diffusivity that is calculated from Chapman-Enskog theory [57]

and τ is adsorbent tortuosity. Darcy’s law is used to calculate pressure drop across the

column:
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where μ is fluid viscosity and is assumed to be independent of temperature. The energy

balance along the column is described by:

[
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ε
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where ρs is the density of adsorbent, Cp,s, Cp,a, and Cp,g are specific heat capacities of

the adsorbent, adsorbed phase, and gas phase, respectively, Kz is effective gas thermal

conductivity, ΔHi is heat of adsorption of component i, hin is the overall inside heat

transfer coefficient, rin is inner radius of the column and Tw is the wall temperature. The

energy balance across the column wall is described by the following equation:

ρwCp,w
∂Tw

∂t
= Kw

∂2Tw

∂2z
+

2rinhin

r2out − r2in
(T − Tw)− 2routhout

r2out − r2in
(Tw − Ta) (2.10)

where, ρw is wall density, Cp,w is specific heat capacity of the column wall, Kw is thermal

conductivity of the column wall, rout is outer radius of the column and hout is outside

heat transfer coefficient between the wall and the water bath around the column, and

Ta is water bath temperature. All model parameters and physical properties are listed in

Table 2.1 (column 1).

Table 2.1: Parameters used in cycle simulations and optimizations.
Parameter Value Source
Column properties Column 1 Column 2
column length, L [m] 0.32 0.062 measured
inner column radius, rin [m] 0.01805 0.0080 measured
outer column radius, rout [m] 0.02415 0.0095 measured
column void fraction, ε 0.32 0.30 measured
particle voidage, εp 0.35 0.35 assumed
tortuosity, τ 3 3 assumed

Properties and constants
universal gas constant, R [m3 Pa mol-1 K-1] 8.314 standard value
adsorbent particle density, ρs [kg m-3] 990 measured
column wall density, ρw [kg m-3] 7800 standard value
specific heat capacity, Cp,g [J kg-1 K-1] 1041.3 (N2), 895.63 (O2) and 521.45 (Ar) standard values
specific heat capacity of adsorbed phase, Cp,a [J kg-1 K-1] 1041.3 (N2), 895.63 (O2) and 521.45 (Ar) assumed
specific heat capacity of adsorbent, Cp,s [J kg-1 K-1] 715.9 fitted
specific heat capacity of column wall, Cp,w [J kg-1 K-1] 502 standard value
fluid viscosity, μ [kg m-1 s-1] 1.801× 10−5 (N2), 2.095× 10−5 (O2), and 2.291× 10−5 (Ar) standard values
molecular diffusivity, Dm [m2 s-1] 7.185× 10−5 (N2), 7.481× 10−5 (O2), and 7.614× 10−5 (Ar) standard values
effective gas thermal conductivity, Kz [J m-1 K-1 s-1] 0.0903 assumed
thermal conductivity of column wall, Kw [J m-1 K-1 s-1] 16 standard value
inside heat transfer coefficient, hin [J m-2 K-1 s-1] 15.2 fitted
outside heat transfer coefficient, hout [J m-2 K-1 s-1] 1462.1 fitted
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All the above equations were discretized in space using the finite volume technique by

dividing the column into 30 cells. The WENO scheme, which is computationally efficient

[58], was used to discretize the equations in space. The final set of ordinary differential

equations (ODEs) were non-dimensionalized and solved using the ode23s solver provided

in MATLAB.

2.4.2 Mass balance calculations

In order to calculate the amount of gas adsorbed on the solid in a particular breakthrough

experiment, the experiments need to be run to completion, i.e. both thermal and mass

transfer fronts should completely break through, and temperature of the thermal-bath is

kept constant through out the experiment. Once this condition can be ensured, the fol-

lowing mass balance [59] around the adsorption column was used to calculate the loading

from breakthrough experiments:

In−Out = Accuumulation in the solid phase+Accuumulation in the gas phase (2.11)

Expressing the different terms we have:∫ t

0

(
FinPinyin
RTin

)dt−
∫ t

0

(
FoutPoutyout

RTout

)dt = Vbρs(1− ε)qi,exp+
VbεPavgyin

RT
+

VdPavgyin
RT

(2.12)

where the first and the second terms on the left hand side are the number of moles

of the adsorbate entering and leaving the column, respectively. The first term on the

right hand side is the number of moles adsorbed in the solid phase and the second and

the third terms are the accumulation in the void spaces of the column and in the dead

volume of the breakthrough apparatus, respectively. Fin and Fout represent the volumetric

flow rates measured by the flow controllers and flow meters at the column inlet and

outlet, respectively, Pin and Pout are values of pressures measured at the column inlet and

outlet, Tin and Tout correspond to the inlet and outlet temperatures, respectively, and yin

and yout represent composition, of the gas phase at the inlet (cylinder composition) and

outlet (measured using a mass spectrometer), respectively. On the right hand side of the

equation, Pavg denotes the average (arithmetic mean of inlet and outlet) pressure measured

at the end of an experiment. Since all the variables, except qi,exp, are experimentally

measured, Eq. 2.12 can be rearranged to calculate qi,exp.
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2.5 Results and discussion

2.5.1 Isotherm measurements

The measured adsorption isotherms are shown in Figure 2.2. All the three gases exhibited

favorable isotherms with N2 showing the strongest adsorption followed by Ar and O2. Ar

and O2, in fact showed only a modest non-linearity. The pure component loadings for all

three gases were described by a classical single-site Langmuir isotherm:

q∗i =
qs,ibici
1 + bici

(2.13)
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Figure 2.2: Single component adsorption isotherms of a)N2, b)Ar, and c)O2 on Ag-ETS-
10 extrudates. Symbols are experimental values and lines are fitted Langmuir model. (d)
compares the isotherms of three gases at 303.15 K. Closed symbols in (d) are experimental
loadings calculated from breakthrough experiments.

where ci and q∗i are the gas phase and equilibrium solid phase concentration of component

i, respectively, qs,i (mol/kg) is solid phase saturation capacity, and bi is adsorption equilib-
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Table 2.2: Fitted Langmuir adsorption parameters for N2, O2, and Ar on Ag-ETS-10.

Parameter N2 Ar O2

b0 (m3 mol-1) 3.02× 10−6 8.35× 10−6 1.27× 10−5

qs (mol kg-1) 0.53 0.53 0.53
−ΔU i (kJ mol-1) 26.34 18.82 16.93

rium constant of component i which follows the van’t Hoff type temperature dependence:

bi = b0,ie
−ΔUi
RT (2.14)

where Ui is the internal energy of component i. Equations 2.13 and 2.14 were fitted to the

experimental points by varying qs,i, b0,i, and ΔUi. The data were simultaneously fitted by

constraining all gases to have identical saturation capacities. The fitted isotherm model

parameters are listed in Table 2.2.

2.5.2 Breakthrough measurements

A series of breakthrough experiments were performed using various gas mixtures at dif-

ferent conditions. Pure N2, Ar, He, three O2/Ar mixtures (95% O2/5% Ar, 70% O2/30%

Ar, and 50% O2/50% Ar), and dry air were used in this study. Pure component measure-

ments were used to compare experimental loadings with those measured in the volumetric

experiments. Binary and ternary experiments were performed to validate the prediction

of competitive adsorption and to evaluate the effectiveness of the model to capture break-

through profiles. Several runs were repeated to ensure that the results are reproducible.

2.5.3 Single-component breakthrough measurements

Figure 2.3(a) shows the breakthrough profile of pure N2, pure Ar, and 95% O2/5% Ar

entering a column previously saturated with pure He at 95.0 kPa and 303.15 K. For

safety reasons, it was not possible to work with pure O2 and hence experiments using a

mixture of 95% O2/5% Ar are described in this sub-section. The feed flow rate in all the

runs was maintained at 150 ccm. Temperature profiles for the breakthrough experiments

measured by the thermocouple located at 8 cm and 24 cm length from inlet are shown

in Figure 2.3(b). In both figures, symbols and lines represent experimental data and

simulated profiles, respectively. It can be observed that Ar leaves the column later than O2

while N2 is the strongest species and has the longest breakthrough time. This observation

is in agreement with the isotherms shown is Figure 2.2. Figure 2.3(b) shows that N2 has
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the highest increase in temperature followed by Ar and O2. These results are consistent

with the ΔU i values reported in Table 2.2. Using the mass balance given by Eqn 2.12,

the solid phase loadings were calculated and are shown in Fig 2.2(d) as closed symbols.

It can be seen that the loadings measured from static experiments are comparable to

those from the breakthrough experiments although the N2 loading from the breakthrough

experiment was slightly lower than the loading measured by the volumetric method.
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Figure 2.3: Adsorption breakthrough profiles for N2, Ar, 95% O2/5% Ar using He as
the purge gas. Figure (a) shows breakthrough profiles measured at the column outlet;
(b) shows corresponding temperature profiles measured by thermocouples 1 and 2 (T1

and T2). Symbols and lines correspond to experimental and simulation data, respectively.
Experimental conditions: P avg=95 kPa, T bath=303.15 K, F in=150 ccm.

The model described in Section 3.1 was solved to provide the breakthrough curves and

temperature profiles. Of all the model parameters used for simulation, only three pa-

rameters, namely hin, hout, and Cps were used as fitting parameters. The breakthrough

experiment with pure N2 was used to calculate the values of these parameters. The ge-

netic algorithm (GA) subroutine in MATLAB global optimization toolbox was used for

the fitting procedure. The objective of the fitting procedure was to minimize sum of the

areas between the experimental and simulated curves for yN2
, T 1, and T 2 as described by

the following equation:

J =

∫ t

0
(yexpout − ysimout )dt∫ t

0
yexpoutdt

+

∫ t

0
(T exp

1 − T sim
1 )dt∫ t

0
T exp
1 dt

+

∫ t

0
(T exp

2 − T sim
2 )dt∫ t

0
T exp
2 dt

(2.15)

The value of J was found to be 0.016 and the corresponding values of the fitting variables

are reported in Table 2.1. The values of hin and hout were compared to standard correla-

tions to ensure they are within the expected range. The inside heat transfer coefficient hin
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was calculated to be 13.35 J m-2 K-1 s-1 from Leva’s correlation [32] while the outside heat

transfer coefficient hout was calculated to be 1207.1 J m-2 K-1 s-1 from Churchill and Chu’s

correlation [60]. These values compare well with the fitted values reported in Table 2.1.

Pinheiro et al. [61] have reported the value of Cp,s=800.0 J kg-1 K-1 for binderless ETS-10

particles which is comparable to the fitted value of 715.9 J kg-1 K-1 used in this study for

Ag-ETS-10 particles with the use of a binder.

In a separate attempt, the lumped mass transfer coefficient (ki) was included along with

the other fitting parameters mentioned above. The value of ki hence obtained was 35%

larger than the value calculated from Eq. 2.6. However, the value of J in Eq. 2.15 improved

only by 0.1%. This revealed that in the range of experiments, mass transfer had a minor

impact. Therefore, ki was described using macropore diffusion control for the rest of the

simulations. Note that more studies are required to establish the mass transfer mechanism.

However, ETS-10 has an 10-membered ring pore opening (8 Å pore size) compared to the

molecular size of N2, O2, and Ar which are all less than 4 Å. Therefore, kinetic effects are

less likely to influence the separation. Figure 2.3 shows the comparison of the experimental

results with the simulated ones. The results reveal that the predictions of both composition

and temperature are in good agreement with the experimental data. The slight roll-up in

the oxygen profiles occurs due the competition between O2 and Ar since the feed mixture

in this case contained 95% O2 and 5% Ar. This effect is well captured by the simulations.
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Figure 2.4: Breakthrough profiles with various compositions of O2/Ar mixture using He as
the purge gas. Profiles on the left column depict adsorption experiments while those on the
right depict desorption experiments. Figures (a) and (b) show O2 profiles at the column
outlet; (c) and (d) show corresponding Ar profiles; (e) and (f) show the temperature
profile measured by thermocouple 2 (T2). Symbols and lines correspond to experimental
and simulation data, respectively. Experimental conditions: P avg=95 kPa, T bath=303.15
K, F in=150 ccm. 30



2.5.4 Binary breakthrough measurements

The advantage of the Ag-ETS-10 adsorbent is its ability to separate O2 and Ar. Hence

the next set of the experiments focuses on binary system of O2 and Ar. Three different

gas mixtures of O2/Ar were used for these runs. In the adsorption step, the column

was initially saturated with He and the test gas was introduced to the column. Once

the breakthrough was completed, the inlet stream was switched to He to initiate the

desorption experiment. All the flows were maintained at 150 ccm and the experiments

were conducted at 95.0 kPa and 303.15 K. Figure 2.4 shows adsorption and desorption

profiles for these runs. The effect of competition between O2 and Ar is clearly seen through

roll-up of O2 profiles in the adsorption step as shown in Figure 2.4(a). This effect is more

evident when Ar mole fraction is higher since the competition between O2 and Ar is more

dominant compared to other compositions.

The experimental oxygen and argon equilibrium solid loadings were calculated using

Eq. 2.12. In this study, the extended Langmuir isotherm:

q∗i =
qs,ibici

1 +
ncomp∑
i=1

bici

(2.16)

was used to describe the competition between O2 and Ar. The comparison of the ex-

perimental equilibrium loading (symbols) and those from the extended Langmuir model

(lines) is shown in Figure 2.5. It can be seen the model is adequate in predicting the

competitive loading over a wide range of compositions. Therefore, the extended Langmuir

isotherm was used for describing the competitive behavior in all the simulations. The

breakthrough runs were simulated and the results are shown in Figure 2.4. The model

predictions are in good agreement with the experiments.
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Figure 2.5: Binary O2/Ar loading at 95 kPa and 303.15 K. Symbols are experimental data
while lines are the calculated values using the extended Langmuir model.

In order to further explore the dynamics of the composition fronts the effect of changing

the purge gas was investigated. Two different purge gases (He and Ar) were used in these

experiments. Figure 2.6(a) shows the breakthrough profiles for the adsorption step. When

He is used as a purge gas, a lighter component (He) is being displaced by a heavier

mixture (95% O2/5% Ar). In this case, the adsorption front shows a step change, i.e. a

shock front. However, when Ar (stronger component) is being displaced by 95% O2/ 5%

Ar a simple wave is observed. The changes in the type of transition is an equilibrium effect

caused by the competitive equilibrium between the gases [62]. Opposite trends compared

to the adsorption step is seen in the desorption profiles as shown in Figure 2.6(b). This

effect is also nicely reflected in the temperature profiles of the adsorption and desorption

shown in Figures 2.6(c) and 2.6(d), respectively. For the case of He as the purge gas, the

temperature profile shows a positive change during the adsorption step. However, when

Ar is used as the purge gas, a negative change in the temperature is noticed. The trends

are reversed in 2.6(d) where temperature increases slightly when Ar is used as the purge

gas and it drops relatively more when 95% O2/ 5% Ar is displaced by He. The modeling

results show a good match with the experiments.
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Figure 2.6: Breakthrough profiles for 95% O2/5% Ar using Ar and He as the purge gases.
Profiles on the left column depict adsorption experiments while those on the right depict
desorption experiments. Figures (a) and (b) show O2 profiles at the column outlet; (c)
and (d) show corresponding temperature profiles measured by thermocouples 1 and 2 (T1

and T2). Symbols and lines correspond to experimental and simulation data, respectively.
Experimental conditions: P avg=95 kPa, T bath=303.15 K, F in=150 ccm.

2.5.5 Ternary breakthrough measurements

As a final step in the characterization, multi-component breakthrough profiles were stud-

ied. Figure 2.7(a) shows breakthrough profiles of N2, O2, and Ar for a column initially

saturated with 95% O2/5% Ar and pureed with pure N2. Once N2 is introduced into the

column, it displaces O2 and Ar. The model is able to describe the competition between

the three components well. The model captures the overshoot in the Ar breakthrough

profile right before N2 breakthrough. Figure 2.7(c) shows temperature profiles at T1 and
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T2 for this set of experiment. The rise in the temperature is about two degrees less than

what was previously observed when N2 replaced He in Figure 2.3(b). The heat removed

due to desorption of 95% O2/5% Ar contributes to the lower temperature rise; an effect

that is well captured by the model. Figure 2.7(b) and 2.7(d) show the desorption profiles

when N2 is being displaced by a mixture of 95% O2/5% Ar. The desorption profiles show

a long-tail that is characteristic of a favorable isotherm.
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Figure 2.7: Breakthrough profiles for N2 using 95% O2/5% Ar as the purge gas. Profiles on
the left column depict adsorption experiments while those on the right depict desorption
experiments. Figures (a) and (b) show component profiles at the column outlet; (c) and
(d) show corresponding temperature profiles measured by thermocouples 1 and 2 (T1

and T2). Symbols and lines correspond to experimental and simulation data, respectively.
Experimental conditions: P avg=95 kPa, T bath=303.15 K, F in=150 ccm.

In the final set of experiments, the column is initially saturated with He, dry air (78.0%

N2, 21.0% O2, 1.0% Ar) is introduced into the bed at t=0. The results of this experiment is
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shown in Figure 2.8. The competition between O2 and Ar is clear as demonstrated by the

roll-up in the O2 profiles. Once Ar starts breaking through, a decrease in O2 mole fraction

in the outlet is observed. When N2 starts to breakthrough both O2 and Ar’s composition

fall to feed values. As it was described in pure component breakthrough tests, N2 is the

last component to leave the column. Figure 2.8(c) and 2.8(d) show temperature profiles

measured by the thermocouples located at 8 cm and 24 cm from column inlet. The first

peak which is observed at thermocouple T2 is due to the adsorption of O2 and Ar while

the second peak arises from N2 front and shows a higher temperature rise. The distance

between the two peaks increases as the fronts move along the column. All the effects

observed in the experiments are well described by the model except N2 breakthrough

time. The predicted N2 breakthrough is slightly longer than the experimental value. This

difference is probably due to the deactivation of a small portion of the bed at the inlet.

This effect is also visible in the temperature profiles of adsorption where the rise at the

first thermocouple is almost two degrees less than the one at the second thermocouple as

shown in Figure 2.8(c).
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Figure 2.8: Breakthrough profiles for Air using He as the purge gas. Profiles on the left
column depict adsorption experiments while those on the right depict desorption experi-
ments. Figures (a) and (b) show component profiles at the column outlet; (c) and (d) show
corresponding temperature profiles measured by thermocouples 1 and 2 (T1 and T2). Sym-
bols and lines correspond to experimental and simulation data, respectively. Experimental
conditions: P avg=95 kPa, T bath=303.15 K, F in=150 ccm.
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2.6 Vacuum swing adsorption process for oxygen pu-

rification

In order to verify the capability of Ag-ETS-10 for high-purity O2 production, a simple

vacuum swing adsorption cycle was developed. It is important to stress that the purpose

of this study is to demonstrate the ability to produce high-purity O2 at a reasonable

recovery using Ag-ETS-10. The process described here is simple and to provide excellent

performances, more complex processes that could result in improved performance will be

studied in an upcoming manuscript. At this stage, the well-known Skarstrom cycle was

simulated using the approach described by Haghpanah et al. [58]. The cycle configuration

and pressure profile are shown in Figure 2.9. This cycle consists of four different steps:

adsorption at higher pressure PH, evacuation at lower pressure P L, light reflux or light

product purge at P L, and finally feed pressurization from P L to PH. We assume that a

pre-purification stage to remove all the N2 using an appropriate adsorbent [31] can be

considered and the oxygen purification unit receives a feed containing 95% O2/5% Ar.

Also, the feed stream needs to be dehumidified prior to entering the adsorption bed as

humidity will reduce the performance of Ag-ETS-10. A suitable adsorbent, e.g., silica gel

or Zeolite 3A can be used for this purpose. We will consider only the oxygen purification

stage using Ag-ETS-10 for this study. The column dimensions and adsorbent properties

are reported in Table 2.1 (column 1). The operating parameters are step times: tADS,

tEVAC, tLR, and tFP, the feed velocity vF, and the low pressure P L. This simple cycle,

using a set of parameters reported in Figure 2.9, results in a raffinate stream containing

99.01% O2 with recovery of 11.35 %. This simple cycle highlights the ability of Ag-ETS-10

to produce high-purity O2 with reasonable recovery.
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Figure 2.9: Cycle configuration and pressure profiles used in this study. The operating
parameters shown are the ones used for the base case simulation.

The effect of P L on the cycle performance was studied by keeping all other operating

parameters fixed as reported in Figure 2.9. As shown in Figure 2.10(a), the value of

purity increases with increasing P L; reaches a maximum; and then drops. However, the

recovery consistently increases with increasing P L. Figure 2.10(b) shows the corresponding

gas phase axial profiles at the end of the adsorption step at cyclic steady state for three

different values of P L. As it can be seen, the gas phase mole fraction of O2 at the column

outlet ( z
L
= 1) for the cycle with P L=0.24 bar is the highest compared to the other two

cycles followed with P L=0.10 bar and P L=0.80 bar, respectively. Figure 2.10(c) shows

profiles of the Ar solid phase concentration at the end of the adsorption and pressurization

steps for two different values of P L. For P L=0.1, the Ar front has almost reached the light
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product end of the column at the end of the pressurization step and introducing more feed

in the adsorption step will result in a substantial decrease in the purity. This can explain

the trend observed for purity by changing P L in Figure 2.10(a) and suggests smaller tADS

or pressurizing with the light product will lead to higher O2 purity. This analysis suggests

conducting parametric study for all operating parameters will be time consuming and

may not always produce the optimal operating conditions. Therefore, a rigorous multi-

objective optimization is required to further understand the effect of different operating

parameters.
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Figure 2.10: Effect of P L on: (a) purity and recovery of O2; (b) O2 gas phase axial profiles
of the Adsorption step; (c) Ar solid phase axial profiles of the Adsorption (solid line) and
Pressurization (dashed line) steps in Skarstrom cycle.

A rigorous optimization of the Skarstrom cycle was performed to identify the optimal

operating conditions. The non-dominated sorting genetic algorithm II [58] in MATLAB

global optimization toolbox was used in the optimization procedure [63]. The objective

functions were purity and recovery of O2 and the decision variables were tADS, tEVAC,

tLR, P L, and vF. The constraint tLR<tADS was enforced. The ratio of
tLR
tADS

provides an
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indication of the reflux fraction. The high pressure PH is fixed at 101.3 kPa and tFP is

fixed at 20 s since this is the realistic time for pressurization in an industrial scale. The

bounds for all the decision variables are listed in Table 2.3. At this point, it is worth

mentioning that the true measure of a process will be to assess its economic potential,

e.g., energy consumption and productivity. This aspect is outside the scope of this work

and will be addressed in a future communication.

Table 2.3: Range of decision variables used in the Skarstrom cycle simulation.

Decision variable Range
tADS [s] 20− 100
tEVAC [s] 30− 200
tLR [s] 2− 100
vF [m s-1] 0.005− 0.5
P L [kPa] 3.04− 60.78

The purity-recovery Pareto curve for this cycle is shown in Figure 2.11 (a). Each point

on the Pareto curve corresponds to a set of decision variables and the trend between

purity and recovery shows the trade-off range between the two objective functions. The

Pareto curve indicates that a purity value in excess of 99.0% and 99.5% can be achieved

at a recovery of 11.35% and 7.8%, respectively. Ferreira et al. [1] have reported 99.28%

and 99.15% purities with 8.6% and 12.0% recovery, respectively, for a feed containing

95% O2/5% Ar using a more complicated cycle which includes pressure equalization and

back fill steps. Figure 2.11(b) shows ratios of
tLR
tADS

corresponding to the Pareto front in

Figure 2.11(a). As expected, purity of O2 in the product stream increases by increasing

this ratio. This study shows that a simple Skarstrom cycle can be designed to obtain

rather high-purity oxygen from a feed containing 95% O2. It is possible to improve the

process performance by applying more complex cycles. This study will be reported in

Chapter 4.
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Figure 2.11: Results of process optimization to maximize O2 purity and recovery. (a)
Pareto curve for the optimization of O2 purity and recovery in the Skarstrom VSA cycle;
(b) Variation of purity as a function of

tLR
tADS

for the Pareto points.

2.7 Conclusions

In this study, the possibility of high-purity O2 production using Ag-ETS-10 adsorbent was

explored. Breakthrough profiles of various gas mixtures were measured using a laboratory

scale dynamic column breakthrough apparatus to validate the large-scale performance of

the adsorbent. Ag-ETS-10 has shown the capability to separate pure O2 from air since O2

is the lighter component on Ag-ETS-10 compared to N2 and Ar. These profiles have been

modeled by writing detailed mass and energy balances. The model was able to predict

experimental profiles of mole fraction and temperature well. Binary equilibrium of Ar/O2

was well predicted by single-site extended Langmuir model. A simple Skarstrom vacuum

swing adsorption cycle was developed to further explore the capability of Ag-ETS-10 for

high-purity O2 production from a feed containing 95% O2/5% Ar. A parametric study

on the effect of the low pressure P L on the cycle performance suggested multi-objective

optimization of the cycle to satisfy objective functions. This cycle was optimized and

purity-recovery Pareto curves were obtained by using genetic algorithm. The results verify

the ability of Ag-ETS-10 to produce high-purity O2 in excess of 99.0% with recovery of

11.35% using the simple Skarstrom VSA cycle.
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Chapter 3

Dynamics of oxygen purification

Recent multi-component breakthrough experiments in our laboratory have shown that

silver exchanged titanosilicates (Ag-ETS-10) have the potential to separate oxygen and

argon based on their thermodynamic affinities. Understanding mass transfer and fluid

transport dynamics of this separation process is important for process-scale design. In

this work, breakthrough profiles of N2, O2, and Ar and their mixtures on Ag-ETS-10

extrudates and granules have been measured using a laboratory scale dynamic column

breakthrough apparatus. In order to investigate the dynamics of the mass transfer, effect of

flow rate, temperature and pressure on the concentration and temperature profiles were

studied. These experiments have been described by discretization of mass and energy

balances using the finite volume technique. The model could predict the experimental

profiles to a high level of precision. In a separate attempt, N2 breakthrough profiles on

two columns filled with Ag-ETS-10 extrudates and granules with two different sizes were

obtained. Influence of macropore, micropore, and film resistance and dispersion within the

column was investigated based on these experimental results using fundamentals of mass

transfer and fluid dynamics which assisted in classifying the dynamics of this separation.

The experimental results verified the fast mass transfer nature of Ag-ETS-10 and its

capability for high-purity O2 production at larger scales using rapid adsorption cycles

with negligible mass transfer limitation.
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3.1 Introduction

The demand for portable oxygen concentrators (POC) is growing worldwide [64]. The rise

in the number of patents on portable medical oxygen concentrators in the last two decades

reflects the interest in developing new materials as well as adsorption processes to separate

and purify oxygen from air [65]. In addition to this, industries such as aerospace, semicon-

ductors, military, and medical require the production of on-site oxygen with ultra-high

purity (>99.5%) [20]. It has been demonstrated that adsorption processes offer more favor-

able process economics and meet the purity and throughput requirements for small-scale

applications such as O2 purification [9]. The aim of designing more efficient separation

processes that can achieve high O2 purities, entails the discovery of new adsorbent materi-

als and novel design and development of highly-efficient pressure swing adsorption (PSA)

processes. For instance, rapid pressure swing adsorption (RPSA) cycles can assist in im-

proving the productivity of the desired component subjected to negligible mass transfer

resistance in the adsorbent particles. In order to design efficient processes, a thorough

understanding of the physical properties of the material, adsorption mechanism, momen-

tum, heat, and mass transfer mechanisms of the separation should be attained.

Our previous study showed that silver-exchanged titanosilicates (Ag-ETS-10) have the

ability to purify oxygen reaching purities in excess of 99.0% using the simple Skarstrom

cycle [66]. Although our mathematical model was validated through single and multi-

component dynamic column breakthrough (DCB) experiments, the purpose here is to

provide a full description of the dominating mechanisms for this process and verify the

validity of the assumptions made. It has been pointed out [67–69] that assumptions such

as lumped mass and heat transfer coefficients require full experimental evidence and val-

idation of the ability of the model to capture all the transport resistances in only one

coefficient. Further, the study of operating conditions such as the flow rate, temperature,

pressure, and particle size provides a full insight about the process dynamics and the

conditions that favor the separation. On the other hand, it is also important to find the

operating conditions that affect the process the most and the transport mechanism that

dominates. For instance, particle size studies offer the necessary information about the

dominant mass transfer resistance (micropore or macropore) in the adsorbent as well as

the channeling and clustering within the column that can cause pressure drop and axial

dispersion [64, 69].

In order to better understand the dynamics of the separation and the mechanisms that

control the process, a series of experiments using our in-house dynamic column break-

through (DCB) apparatus were carried out. The effect of flow rate, temperature, pressure,

and particle size was studied. The results allowed us to conclude that the process is mainly
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controlled by the equilibrium rather than mass transfer effects. All the experiments were

modeled and simulated using a non-isothermal axially dispersed plug flow model which

included all the transport effects. The simulations showed an agreement with the exper-

imental results, which further confirmed the validity of the mathematical model and the

assumptions used to describe the experimental data.

3.2 Materials and methods

3.2.1 Materials

Same batch of Ag-ETS-10 extrudates as in Chapter 2 were used in this Chapter. To study

the particle size effect on the dynamics of adsorption, these extrudates were crushed to 0.5

mm granules. Prior to each set of experiments, the Ag-ETS-10 extrudates were activated

for 16 hours at 523.15 K under a N2 environment. All gases in this study (99.999% N2,

99.999% Ar, 99.999% He, 95.0% O2/5.0% Ar, and 50.0% O2/50.0% Ar were obtained from

Praxair Canada Inc.

3.2.2 Isotherm measurements

Low pressure isotherm measurements

In our previous study [66], low pressure (up to 115 kPa) isotherms were reported for N2,

O2, and Ar for three different temperatures, namely 303.15, 323.15, and 343.15 K. These

were adequately described by a single site Langmuir isotherm. Isotherms and the values

of Langmuir isotherm parameters are provided in Figure 2.2 and Table 2.2.

High pressure isotherm measurements

In this work, since pressures higher than 115 kPa were studied, the adsorption isotherms

of pure N2, O2, and Ar on Ag-ETS-10 were measured using a HPVA-100 high pressure

volumetric unit form VTI instruments (Hialeah, FL). The samples were activated under

the same conditions as in the low pressure isotherm measurements. The measured adsorp-

tion isotherms are shown in Figure 3.1. The pure component loadings were not adequately

represented by the single site Langmuir isotherm. Hence, for all the three gases dual-site

Langmuir isotherm was used:

q∗i =
qsb,ibici
1 + bici

+
qsd,idici
1 + dici

(3.1)
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where ci and q∗i are the gas phase and equilibrium solid phase concentration of component

i, respectively, qsb,i and qsd,i (mol/kg) are the solid phase saturation capacity of the first and

the second site, respectively. bi and di are adsorption equilibrium constants of component

i which follow the van’t Hoff type temperature dependence:

bi = b0,ie
−ΔUb,i

RT (3.2)

di = d0,ie
−ΔUd,i

RT (3.3)

where Ub,i and Ud,i are the internal energy of component i for site 1 and 2. Equa-

tions 3.1, 3.2, and 3.3 were fitted simultaneously to the experimental points by varying

qsb,i, qsd,i, b0,i, d0,i, ΔUb,i, and ΔUd,i. The fitted isotherm model parameters are listed in

Table 3.1.
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Figure 3.1: Single component high pressure adsorption isotherms of a)N2, b)Ar, and c)O2

on Ag-ETS-10 extrudates. Symbols are experimental values and lines are fitted dual site
Langmuir model. (d) compares the isotherms of three gases at 303.15 K.
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Table 3.1: Fitted dual-site Langmuir adsorption parameters for N2, O2, and Ar on Ag-
ETS-10 at high pressure.

Parameter N2 Ar O2

b0,i (m
3 mol-1) 3.32× 10−6 6.87× 10−6 8.55× 10−6

d0,i (m
3 mol-1) 2.42× 10−4 1.18× 10−5 1.42× 10−5

qsb,i (mol kg-1) 1.06 0.46 0.33
qsd,i (mol kg-1) 0.37 1.71 1.69
−ΔUb,i (kJ mol-1) 17.06 18.41 17.22
−ΔUd,i (kJ mol-1) 15.71 11.25 11.26

3.2.3 Model

A generic dynamic column breakthrough model described in the earlier publication [66]

and in Chapter 2 was used in this study to simulate the adsorption breakthrough exper-

iments. The equations used in the model were described earlier in the previous chapter.

These equations were discretized in space using finite volume technique and the resulting

ordinary differential equations were solved using the ode23tb solver provided in MATLAB.

A similar approach to what has been discussed by Haghpanah et al [58], was used in this

study to define the initial and boundary conditions for each of these steps.

3.3 Results and discussion

Four sets of experiments were conducted to study the effect of operating parameters such

as the flow rate, temperature, pressure, and the adsorbent particle size on the break-

through profiles. Same batch of Ag-ETS-10 was consistently used through out the para-

metric studies. In each of the sections below, only one parameter was changed while the

other operating conditions were fixed. The objective of these experiments were to identify

the importance of mass transfer effects, hydrodynamics of the column, and thermody-

namics of the separation in determining the dynamics of this separation.

3.3.1 Effect of flow rate

The effect of three different flow rates on the adsorption breakthrough profiles of pure Ar

and 50% O2/50% Ar mixture was explored. The column was initially purged with helium

and the test gas was introduced to the column at flow rates of 150 ccm, 200 ccm, and

300 ccm. The composition of the outlet stream was measured with a mass spectrometer

(Pfeiffer Vacuum OmniStar GSD 320, Asslar, Germany). All other instrumentations and
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equipment used in this study were similar to the ones reported in Chapter 2. The column

dimensions and adsorbent properties used in this section were also identical to those

reported earlier [66] and are summarized in Table 2.1 (column 1).

Figures 3.2(a) and (c) show the corresponding breakthrough profiles and their first derivate

for pure Ar experiments, respectively. The temperature profiles for the thermocouple

located at 24 cm from the column inlet is also shown in Figure 3.2(e). As it can be

seen, the model was able to predict the experimental profiles for all the three flow rates.

Figure 3.2(c) indicates the concentration front was sharper for the higher flow rates which

was possibly due to the larger Peclet numbers for higher flow rates (i.e. higher velocities).

Peclet number is defined as:

Pe =
vL

DL

(3.4)

where DL is the axial dispersion coefficient and is described by the following equation [32]:

DL = 0.7Dm + 0.5vdp (3.5)

According to Eqs. 3.4 and 3.5, at higher velocities, Peclet number, i.e. ratio of convective to

dispersive transport, is larger. Therefore the concentration profiles were sharper similar to

what was observed in Figure 3.2(c). Macro/micropore diffusion resistances are not affected

by the change in velocity of the feed if all other operating conditions are the same. The

only other mass transfer resistance affected by the velocity of the fluid is the external film

resistance. kf , the external film resistance coefficient, is defined as [32]:

kf =
ShDm

2RP

(3.6)

where Dm and Sh are the molecular diffusion of the fluid and the Sherwood number,

respectively. Sherwood number is calculated using the Wakao and Funazkri correlation

[70]:

Sh = 2.0 + 1.1Sc1/3Re0.6 (3.7)

where Sc and Re are the Schmidt and Reynolds numbers, respectively. The former is

independent of the fluid velocity while the latter increases at higher velocities. Therefore,

according to Eqs. 3.6 and 3.7, once the flow rates of the fluid increases, kf has a larger

magnitude (i.e. less resistance) which results in sharper breakthrough profiles. However,
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for the range of velocities used in these experiments, Sherwood number, defined as the

ratio of the convective mass transport to the rate of diffusive mass transport, was around

the lower limit of 2.0 predicted by Eq. 3.7. Hence, the change in the steepness of the

breakthrough profiles was likely from the change in the hydrodynamics of the system

rather than external film resistance. This observation was further verified by comparing

the magnitude of dispersion and film resistance effects through parameter δ [32]:

δ =

(
1− ε

ε

)(
3kf
Rp

)(
DL

v2

)
(3.8)

In the case of these experiments, δ was in order of 500-2000 which essentially means axial

dispersion had significantly larger contribution compared to the external film resistance

[32].

The effect of flow rate was also investigated for a 50.0% O2/50.0% Ar mixture with

the same range of inlet flow rates. The results for this set of experiments are shown

in Figures 3.2(b), (d), and (f). Same effect as in the Ar experiments was observed for

50.0% O2/50.0% Ar feed. It is worth noting that higher purities of O2 at the outlet was

detected when the feed flow rate was larger. This effect was well captured by the model

and was possibly due to the sharper O2 concentration front traveling through the column

at higher inlet velocity. As it can be observed in Figures 3.2(e) and (f), temperature rise

in the thermocouple located at 24 cm from the inlet was larger at higher velocities which

was possibly due to the larger contribution of the convective heat transfer at higher flow

rates. The concentration and temperature profiles for the desorption runs for the same

set of experiments are shown in Figure 3.3.
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Figure 3.2: Effect of inlet flow rate on the breakthrough profiles for Ar and 50.0% O2/50.0%
Ar. Figures (a) and (b) show concentration profiles at the column outlet; (c) and (d) show
corresponding 1st derivative of the concentration profiles; (e) and (f) show corresponding
temperature profiles measured by thermocouple 2 (T2). Symbols and lines correspond to
experimental and simulation data, respectively. Experimental conditions: P avg=95 kPa,
T bath=303.15 K.
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Figure 3.3: Effect of inlet flow rate on the desorption profiles for Ar and 50.0% O2/50.0%
Ar. Figures (a) and (b) show concentration profiles at the column outlet; (c) and (d) show
corresponding temperature profiles measured by thermocouple 2 (T2). Symbols and lines
correspond to experimental and simulation data, respectively. Experimental conditions:
P avg=95 kPa, T bath=303.15 K.

3.3.2 Effect of temperature

Second set of experiments were conducted to study the effect of temperature on the

breakthrough profiles of pure N2, Ar, and 95.0% O2/5.0% Ar. Adsorption breakthrough

experiments were conducted at 303.15 K, 313.15 K, and 323.15 K. The temperature of the

experiments were controlled using a water circulation bath (PolyScience, Niles, Ill, USA).

The inlet flow rate for all these experiments was kept constant at 150 ccm. The column

dimensions used in this section were similar to the previous section and are summarized in

Table 2.1 (column 1). Figures 3.4(a) to (c) present the concentration of the stream leaving
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the adsorption column and the corresponding first derivate of the concentration and tem-

perature profiles are shown in Figures 3.4(d) to (f) and Figures 3.4(g) to (i), respectively.

As it can be observed in these figures, N2 breakthrough profiles were sharper at lower

temperatures whereas the opposite trend was observed for Ar and O2 (i.e. sharper fronts

at higher temperatures). The trend observed for N2 profiles was a clear thermodynamic

effect due to the more nonlinear isotherms of N2 compared to the ones for Ar and O2. If

the mass transfer was the limiting phenomena, similar trends should have been observed

for all the three gases by varying the temperature since the diffusion rate increases at

higher temperatures. However, the components in this study present different behavior

depending on their equilibrium properties. This observation indicated that shape of the

breakthrough profiles in this set of experiments was governed by the thermodynamics of

the process rather than mass transfer effects such as surface diffusion or macro/micropore

diffusion. This was in alignment with the fact that ETS-10 ring pore opening is around

8 Å and is much larger compared to the molecular size of N2, O2, and Ar which are all

less than 4 Å. Therefore, kinetic effects are less likely to influence the separation and the

capability of Ag-ETS-10 to be used in rapid pressure swing adsorption (RPSA) cycles was

further verified. It is also worth noting that the experimental temperature profiles for the

thermocouple located at 24 cm from the column inlet was well captured by the simula-

tions as shown in Figures 3.4(g) to (i). The experimental concentration and temperature

profiles of the desorption runs for the same group of experiments are shown in Figure 3.5

along with the model predictions.
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Figure 3.4: Effect of temperature on the breakthrough profiles for N2, Ar and 95.0%
O2/5.0% Ar. Figures (a), (b), and (c) show concentration profiles at the column outlet; (d),
(e), and (f) show corresponding 1st derivative of the concentration profiles; (g), (h), and
(i) show corresponding temperature profiles measured by thermocouple 2 (T2). Symbols
and lines correspond to experimental and simulation data, respectively. Experimental
conditions: P avg=95 kPa, F in=150 ccm.
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Figure 3.5: Effect of temperature on the Desorption profiles for N2, Ar and 95.0% O2/5.0%
Ar. Figures (a), (b), and (c) show concentration profiles at the column outlet; (d), (s), and
(f) show corresponding temperature profiles measured by thermocouple 2 (T2). Symbols
and lines correspond to experimental and simulation data, respectively. Experimental
conditions: P avg=95 kPa, F in=150 ccm.

3.3.3 Effect of pressure

In order to study the effect of operating pressure on the breakthrough profiles, the same

batch of Ag-ETS-10 as in the previous sections was used. However, the cylindrical extru-

dates (1.2 mm diameter) were packed into a smaller column with the dimensions reported

in Table 2.1 (column 2). Nitrogen breakthrough profiles were obtained at 96.5 kPa, 195.7

kPa, and 294.9 kPa while keeping the temperature and the flow rate constant at 303.15 K

and 150 ccm, respectively. The corresponding breakthrough profiles at three different pres-

sures and the first derivatives of the concentration profiles are shown in Figures 3.6(a)

and (b), respectively. As expected, concentration front at higher pressures propagates

faster along the column compared to the fronts at lower pressures which results in shorter

breakthrough times. The minor discrepancies between the model predictions and the ex-

perimental data in Figure 3.6(a) was possibly resulting from the wall effects [71] due to

the smaller ratio of bed diameter to the particle size compared to the previous sections

where a bed with a larger diameter was used. Although molecular diffusion decreases with

an increase in the operating pressure, but N2 breakthrough profiles were relatively sharper
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at higher pressure as shown in Figure 3.6(b). This was a clear sign that similar to the

experiments in the previous section, equilibrium effects dominated in these experiments

rather than mass transfer effects. It is worth mentioning that according to Eq. 3.5, since

Dm is smaller at higher pressures, DL also decreases (i.e. larger Peclet numbers) and hy-

drodynamics of the separation could potentially make the concentration fronts steeper, in

addition to the equilibrium effects. However, based on the observations in section 3.3.2,

thermodynamics of the process seems to dominate in these experiments.
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Figure 3.6: Effect of pressure on the breakthrough profiles for N2. (a) Concentration profile
at the column outlet; (b) Corresponding 1st derivative of the concentration profile. Sym-
bols and lines correspond to experimental and simulation data, respectively. Experimental
conditions: T bath=303.15 K, F in=150 ccm.

3.3.4 Effect of particle size

The last group of experiments performed as a part of this study was to investigate the

effect of particle size on the breakthrough profiles. The cylindrical extrudates (dp = 1.2

mm, Lp = 10 mm), studied in the previous sections, were crushed to make granules with

0.5 mm diameter. Column 2 with the dimensions reported in Table 2.1 was packed with

the same mass of Ag-ETS-10 granules as in the case of cylindrical extrudates and N2

breakthrough profile at 303.15 K, 96.5 kPa, and 150 ccm feed flow rate was obtained.

Figure 3.7(a) shows both of the breakthrough profiles for the crushed and un-crushed Ag-

ETS-10 particles and the corresponding first derivatives are also shown in Figure 3.7(b).

Figure 3.7(a) indicates that there was almost no change in the adsorption capacity of

Ag-ETS-10 particles after the crushing since the breakthrough profiles lie exactly on top

of each other. As shown in Figure 3.7(b), although sharper breakthrough profile was
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obtained for the crushed granules, which was possibly due to the larger dispersion effects

or smaller macropore mass transfer resistance in the granules compared to the cylindrical

extrudates, this difference was too small to have a major effect on the performance of

the process. In other words, this set of results along with the other experiments discussed

in the previous sections, confirmed the fast mass transfer nature of the components of

air within Ag-ETS-10 particles and further verified the capability of Ag-ETS-10 for high-

purity O2 production at larger scales using rapid VSA cycles with negligible mass transfer

limitation.
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Figure 3.7: Effect of particle size on the breakthrough profiles for N2. (a) Concentra-
tion profile at the column outlet; (b) Corresponding 1st derivative of the concentration
profile. Symbols and lines correspond to experimental and simulation data, respectively.
Experimental conditions: P avg=95 kPa, T bath=303.15 K, F in=150 ccm.

3.4 Conclusions

In this work, the effects of flow rate, temperature, pressure, and particle size on the

breakthrough profiles of N2, O2, and Ar and their mixtures on Ag-ETS-10 extrudates and

granules were investigated using a laboratory scale dynamic column breakthrough appa-

ratus. Finite volume technique was used to discretize the partial differential equations to

model the experimental data. This model was able to predict the experimental concentra-

tion and temperature profiles. Using fundamentals of fluid dynamics and mass transfer, it

was concluded that the sharper profiles obtained at higher inlet velocities were likely due

the change in the hydrodynamics of the system (i.e. larger Peclet numbers) rather than

external film resistance. The effect of temperature on the breakthrough profiles was also

studied and the result indicated that the shape of the concentration fronts were governed
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by the equilibrium rather than mass transfer effects. The same conclusion was reached by

exploring the effect of pressure on N2 breakthrough profiles. In a separate attempt, N2

concentration profiles on two columns filled with Ag-ETS-10 extrudates and granules with

two different sizes were obtained. Although a minor effect of particle size was observed, it

was concluded that mass transfer through Ag-ETS-10 particle is less likely to dominate

the separation process and Ag-ETS-10 has the potential for high-purity O2 production

at larger scales under rapid adsorption cycles since mass transfer resistance is almost

negligible.
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Chapter 4

Cycle development and process
optimization

Producing oxygen with purity of higher than 95.0% from atmospheric air (78.0% N2,

21.0% O2 and 1.0% Ar) is challenging because of similar physical properties of oxygen and

argon. Silver-exchanged titanosilicates (Ag-ETS-10) have shown the potential to separate

these gases based on their thermodynamic affinities. In this study, various vacuum swing

adsorption (VSA) cycle configurations including the simple Skarstrom cycle and more

complicated 6-step VSA cycles were simulated using mathematical models to maximize

O2 purity and recovery. The simulations were verified by conducting simple 3-step and the

Skarstrom vacuum swing adsorption (VSA) cycle experiments. A mixture of 95.0%/5.0%

O2/Ar feed was considered in the simulations and a rigorous multi-objective optimization

was conducted to maximize O2 purity and recovery. The simulations predicted 27.3%

recovery for a product with 99.5% purity for a 6-step cycle with pressure equalization

and light product pressurization steps. The recovery for the same level of purity was

improved significantly to 91.7% by implementing a heavy product pressurization step.

The effect of bed length on O2 purity and recovery and the comparison of VSA with

pressure swing adsorption (PSA) and pressure-vaccum swing adsorption (PVSA) for high-

purity O2 production were also investigated. Rigorous multi-objective optimizations were

conducted to maximize oxygen productivity and minimize energy consumption of the

VSA cycles, while meeting different purity constraints, and significant improvement in

the performance indicators was obtained through process optimization.
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4.1 Introduction

On-site high-purity oxygen production has attracted the attention of researchers due to

the many applications such as in medical, semi-conductor, military, and aerospace indus-

tries [1, 4–8]. Separating O2 form air (78.0% N2, 21.0% O2, 1.0% Ar) is already industri-

alized by using either cryogenic distillation or adsorption processes. However, due to the

similar physical properties of O2 and Ar such as the molecular size, boiling point, and

adsorption affinity, producing ultra-high purity O2, i.e. with purities above 99.0%, is chal-

lenging. Conventional zeolites reported for air separation, such as zeolite 5A or LiLSX,

do not show O2/Ar selectivity and can only produce product with around 95.0% O2 pu-

rity [10–15]. Oxygen production based on the difference in the diffusion rates of Ar and

O2 has also been reported and widely studied in the literature [10,16,17]. Silver-free [18]

and Silver-exchanged adsorbents, have opened the path for high-purity O2 production us-

ing equilibrium-based adsorption processes [19, 20, 23–27]. To the best of our knowledge,

silver-exchanged titanosilicate adsorbents (Ag-ETS-10) have shown the highest Henry’s

selectivity (1.49) reported for Ar over O2 [21, 22]. Table 1.1 summarizes the values of

selectivity reported in literature for O2/Ar separation. In our earlier publication [66], the

performance of Ag-ETS-10 extrudates for this separation was verified by an extensive

dynamic column breakthrough study and the Skarstrom vacuum swing adsorption cycle

simulation for a feed containing 95.0% O2/5.0% Ar. An optimized vacuum swing adsorp-

tion (VSA) Skarstrom cycle verified the ability of Ag-ETS-10 to produce O2 in excess of

99.0% with recovery of 11.35%.

Kinetic-based separation using carbon molecular sieves (CMS) has also been extensively

studied by Jee et al. using a two-bed pressure swing adsorption (PSA) with various cy-

cle configuration and a three-bed pressure-vacuum swing adsorption (PVSA) with two

consecutive blowdown steps [8, 29]. Sircar has reported a single-stage VSA O2 purifica-

tion with zeolite 13X [28]. Single-bed PSA with Ag-Mordenite as the adsorbent have

been also studied by Knaebel and Kandybin [23]. High-purity O2 production using Ag-

LiLSX has been proposed by Air Products both in simulation [30] and experimental [26]

works. Ferreira et al. reported experimental and process simulation of O2 production in

a single-stage [31] and dual-stage [1] PVSA using AgLiLSX. Table 1.2 shows a summary

of O2 purity and recovery obtained from P/VSA processes using various sorbents. It is

important to note that except the study by Jee et al. [8], the recoveries obtained in these

studies have been modest, i.e. less than 14.2 %, This is typical for separations where

an adsorbent with modest selectivity is used while requiring a high purity. Hence, the

applications of adsorptive O2 separation is likely to be in niche areas where on-site O2

generation is required. However, for large-scale applications cryogenic separation is likely
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to be preferred.

In this study, the Skarstrom cycle along with two 6-step cycles were extensively stud-

ied. Cycle simulations were verified by comparing the experimental purity and recovery

from simple 3-step and Skarstrom cycles with the predicted values from the simulations.

The effect of bed length on the optimized purity-recovery Pareto fronts was investigated.

Vacuum swing adsorption (VSA) Skarstrom cycle was compared with pressure swing ad-

sorption (PSA) and pressure-vacuum swing adsorption (PVSA) Skarstrom cycles and the

purity-recovery Pareto curves were compared with each other. In order to improve the

recovery of O2, two more advanced cycles: a 6-step with pressure equalization (PE) and

light product pressurization (LPP) steps; and a 6-step with pressure equalization (PE) and

heavy product pressurization (HPP) steps, were also considered in this study. Finally, a

series of energy-productivity optimizations were conducted for all the three cycles and the

corresponding Pareto fronts were obtained for different purity levels of O2 in the product

stream. The main focus of this study is to further investigate the capability of Ag-ETS-10

for high-purity O2 production by simple cycles currently available in the market and to

design new cycle configurations in order to improve the performance indicators such as

O2 recovery, productivity, and total energy consumption of the cycle.

4.2 Materials and methods

4.2.1 Materials

The Ag-ETS-10 extrudates characterized in Chapters 2 and 3 with the properties reported

in Table 2.1 were used in this chapter. The sample used in this study has been repeatedly

used for the past three years in our laboratory and no deterioration has been observed.

4.2.2 Isotherm measurements

Low pressure isotherm measurements

In Chapter 2, low pressure (up to 115 kPa) isotherms were reported for N2, O2, and Ar for

three different temperatures, namely 303.15, 323.15, and 343.15 K. These were adequately

described by a single site Langmuir isotherm model. Isotherms and the values of Langmuir

isotherm parameters are provided in Table 2.2 and Figure 2.2.

High pressure isotherm measurements

In this chapter, since pressures higher than 115 kPa were studied, the adsorption isotherms
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of pure N2, O2, and Ar on Ag-ETS-10 were measured using a HPVA-100 high pressure

volumetric unit form VTI instruments (Hialeah, FL). The samples were activated un-

der the same conditions as in the low pressure isotherm measurements. The measured

adsorption isotherms are shown in Figure 3.1. The pure component loadings were not ad-

equately represented by the single site Langmuir isotherm. Hence, for all the three gases

dual-site Langmuir isotherm was used. The fitted isotherm model parameters are listed

in Table 3.1.

4.2.3 Vacuum swing adsorption cycles

The model introduced in Chapter 2 was used in this section for the cycle simulations and

optimizations. Three different raffinate cycles were considered in this study for O2 purifica-

tion. In Chapter 2, the simple 4-step Skarstrom cycle was considered as the first approach

to purify oxygen with a feed stream of 95.0% O2 and 5.0% Ar. The purity-recovery Pareto

curve was obtained and purities in excess of 99.0% and 99.5% at corresponding recoveries

of 11.35% and 7.8%, respectively, were achieved. The cycle configuration and pressure

profile of the Skarstrom cycle are shown in Figure 4.1(a). In this cycle, adding the light

product reflux (LR) step assisted in improving the purity. However, in order to improve

the recovery of the cycle, two more complex cycles were considered in the current study.

A 6-step cycle with pressure equalization (PE) and light product pressurization (LPP)

steps [20], as shown in Figure 4.1(b), was considered. The third cycle, proposed in this

study, is a 6-step cycle with pressure equalization (PE) shown in Figure 4.1(c). However,

instead of pressurizing with the light product stream (raffinate), heavy product stream

(extract) is used to pressurize the column. In addition to this, light reflux step is elimi-

nated in this cycle in order to reduce oxygen loss in the extract stream. Purity-recovery

and energy-productivity Pareto curves for all these three cycles have been compared and

the results will be discussed in section 4.4. The column dimensions and adsorbent proper-

ties used in the simulation were identical to those reported earlier [66] and are summarized

in Table 2.1 (column 1).
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Figure 4.1: Cycle configuration and pressure profiles of the adsorption cycles: (a)
Skarstrom (b) 6-step with PE and LPP (c) 6-step with PE and HPP.

4.2.4 Constituent steps

Adsorption (ADS): During this step feed stream is introduced to the column at z = 0

at high pressure PH and 303.15 K with feed velocity of vads. The stronger components (N2

and Ar) are preferentially adsorbed and the lighter component (O2) leaves the column at

z = L.

Evacuation (EVAC): In this step the product end of the column (z = L) is closed

and the column is depressurized with a vacuum pump from PH to low pressure P L. The

stream leaving this step is rich in the stronger component(s).

Light Reflux (LR): A part of the raffinate stream is refluxed to the column from the

light product end during this step in order to improve the purity of the product. Therefore,
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the duration of this step is related to the adsorption step through tLR ≤ tADS. The pressure

during this step is kept constant at P L.

Feed pressurization (FP): In this step the column end at z = L is closed and the

column is pressurized with the feed stream from P L to PH.

Pressure equilization (PE): This step involves two columns, a donor and a receiver.

The pressure in the the donor column is reduced from PH to intermediate pressure P I.

On the other hand, the receiver column is pressurized from P L to P I. Since PH is fixed

at 100 kPa for all the VSA cycle simulations in this study, in order to satisfy the mass

balance constraints, i.e. the mass leaving the donor column should be equal to the mass

entering the receiver column, P I should be calculated based on the value of P L chosen by

the optimizer when initiating the simulations.

Light product pressurization (LPP): In this step the column end at z = 0 is closed

and the column is pressurized with a portion of the raffinate stream from the adsorption

step from P I to PH. The maximum duration of this step is set to tADS- tLR. Once the

pressure within the column is equal to PH, the adsorption step will be initiated. If this

stream is not sufficient enough to pressurize the column, the column will go through a

feed pressurization step.

Heavy product pressurization (HPP): In this step the column end at z = L is

closed and the column is pressurized from P I to PH with a fraction of the heavy product

stream leaving the evacuation step. Therefore, the duration of this step is related to the

evacuation step through tHPP ≤ tEVAC. Once the pressure within the column is equal

to PH, the adsorption step will be initiated. If this stream is not sufficient enough to

pressurize the column, the column will go through a feed pressurization step. The main

idea here is to avoid loosing O2 in the stream leaving the evacuation step by refluxing a

portion of it to the column and hence, increasing O2 recovery.

4.2.5 Cycle optimization

Non-dominated sorting genetic algorithm II (GA) in MATLAB global optimization tool-

box was used to identify the optimal operating conditions for each of the VSA cycles

discussed in section 4.3.2. The population size was set to be 24 times the number of deci-

sion variables and the GA was set to run up to 50 generations. All optimizations reported

in this study were performed on a desktop workstation with two 12-core INTEL Xeon

2.5GHz processors and 128GB RAM. Parallelization toolbox in MATLAB was used to

enhance the speed of computations. It is worth noting that for each combination of deci-
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sion variables the performance indicators. e.g., purity, recovery, were calculated using the

detailed model starting from an initial condition and simulating the transition of a single

column from one step to another until cyclic steady state is reached.

The first set of optimizations were conducted to optimize the operating conditions of each

of the three cycles to maximize the purity and recovery. The common decision variables

between the cycles were the durations of adsorption and evacuation steps (tADS, tEVAC),

pressure at the evacuation step (P L), and velocity of the feed (vF). The bed length (L)

was considered as a decision variable for a parametric study for the Skarstrom cycle. The

duration of the light reflux step (tLR) was considered as one of the decision variables for

the Skarstrom and 6-step with PE and LPP cycles. The duration of the pressure equaliza-

tion step (tPE) was also included in the optimization of the 6-step with PE and LPP and

the 6-step cycle with PE and HPP cycles. However, it did not show a significant effect on

the optimization of purity and recovery. For the 6-step cycle with PE and HPP, duration

of the heavy product pressurization step (tHPP) was also considered as a decision variable.

The aim of the purity-recovery optimizations was to minimize the following two objective

functions:

J1 =
1

PuO2

,

J2 =
1

ReO2

(4.1)

PuO2
and ReO2

are oxygen purity in the product stream and oxygen recovery of the cycles,

respectively and are defined as:

PuO2
=

nProduct
O2

nProduct
totol

ReO2
=

nProduct
O2

nFeed
O2

(4.2)

where n is the number of moles collected in the corresponding stream. The second set of

optimization runs were carried out in order to maximize productivity and minimize total

energy consumption of the cycles under a certain O2 purity. The decision variables were

similar to the purity-recovery optimizations. However, in this optimization, the objective

functions were defined as the following to ensure purity constraints are met:
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J1 = A

[
En

]
+ B

[
max(0, Puconst − PuO2)

]2
,

J2 =
C

Pr
+D

[
max(0, Puconst − PuO2)

]2 (4.3)

Pr and En are oxygen productivity and total energy consumption of the VSA cycles,

respectively. Puconst is the purity constraint for the energy-productivity optimizations.

The constraints used in this study were 99.0%, 99.5%, and 99.8%, respectively. A, B,

C, and D are the penalty functions to ensure the purity target is achieved. For most of

the applications, which require high-purity oxygen, the level of the purity is the major

constraint. Therefore, recovery was not set as a restriction for energy-productivity opti-

mizations. Additionally, optimizing the operating conditions for a better productivity will

indirectly force the optimizer to achieve higher recoveries.

4.3 Results and discussion

4.3.1 Experimental cycle demonstration

The dynamic column breakthrough apparatus described in our earlier publication [66]

was modified such that simple VSA cycle experiments could be conducted using a sin-

gle column. The schematic diagram of the apparatus is shown in Figure 4.2. Multiple

manual two-way and three-way valves were added in order to switch flow directions be-

tween the steps in each cycle. A stainless steel tank (Swagelok, Solon, OH, USA) was

added after the column to store part of the stream leaving the adsorption step and reflux

the gas stored to the column during the light reflux step (LR). This design assisted in

performing the Skarstrom cycle experiments with only one column. The vacuum pump

used in this study was an air-operated vacuum pump (McMaster-Carr, Illinois, USA). All

other instrumentations and equipments depicted in Figure 4.2 were similar to the ones

reported earlier [66]. All the experiments were done at 293.15 K and high pressure dur-

ing the adsorption step (PH) was fixed at 100 kPa. It is worth noting that all the valve

switchings between the steps were done manually and 95.0% O2/5.0% Ar was used as the

feed stream for these experiments. This limited our capability to explore faster cycles and

more advanced configurations. Hence, the main goals here were first to explore whether

Ag-ETS-10 can indeed produce high-purity O2 and second and more importantly to verify

the model calculation’s agreement with the experimental data in a process environment.
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BPR: Back pressure regulator
DAQ: Data acquisition
MFC: Mass flow controller
MFM: Mass flow meter
MS: Mass spectrometer
PG: Pressure gauge
PT:  Pressure transducer
T: Thermocouple
ΔP: Differential pressure transducer
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Figure 4.2: Schematic diagram of experimental VSA apparatus.

As the first attempt, a simple 3-step cycle was used to verify the model predictions. This

cycle consisted of an adsorption step at PH, evacuation step at P L, and feed pressurization

step to pressurize the column from P L to PH. All the operating conditions for the cycles are

reported in Table 4.1. In order to match the experimental pressure profiles, the pressure

profile during the pressurization step at Z = 0 was assumed to follow the following linear

form:

PZ=0 =
(PH − PL)

tFP
t+ PL (4.4)

where t is the time during the pressurization step. The depressurization profile at Z = 0

during the evacuation step was also assumed to follow the following functional from:

PZ=0 = (PL + (PH − PL)e
−λt) (4.5)

where λ is a fitting parameter and was fitted to the experimental pressure profiles during

the evacuation step. The functions in Eqs 4.4 and 4.5 were used in the simulation. The
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model prediction and the experimental pressure profiles for the simple 3-step cycle are

shown in Figure 4.3.

Figure 4.3: Comparison of experimental and simulated pressure profile experiment B.
Operating conditions are provided in Table 3. Symbols are experimental values and lines
correspond to simulation.

Cycle A and B in Table 4.1 were performed up to 25 cycles and the transient product

concentration and axial temperature profiles were monitored in order to ensure cyclic

steady-state has been reached. The effect of two different P L values on O2 purity and

recovery was investigated. Experimental oxygen purities in the product stream during the

adsorption steps in each cycle were measured with a mass spectrometer. Experimental

oxygen recovery was calculated by dividing the amount of O2 in the product stream by

the amount of O2 introduced to the column during the adsorption and pressurization

steps according to Eq 4.2. Number of moles of O2 in each of these streams were calcu-

lated for the last cycle, i.e. after reaching cyclic stead state, based on the values of the

flow, temperature, pressure, and concentration measured by the instruments in the data

acquisition system. The experimental O2 purity and recovery were later compared with
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Table 4.1: Comparison of model results and experimental measurements for processes with
95/5 (O2/Ar) as the feed.

Cycle tADS [s] tEVAC [s] tFP [s] tLR [s] FADS [ccm] P L [kPa] PuO2

exp[%] PuO2

sim[%] ReO2

exp[%] ReO2

sim[%]
A: 3-step 40 45 85 - 150 47 95.5 95.7 15.6 15.6
B: 3-step 40 45 150 - 150 13 96.5 96.5 7.9 8.2
C: Skarstrom 15 45 150 25 150 13 98.7 98.9 4.4 3.1

the values predicted by the model according to Eq 4.2. As it is summarized in Table 4.1,

experimental O2 purity and recovery were closely predicted by the model. The model

was further verified by adding a light reflux (LR) step into the cycle as described ear-

lier (experiment C in Table 4.1). All the operating conditions were the same as the ones

in experiment B, except the adsorption time which was reduced to 15 seconds and the

remaining 25 seconds of the stream leaving the column during the adsorption step was

stored in the tank and was later purged back to the column using the vacuum pump (LR

step). The first 10 cycles were performed in a similar manner as the simple 3-step and

at the eleventh cycle the configuration was switched to the Skarstrom cycle. As it can

be seen in Table 4.1, the model was able to closely predict O2 purity and recovery at

cyclic steady-state. Figure 4.4(a) shows transient experimental O2 purity in the product

stream for this experiments and the comparison with the model. Each group of points in

this figure correspond to the adsorption step in one cycle. Figure 4.4(b) depicts O2 purity

in the product with higher resolution for 95.0%-100.0% range. It can be concluded from

Figure 4.4(a) and (b) that the model was able to describe the transient trend of O2 purity

in the product as well as the purity value at the cyclic steady-state condition. As it can be

observed from Figure 4.4(c) and (d), experimental axial temperature profiles at the ther-

mocouple located at 8 cm from the column inlet was also well captured by the simulations

and further verified the model capability to predict experimental profiles. Figure 4.4(e)

also shows the experimental and simulated pressure profiles for this cycle. It is worth

noting that obtaining O2 purities higher than 99.5% requires shorter cycle time, lower

vacuum pressures, and larger fraction of the adsorption stream refluxed to the column,

all of which were not feasible due to the limitations of the current experimental design,

i.e. manual switching, single-column experiments, and air-operated vacuum pump. Now

that the efficiency of the model to describe the experimental results have been verified,

we proceed to the demonstration of the potential of the material and more advanced cycle

configurations to product high-purity O2 through the use of modeling and optimization.
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Figure 4.4: Comparison of experiments with model calculations for experiment C. Op-
erating conditions are provided in Table 4.1. Symbols are experimental values and lines
correspond to simulation. (a) Transient product purity during the adsorption steps; (b)
Axial temperature profile for thermocouple located at 8 cm from the column inlet; (c)
Transient product purity during the adsorption step with focus on high-purity range; (d)
Axial temperature profile for thermocouple located at 8 cm from the column inlet for one
cycle at cyclic steady state; (e) Experimental and simulated pressure profile.67



4.3.2 Purity-Recovery optimization

Skarstrom cycle with 95.0% O2/5.0% Ar feed

In our previous study [66], a pre-purification stage was considered to remove all the N2

and other impurities (CO2, H2O, etc.). Hence, the oxygen purification unit received a

feed containing 95.0% O2/5.0% Ar. The purity-recovery Pareto curve was obtained and

it was concluded that Ag-ETS-10 adsorbent has the ability to produce high-purity O2

(> 99.5%) using a simple Skarstrom VSA cycle. In this study, bed length L was also

included as one of the decision variables. The bounds for the decision variables are listed

in Table 4.2. PH was fixed at 100 kPa and the duration of the pressurization step tFP

was fixed at 5 seconds since this is a realistic time to pressurize a column with the di-

mensions reported in Table 2.1. The purity-recovery Pareto curve for this cycle is shown

in Figure 4.5(a) and is compared with the Pareto curve obtained for the case when the

bed length was fixed. Each point on the Pareto curve corresponds to a set of decision

variables and the trend between purity and recovery shows the trade-off range between

the two objective functions. The Pareto curve indicates that a purity value in excess of

99.0% and 99.5% can be achieved at a recovery of 14.7% and 11.1%, respectively. These

values are relatively high compared to the values obtained where L was fixed at 0.32 m

which were 11.35% and 6.9% for 99.0% and 99.5% purity, respectively. In other words, for

a fixed value of recovery, higher purity was obtained for the case of variable bed length.

It is worth noting that the effect of varying bed length is more pronounced at higher

purity values. Figure 4.5(b) shows the recovery against
tADS vF

L
, also known as bed uti-

lization factor (BUF) [72], corresponding to the Pareto front in Figure 4.5(a). This plot

indicates that for a certain value of recovery, the bed utilization factor was larger for

a column with fixed L. This was possibly due to the fact that the Ar front has moved

further into the column and could explain the lower purity obtained when L was set to

0.32 m. This hypothesis was further validated by investigating the axial profiles of O2

and Ar concentrations during the adsorption step. Figure 4.6(a) shows O2 gas phase axial

profile at the end of the adsorption step against normalized bed length for a fixed and

variable L cases. The operating conditions considered for this case study correspond to

the optimal points on the two Pareto curves in Figure 4.5(a) with O2 recovery fixed at

5.0%. The optimizer had chosen L = 1.12 m for the variable bed length case. As it can

be seen, O2 concentration front has moved further through the column compared to the

case of variable L. Figure 4.6(b) shows Ar solid phase axial profile against normalized bed

length for the same condition. This figure implies that Ar concentration front has traveled

more towards the product end of the column when the L was fixed at 0.32 m. Hence, the

product stream during the adsorption step was contaminated with Ar which can explain
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the lower O2 purity in the product stream compared to the optimization with variable L.

Table 4.2: Range of decision variables used in cycle optimizations.

Decision variable Range
tADS [s] 2− 10
tEVAC [s] 2− 10
tLR [s]* 2− 10
tHPP [s]** 0.02− 9.9
vADS [m s-1] 0.005− 0.2
P L [kPa] 3.0− 60.0
L [m]*** 0.2− 2.0
* Skarstrom and 6-step with PE and LPP

** 6-step with PE and HPP

*** Skarstrom with L as the decision variable

In a separate attempt, the effect of bed length on O2 purity for a constant BUF was

investigated and is presented in Figure 4.6(c). In this figure, BUF and tADS were fixed at

1.7 and 9.8 seconds, respectively. Bed length and feed velocity at the adsorption step were

changed such that BUF=
tADS vF

L
was constant. All other operating conditions were kept

the same for this parametric study. As it can be observed from Figure 4.6(c), O2 recovery

increases for longer beds, i.e. higher vF for a constant BUF. However, purity passes through

a maximum at values of bed length around 1.3 m. Figures 4.6(a) to (c) further confirm

the effect of bed length, as one of the operating conditions, on the performance indicators.

PSA/PVSA Skarstrom with 95.0% O2/5.0% Ar feed

In order to investigate the effect of operating pressure during the adsorption and evac-

uation step on O2 purity and recovery, pressure swing adsorption (PSA) and pressure-

vacuum swing adsorption (PVSA) Skarstrom cycles were also studied and compared with

VSA cycles. Two independent purity-recovery optimizations were performed to investigate

the possibility of using PSA and PVSA cycles for high-purity O2 production. According

to Figure 3.1, since N2 equilibrium selectivity over the other two components decreases

significantly at higher pressures, only a feed stream containing 95.0% O2/5.0% Ar was

considered for this case study. Dual-site Langmuir isotherm parameters, reported in Ta-

ble 3.1, were used to describe adsorption equilibrium in all the simulations in the section.

For PSA cycle optimization, P L was fixed at 100 kPa and PH was considered as a decision

variable with 150.0 kPa and 1500.0 kPa as the lower and the upper bounds, respectively.

For PVSA cycle optimization, PH was fixed at 500.0 kPa and P L was varied between 3.0

to 60.0 kPa. Bed length was fixed at 0.32 m for both of the optimizations. The rest of the
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Figure 4.5: Results of process optimization to maximize O2 purity and recovery for 95.0%
O2 5.0% Ar as the feed using the Skarstrom cycle. (a) Comparison of Pareto curves for the
optimization of O2 purity and recovery with fixed and variable bed lengths; (b) Variation
of recovery as a function of bed utilization factor for the Pareto points.

of the bounds for the other decision variables were similar to those reported in Table 4.2.

Figure 4.7(a) shows the corresponding purity-recovery Pareto curves for PSA and PVSA

Skarstrom cycles. This figure indicates neither PVSA nor PSA cycles were able to meet

the purity constraints (Pu > 99.0%) and have no advantage over the VSA cycle with PH

fixed at 100 kPa. The PSA cycle was able to reach 98.5% but the recovery values were

significantly lower compared to the previously studied VSA cycle. Figure 4.7(b) shows the

variation of purity against PH for the PSA cycle. The points on this figure correspond to

the optimal Pareto points in Figure 4.7(a). It can be concluded from this figure that in

order to obtain high-purity O2, there is no advantage in increasing the pressure during

the adsorption step and the optimal value lies somewhere between 200 to 300 kPa and

the VSA Skarstrom cycle performed better both in terms of purity and recovery. In a sep-

arate attempt, both PH and P L were considered as decision variables and purity-recovery

Pareto curve was obtained as shown in Figure 4.7(a). This Pareto front lies exactly over

the VSA Pareto curve with a negligible difference. This further verifies the superiority

of the VSA cycle over the PSA/PVSA cycles. It is worth noting that according to the

high pressure isotherm measurements shown in Figure 3.1, equilibrium selectivity of Ar

over O2 decreases by increasing the pressure and it implies less advantage in performing

PSA/PVSA cycles. Therefore, in this study, only VSA cycles were considered for O2 pu-

rification using Ag-ETS-10.
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Figure 4.6: Effect of bed length on axial concentration profiles and performance indicators.
L = 1.12 m was chosen by the optimizer for the variable bed length optimizations. (a)
O2 gas phase axial concentration profiles at the end of the adsorption step; (b) Ar solid
phase axial concentration profiles at the end of the adsorption step; (c) O2 purtiy and
recovery as a function of L for a fixed BUF=1.7 and tADS=9.8 s.
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Figure 4.7: Comparison of PSA, VSA, and PVSA Skarstorm cycles for high-purity O2

production form 95.0% O2 5.0% Ar feed. (a) Pareto curve for the optimization of O2

purity and recovery; (b) Variation of purity as a function of PH for the PSA cycle Pareto
points.
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6-step with PE and LPP

In a recent publication, Ferreira et al [1] proposed a VSA cycle which included pressure

equalization (PE) and light product pressurization (LPP) steps instead of feed pressur-

ization as in the Skarstrom cycle in order to improve the recovery of O2 in the raffinate

stream (Figure 4.1(b)). The decision variables and the bounds are shown in Table 4.2.

Intermediate pressure P I was also fixed based on the value of low pressure P L in such a

way that the mass balance constraints, as discussed earlier in section 4.3.2, are satisfied.

The value of L was fixed at 0.32 m similar to the column available in our laboratory. If

during the LPP step, the pressure in the column does not reach PH, the column goes

through a feed pressurization and O2 introduced to the column during this step should be

also considered in the definition of recovery in Eq.4.2. The purity-recovery Pareto curve

for this cycle, shown in Figure 4.9(a) indicates that a purity value in excess of 99.5%

and 99.8% can be achieved at a recovery of 27.3% and 23.1%, respectively. These values

are higher compared to the simple Skarstrom cycle as discussed in the previous section.

Fiererra et al [1] have reported 99.75% purity with 5.6% and 99.51% purity with 14.2%

recovery using the same cycle with Ag-LiLSX. Figure 4.9(b) shows axial profile of O2

gas phase concentration for the adsorption, evacuation, and light reflux steps at cyclic

steady state corresponding to the optimal point on the Pareto curve in Figure 4.9(a) with

O2 purity of 99.5%. At the end of light reflux step, O2 mole fraction leaving the column

at z = 0 was around 96.0% and can cause a decrease in the recovered O2 in the raffi-

nate stream. To overcome this effect, pressurizing with the heavy product might assist in

improving the recovery of the cycle and is further discussed in the following section. Op-

timization of purity-recovery values for Ag-LiLSX and the comparison with Ag-ETS-10,

using the column dimensions reported by Ferreira et al [1], is shown in Figure 4.8. Despite

the acceptable predictions by the model, the discrepancy between the predicted data and

the experimental data was possibly due to the difference in defining the pressure profiles

during the evacuation and pressurization steps. It is worth mentioning that the model

under predicts the experimental O2 purity and recovery values.
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Figure 4.8: Results of process optimization to maximize O2 purity and recovery for 95.0%
O2/5.0% Ar as the feed. Experimental data and column dimension for the simulations are
obtained form Ferreira et al [1].

6-step with PE and HPP

The main objective in designing this cycle, is to improve the recovery of the light product

by keeping the benefits of the previous cycles. Large amount of O2 is lost during the

evacuation step in the cycles discussed in the previous sections. Therefore, refluxing part

of the extract product from the evacuation step might be helpful in increasing O2 recovery.

This cycle includes a pressure equalization (PE) step and a fraction of the heavy product

leaving the evacuation step was used to pressurize the column from P L to PH. The decision

variables and their bounds are shown in Table 4.2. Bed length was fixed at 0.32 m similar

to the column available in our laboratory. If the pressure in the column does not reach PH

during the HPP step, the column will go through a feed pressurization step. Hence, O2

introduced to the column during this step should be also considered in the definition of

recovery in Eq.4.2. Figure 4.9(a) shows the purity-recovery Pareto curve obtained for this

cycle. As it can be observed, a significant improvement in the recovery was achieved by

introducing the heavy product pressurization step. Purity values in excess of 99.5% and

99.8% can be achieved at a recovery of 91.7% and 89.8%, respectively. To our knowledge,

this is the highest value of recovery reported in literature for O2 product with purity of
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99.5% using an equilibrium-based VSA cycle.
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Figure 4.9: Comparison of various cycles for high-purity O2 production. (a) Results of
process optimization to maximize O2 purity and recovery for the Skarstrom, 6-step with
PE and LPP, and 6-step with PE and HPP cycles; (b) Axial profiles of gas phase mole
fraction for the adsorption, evacuation, and light reflux steps of the 6-step cycle with PE
and LPP; (c) Axial profiles of gas phase mole fraction for the adsorption, evacuation, and
heavy product pressurization steps of the 6-step cycle with PE and HPP.

Figure 4.9(c) shows O2 gas phase mole fraction axial profiles for the adsorption, evacua-

tion, and heavy product pressurization steps corresponding to the optimal point on the

Pareto curve in Figure 4.9(a) with O2 purity of 99.5%. As it can be observed, O2 com-

position in the stream leaving the evacuation step was decreased to values around 65.0%

and pressurizing with the heavy product has assisted in pushing O2 front further towards

the product end of the column thus improving O2 recovery in the raffinate. As shown in

Figure 4.9(a), by comparing the Pareto curves for all three cycle discussed above, it can

be concluded that the 6-step cycle with PE and HPP can be considered as an effective O2
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purification VSA cycle with high values of recovery for O2 purities of more than 99.5%.

4.3.3 Energy-Productivity optimization

The optimization studies reported here confirmed the capability of Ag-ETS-10 to pro-

duce high-purity O2 at high recoveries. The ultimate test of the process is the energy

consumption and its size which determines the cost of the product. A second set of opti-

mizations were conducted in order to maximize the productivity and minimize the total

energy consumption of the VSA cycles. The range of decision variables used in this set

of optimizations is reported in Table 4.2 and was similar to the purity-recovery optimiza-

tions. Since the constraint for on-site O2 applications is on the purity, three different

O2 purity constraints (99.8%, 99.5%, and 99.0%) were imposed while conducting energy-

productivity optimizations. However, no constraint was considered for the recovery of

the cycle. The purity constraints were implemented by introducing a penalty function as

discussed in Eq. 4.3.

Productivity of each cycle is defined as the total tonnes of O2 in the product stream

divided by the volume of adsorbent per day:

Pr =
Total tonnes of O2 in the raffinate product

(Total volume of adsorbent)(Cycle time) (4.6)

Total energy consumption of the cycle is a summation of the energy required in each of

the steps in one cycle. Since the high pressure during the adsorption step was fixed at

100 kPa and was equal to the feed gas pressure, there is no energy consumed during the

feed pressurization step or similar steps such as light and heavy product pressurizations.

This argument is also valid for the pressure equalization step (PE) and as a result, adding

a PE step should assist in minimizing the total energy consumption of the cycle. The

energy consumed during the adsorption step is to overcome the frictional pressure along

the column and is described by the following equation:

EADS =
1

η
επr2in

γ

γ − 1

∫ t=tADS

t=0

vADSP (t)

[(
P (t)

Pfeed

) γ−1
γ

− 1

]
dt (4.7)

where η is the compression efficiency and is considered to be 0.72 in this study. γ is the

adiabatic constant and is equal to 1.4. P feed is the feed pressure equal to 100 kPa. During

the steps which include a decrease in the column’s pressure or are carried out at pressures
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lower than vacuum pump’s discharge pressure, energy is required to decrease the pressure

inside the column from PH to P L or keep the pressure at P L. The delivery pressure of the

vacuum pump is assumed to be 100 kPa and the total energy consumption during these

steps is calculated as the following:

Estep =
1

η
επr2in

γ

γ − 1

∫ t=tstep

t=0

v(t)P (t)

[(
Patm

P (t)

) γ−1
γ

− 1

]
dt (4.8)

where Patm is the atmospheric pressure. This equation is used when calculating the energy

consumed during the evacuation and light reflux steps. Total energy consumption for one

cycle will be calculated depending on the steps in each cycle and is reported in terms of

kilowatt hours per tonne of O2 produced.

Total energy consumption for the Skarstrom cycle is calculated using the following equa-

tion:

ET =
EADS + EEVAC + ELR

Total tonnes of O2 in the raffinate product
(4.9)

Three different purity constraints (99.8%, 99.5 %, and 99.0%) were imposed and the

corresponding energy-productivity Pareto curves are shown in Figure 4.10(a). As it can

be seen, while maximizing the productivity, more energy was required to reach the higher

purity constraints. At a purity of 99.8%, the energy required increases sharply with an

increase in the productivity. Total energy consumption for the 6-step cycle with PE and

LPP is defined similar to the Skarstrom cycle as in Eq. 4.9. However, since there is no LR

step in the 6-step cycle with PE and HPP, the total energy consumption for this cycle is

defined as the following:

ET =
EADS + EEVAC

Total tonnes of O2 in the raffinate product
(4.10)

Figure 4.10(b) and (c) show the energy-productivity Pareto curves for the two cycles.

The comparison of all three cycles for a purity constraint of 99.5% is presented in Fig-

ure 4.10(d). It can be concluded that both the 6-step with PE and LPP and the 6-step with

PE and HPP require less energy compared to the Skarstrom cycle. This can attributed to

the addition of the pressure equalization step that reduces the amount of energy required

during the evacuation step. The 6-step cycle with PE and LPP performs slightly better

compared to the 6-step cycle with PE and HPP in terms of energy consumption. However,
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it should be noted that these Pareto curves were obtained considering 95.0% O2/5.0% Ar

as the feed and N2 should be separated prior to this stage of the process. Therefore, re-

covery of the second stage, studied in this section, is an important parameter when it is

combined with the first stage, i.e. N2 removal stage. In order to identify the most opti-

mized design and combination of single- and dual-stage O2 separation processes, one needs

to calculate the total energy consumption and the productivity of the whole separation

process which requires considering the recovery of all the stages. Moreover, introducing

dry air as the feed for the two 6-step cycles described above is worth considering. This

will be the focus of Chapter 5.
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Figure 4.10: Results of process optimization to maximize O2 productivity and minimize
energy consumption for 95.0% O2/5.0% Ar as the feed. (a) Skarstrom cycle; (b) 6-step
with PE and LPP cycle; (c) 6-step with PE and HPP cycle; (d) comparison of all three
cycles for a purity constraint of 99.5% O2.
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4.4 Conclusions

In this study, multiple vacuum swing adsorption (VSA) cycle configurations for high-

purity O2 production were thoroughly studied and optimized to maximize O2 purity and

recovery. A mixture of 95.0%/5.0% O2/Ar feed was considered for the Skarstrom cycle.

Experimental 3-step and Skarstrom cycle demonstrations verified the simulations. Both

experimental purity and recovery plus the axial temperature profiles were well predicted

by the model. Considering bed length as the decision variable for the optimizations demon-

strated an enhanced recovery of 11.1% for a product stream with 99.5% O2 purity. In a

separate attempt, pressure swing adsorption (PSA) and pressure-vacuum swing adsorption

(PVSA) Skarstrom cycles were also studied in addition to VSA cycle and it was concluded

that VSA has a better performance compared to the other two cycles. Two more advance

cycles, a 6-step with pressure equalization (PE) and light product pressurization (LPP)

steps, and a 6-step with pressure equalization (PE) and heavy product pressurization

(HPP) steps, were also considered in this study to improve the recovery of the cycle. For

the 6-step with PE and LPP, the recovery of O2 obtained in the product stream for a

purity of 99.5% was 27.3%. This value was significantly improved to 91.7% for a 6-step

with PE and HPP. The second set of optimizations were conducted to maximize produc-

tivity of O2 and minimize total energy consumption of the VSA cycles. Three different

purity constraints were imposed and the Pareto curves were obtained for various cycles.

A significant improvement in the performance indicators was obtained through process

optimization for the two 6-step cycles. However, more analysis is required to compare

single-stage and dual-stage O2 VSA cycles and to identify the best design with the lowest

energy consumption and the highest productivity while meeting the purity constraints.
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Chapter 5

Optimal process design: single-stage
vs. dual-stage

Producing high-purity oxygen with purities higher than 99.5% is challenging. Oxygen at

this level of purity is required in the military and aerospace industries. In this study, the

possibility of producing high-purity O2 with silver-exchanged titanosilicates (Ag-ETS-10)

using multiple single-stage and dual-stage vacuum swing adsorption (VSA) cycle configu-

rations was investigated through cycle experiments, process simulation, and optimization.

Oxygen purity-recovery Pareto fronts for the Skarstrom cycle and 6-step cycle with pres-

sure equalization (PE) and heavy product pressurization (HPP) with dry air as the feed

was obtained. The simulations predicted 82.0% recovery for a product with 99.5% purity

for a 6-step cycle with PE and HPP and dry air feed stream. The effect of bed length

and nitrogen content in the feed on the performance indicators was also studied. Oper-

ating conditions for various cycle configurations were optimized through non-dominated

sorting genetic algorithm technique to achieve lower total energy consumption and higher

overall productivity and the Pareto fronts were compared against each other in order to

choose the best possible design. The results indicated that the single-stage 6-step cycle

with PE and HPP presents a better performance compared to the other single-stage and

dual-stage approaches. A simple graphical scheduling study was also conducted in order

to calculate the number of columns required for a continuous process using the better

performing configurations.
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5.1 Introduction

In Chapter 4, multiple vacuum swing adsorption cycles were studied for O2 purification

from a N2 free feed containing 95% O2/5% Ar using Ag-ETS-10. Three cycle configura-

tions, namely 4-step Skarstrom, 6-step with pressure equalization (PE) and light product

pressurization (LPP), and 6-step with PE and heavy product pressurization (HPP), were

considered and it was concluded that the two 6-step cycles provide a higher O2 recovery

compared to the Skarstrom cycle. The 6-step with PE and LPP showed a 27.3% O2 re-

covery for a product containing 99.5% O2. This value was significantly improved to 91.7%

for the 6-step with PE and HPP. The energy-productivity optimizations in Chapter 4

indicated a lower energy consumption for the same level of productivity for the two 6-step

cycles compared to the Skarstrom cycle and it was concluded that for a better comparison

between the configurations, N2 removal stage should be also explored.

Silver exchanged titanosilicates (Ag-ETS-10) have a very high thermodynamic selectiv-

ity compared to the other sorbents reported for O2/Ar separation [21]. Therefore, the

possibility of producing high-purity O2 in a single-stage adsorption process using this

material is worth investigating. The purpose of this study is to explore the possibility of

O2 purification from air using a single-stage separation process through experiments and

simulations and later compare the performance indicators with the possible dual-stage

O2 purification configurations. The strategy of this work in exploring multiple options is

summarized as a block diagram in Figure 5.1.

As the first step, single-stage O2 purification was studied using the Skarstrom and the

6-step with PE and HPP cycles. Simple single-column Skarstrom cycle experiments were

compared with the model predictions and the two cycles were optimized both to obtain

high O2 purity and recovery and also to minimize total energy consumption and maximize

O2 productivity. Cycle configuration and pressure profiles for these two cycles are shown

in Figure 4.1(a) and (c), respectively.
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Figure 5.1: Strategy of this study for high-purity O2 production: (a) single-stage O2 pro-
duction. (b) Dual-stage O2 production.
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The Skarstrom cycle is a simple four step cycle with the technology already available

on the market. It contains an adsorption step at high pressure PH, evacuation at low

pressure PL, light reflux at PL, and pressurization from PL to PH. Due to the simplicity

of this cycle, the possibility of single-stage O2 purification using this cycle was further

explored experimentally and is discussed in section 5.3.1. In addition to the experimental

demonstrations, the operating conditions for the Skarstrom cycle with dry air feed were

optimized through process simulation and optimization to maximize O2 purity, O2 recov-

ery, and productivity, and to minimize total energy consumption of the cycle. Skarstrom

cycle has its own advantages such as the simplicity and availability of the technology on

the market. However, as discussed in Chapter 4, to enhance O2 recovery, more advanced

cycles should be considered. The 6-step cycle with PE and HPP showed a significant

improvement in the process performance indicators when 95% O2/5% Ar was introduced

as the feed. In this study, dry air feed was also considered as the feed for this cycle and

the operating conditions were optimized both to maximize O2 purity and recovery and to

minimize total energy consumption and maximize productivity of the cycle while meeting

the purity constraint of 99.5% O2.

The other possible approach to produce high-purity O2, as shown in Figure 4.1(b), is to

perform a dual-stage process where in the first stage, N2 removal occurs with a product

rich in Ar and O2 (and some N2). This product is introduced to the second stage, where

O2 is purified to high-purity range. Multiple sorbents such as zeolite 5A, LiLSX, and Na-

ETS-10 can be used for N2 removal stage. Once the majority of N2 in the air is captured

in the first stage, the product is introduced to the second stage in order to further purify

O2. In this study, Ag-ETS-10 was considered as the sorbent for this stage. Multiple cycle

configurations can be considered for the O2 purification stage. In this study, three config-

urations namely, the Skarstrom, 6-step with PE and LPP, and 6-step with PE and HPP

were studied. These results, form the single-stage and the dual-stage energy-productivity

optimizations, were later compared with each other and a simple graphical scheduling

study was conducted in order to find the minimum number of columns required for a

continuous process in each of the configurations.

82



5.2 Materials and methods

5.2.1 Materials

In this study, the Skarstrom cycle using zeolite 5A was considered for the first stage due to

the availability of the experimental isotherm data for N2 and O2 at multiple temperatures

[73]. The fitted dual-site Langmuir adsorption isotherm model parameters for N2 and

O2 adsorption on zeolite 5A are shown in Table 5.1. It is worth noting that adsorption

isotherm model parameters for Ar were considered to be identical to the ones for O2 since

zeolite 5A has no thermodynamic selectivity for Ar over O2. The optimization of the

operating conditions of this stage to maximize productivity and minimize total energy

consumption for different levels of N2 content in the product of this stage is presented in

section 5.3.1.

Table 5.1: Fitted Langmuir adsorption parameters for N2 and O2 on zeolite 5A.

Parameter N2 O2

b0 (m3 mol-1) 6.81× 10−7 1.55× 10−6

qs (mol kg-1) 2.7 2.72
−ΔU i (kJ mol-1) 20.83 16.69

The Ag-ETS-10 extrudates used in this study were similar to the ones reported earlier [66]

made by using the hydrothermal method [22, 55] to synthesize Na-ETS-10 and later ex-

changed with silver nitrate to form Ag-ETS-10. The physical properties of the samples

used in the simulations were similar to the onces reported in our earlier publication [66].

Adsorption isotherms of N2, O2, and Ar at 303.15 K, 323.15 K, and 343.15 up to 115 kPa

were measured using the volumetric technique and are shown in Figure 2.2. The single-site

Langmuir model parameters are also reported in Table 2.2.

5.2.2 Cycle configurations

The first design investigated in this study was the Skarstrom cycle. Multiple feed streams,

i.e. product streams from the first stage, with various N2 concentrations were used for the

energy-productivity optimization. The results of this optimization was later combined with

the N2 removal stage optimization to calculate the overall energy-productivity values and

is discussed in the result and discussion section. The other two possible cycle configurations

explored in this study for the second stage, were the 6-step cycle with PE and LPP and
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the 6-step cycle with PE and HPP. The cycle configurations and pressure profiles of

these two cycles are shown in Figure 4.1(b) and (c), respectively. It was assumed that

these two cycles receive a nitrogen free feed containing 95% O2/5% Ar. The energy-

productivity optimization results for these two cycles were presented in Chapter 4 and

is used to calculate the overall energy-productivity values for the dual-stage processes.

The column dimensions and adsorbent properties used in the simulation were identical to

those reported earlier [66] and are summarized in Table 2.1.

5.2.3 Cycle optimization

Similar to our previous study, the purity-recovery and energy-productivity optimizations

were performed by implementing the non-dominated sorting genetic algorithm II (GA)

in MATLAB global optimization toolbox. Fifty generations, with a population size equal

to 24 times of the number of decision variables, were created by the GA. The initial

population was created using latin hypercube sampling (LHS) to prevent bias towards the

bounds of the decision variables. A desktop workstation with two 12-core INTEL Xeon

2.5 GHz processors and 128 GB RAM was used to conduct the parallelized optimizations.

Two sets of optimization were conducted in this study. The first set was the optimization

of the operating conditions for the Skarstrom cycle and the 6-step cycle with PE and

HPP to maximize O2 purity and recovery for the single-stage adsorption processes. The

second optimization analysis was conducted to minimize total energy consumption and

maximize productivity of each of the cycles. The objective functions and the decision

variables used in the optimization were similar to Chapter 4. The bounds for the decision

variables are listed in Table 5.3. High pressure during the adsorption step PH was fixed

at 100 kPa and the duration of the pressurization step tFP was fixed at 5 seconds since

this is the realistic time to pressurize a column with the dimensions reported in Table 2.1.

The purity constraint for the energy-productivity optimizations was fixed at 99.5% O2.

5.3 Results and discussion

5.3.1 Single-stage production of high-purity oxygen

Single-stage O2 purification from air is preferred over a two-stage process due to its sim-

plicity and the reduction in the number of fluid movers that are required in the process. In

this study, the possibility of producing high-purity O2 in a single stage using Ag-ETS-10

was explored experimentally and later two cycle configurations, namely the Skarstrom
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and 6-step with PE and HPP cycles were optimized both for O2 purity-recovery and

energy-productivity values and were compared against each other.

Experimental demonstration

A modified version of the dynamic column breakthrough apparatus described in our ear-

lier publication [66] was used to run simple VSA cycle experiments using only one column.

The schematic diagram of the apparatus is shown in Figure 4.2. Flow directions were con-

trolled by manual switchings of the valves and a tank was used to store the exit stream

during the adsorption step and was used later for the light reflux step. All the experiments

were done at 293.15 K and 100 kPa with dry air (78.0% N2, 21.0% O2, and 1.0% Ar) as

the feed.

The simple 4-step Skarstrom cycle experiments were conducted and the results were com-

pared with the model predictions. Adsorption (ADS) and evacuation (EVAC) steps were

performed at PH and P L, respectively. The light reflux step (LR) was conducted at P L

and the pressurization (PRESS) step with the feed stream was performed to pressurize

the column from P L to PH. Two experiments with the operating conditions reported in

Table 5.2 were conducted in this study. Cycle A and B in Table 5.2 were performed up to

55 cycles, with the first 11 cycles being a simple 3-step without the light reflux step. At

the twelfth cycle, the configuration was switched to the Skarstrom cycle and the transient

product concentration and axial temperature profiles were monitored in order to ensure

cyclic steady-state has been reached. The effect of two different durations of the light reflux

step (tLR) on O2 purity was investigated while the other operating conditions were kept

constant between the two experiments. As it is summarized in Table 5.2, experimental O2

purity was closely predicted by the model for experiment B. However for experiment A,

a difference of 0.8% in the purity values was observed. This was believed to be due to the

limitations in the current experimental apparatus design such as the manual switching,

single-column experiments, and air-operated vacuum pump. For instance, although the

single-column design assisted in mimicking the two-column Skarstrom configuration, but

it caused an uncertainty in the O2 concentration filling the reflux tank. Once the product

stream was directed to the tank during the adsorption step as shown in Figure 4.2, since

the tank was already under vacuum from the previous light reflux step in the prior cycle,

a sudden drop in the pressure (∼ 10 kPa) inside the adsorption column was noticed due

to the pressure equilibration between the column and the tank. This might possibly result

in a decrease in the purity of the O2 heading to the reflux tank, i.e. later used during

the LR step, and might effect the O2 purity in the product. However, it should be noted

that the high purities obtained using the simple Skarstrom cycle verified the capability
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of Ag-ETS-10 for high-purity O2 production in a single-stage process. It is also worth

noting that calculating the experimental recovery of the cycles was not possible because

the outlet flow rates were over the measurement range of the flow meter at the exit of the

column.

Figure 5.2(a) shows the transient experimental O2 purity in the product stream for ex-

periment A and the predictions from the model. The points on this figure corresponds

to the purity of the stream leaving the adsorption step in each of the 55 cycles. Fig-

ure 5.2(c) shows the O2 purity in the product with more focus on the high-purity range.

Figures 5.2(a) and (c) indicate that except the first initial cycles, the model was able to

predict the transient trend of O2 purity in the product. The discrepancy in the initial

cycles might be due to the atmospheric air already present in the tubings and valves

since the mass spectrometer detected N2 presence in the stream for the first few cycles.

Experimental temperature profiles were also fairly well described by the simulations as

shown in Figure 5.2(b) and (d). Conducting rapid VSA cycles were limited in this study

due to the manual switching of the valves and the power of the vacuum pump used for

the evacuation step. In order to evacuate the column used in this study with the air-

driven pump, minimum time of the evacuation step had to be 60 seconds which limited

the implementation of rapid cycles. More experiments with a stronger vacuum pump, two

adsorption columns, and shorter adsorption times should be conducted in order to further

explore the possibility of high-purity O2 production in a single-stage process.

Table 5.2: Operating conditions for the experimental cycle demonstrations.

Cycle tADS [s] tEVAC [s] tFP [s] tLR [s] FADS [ccm] P L [kPa] PuO2

exp[%] PuO2

sim[%]
A: Skarstrom 20 60 90 15 900 14 98.6±0.2 99.4
B: Skarstrom 20 60 90 8 900 14 97.2±0.2 97.4
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Figure 5.2: Skarstrom VSA cycle experiments. Symbols are experimental values and lines
correspond to simulation. (a) transient product purity during the adsorption steps; (b)
axial temperature profile for thermocouple located at 8 cm from the column inlet; (c)
transient product purity during the adsorption steps with focus on high-purity range; (d)
axial temperature profile for thermocouple located at 8 cm from the column inlet for one
cycle at cyclic steady state; (e) Experimental and simulated pressure profile.
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Purity-recovery optimization

As stated in the introduction, in this study a dry air feed (78.0% N2, 21.0% O2, 1.0%

Ar) was introduced to the column and the operating conditions were optimized for higher

purities and recoveries. The bounds for the decision variables are listed in Table 5.3. Bed

length was fixed at 0.32 m similar to the column available in our laboratory and PH was

fixed at 100 kPa. Two cycle configurations, the Skarstrom and the 6-step with PE and

HPP were considered for the single-stage O2 purifications. Purity and recovery of the

Skarstrom cycle is defined as:

PuO2
=

nADS out
O2

− nLR in
O2

nADS out
totol − nLR in

total

ReO2
=

nADS out
O2

− nLR in
O2

nADS in
O2

+ nFP in
O2

(5.1)

where n is the number of moles collected during the corresponding step. Figure 5.3 shows

the purity recovery Pareto front for the Skarstrom cycle which indicates 99.5% O2 purity

can be obtained at 11.7% recovery. This shows the ability of Ag-ETS-10 to produce high-

purity O2 from air in one stage due to its higher Ar/O2 selectivity compared to other

selective sorbents. However, it should be noted that according to Figure 5.3, it is not

possible to obtain ultra high-purity O2 (PuO2
> 99.9%) with the Skarstrom cycle. As

presented in Chapter 4, the 6-step VSA cycle with PE and HPP improved O2 recovery

since part of the stream leaving the evacuation step is refluxed to the column to pressurize

the column. This cycle showed a promising O2 recovery of 91.7% for a 99.5% O2 purity

for a feed stream containing 95% O2/5% Ar. In this study, a single-stage O2 purification

using the same cycle was studied. The decision variables and their bounds are shown in

Table 5.3. In order to calculate the intermediate pressure P I, the amount of mass leaving

the donor column during the PE step should be the same as the amount introduced to the

receiver column. This value depends on the P L and the ratio of θ =
tHPP
tADS

chosen by the

optimizer. To satisfy this condition, P I was calculated prior to each cycle simulation by a

3-dimensional interpolation based on the values of P L and θ chosen by the optimizer for

every set of decision variables. The 3-dimensional space was created prior to starting the
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Figure 5.3: Results of process optimization to maximize O2 purity and recovery for 6-step
cycle with PE and HPP VSA and dry air feed.

optimization. Oxygen purity and recovery in this cycle were calculated as the following:

PuO2
=

nADS out
O2

nADS out
totol

ReO2
=

nADS out
O2

nADS in
O2

(5.2)

Table 5.3: Range of decision variables used in VSA cycle purity-recovery and energy-
productivity optimizations.

Decision variable Range
tADS [s] 2− 10
tEVAC [s] 2− 10
tLR [s]* 2− 10
tHPP [s]** 0.02− 9.9
vADS [m s-1] 0.005− 0.2
P L [kPa] 3.0− 60.0
* Skarstrom and 6-step with PE and LPP

** 6-step with PE and HPP
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The HPP step was followed with a feed pressurization step if the pressure in the column

did not reach PH during the HPP step and the O2 introduced to the column during this

step should be also added to the denominator of the definition of recovery in Eq. 5.2.

Figure 5.3 shows the purity-recovery Pareto curve obtained for this cycle. As it can be

observed, purity values in excess of 99.5% and 99.8% can be achieved at a recovery of 82.0%

and 79.5%, respectively. To our knowledge, this is the highest value of recovery reported in

literature for O2 product with purity of 99.5% using a single-stage equilibrium-based VSA

cycle with dry air as the feed. It is worth mentioning that for on-site applications, similar

to the ones for 99.5% O2, equipment size is an important design parameter and although

the feed for this separation, i.e. atmospheric air, is abundant, higher value of recovery

reduces the size of the unit. In addition to this, other impurities in the air such as CO2

and H2O should be also removed prior to O2 purification unit and the higher the recovery

of the unit, the lesser energy is consumed to remove the impurities. Energy-productivity

optimization with O2 purity constraint of 99.5% for this cycle is discussed in detail in the

following section.

Energy-productivity optimization

A second set of optimizations were conducted on the operating conditions to minimize to-

tal energy consumption and maximize the productivity of the cycles. These optimizations

were used to compare different possible approaches to purify O2. The range of decision

variables used were similar to the purity-recovery optimizations reported in Table 5.3.

Oxygen purity constraint of 99.5% O2 was implemented by introducing a penalty func-

tion. Productivity is defined as the total tonnes of O2 in the product stream divided by

the volume of adsorbent per day:

Pr =
Total tonnes of O2 in the raffinate product

(Total volume of Ag − ETS− 10)(Cycle time) (5.3)

Total energy consumption for one cycle is calculated depending on the type of steps in

each cycle and is reported in terms of kilowatt hours per tonne of O2 produced per cycle.

Similar approach to the one in Chapter 4 was used in this study to calculate total energy

consumption in each of the cycles discussed above and is summarized in Table 5.4.

A rigorous optimization was conducted to minimize the total energy consumption and

maximize O2 in the single-stage Skarstrom and 6-step with PE and HPP cycles and

the energy-productivity Pareto fronts are shown in Figure 5.4(d). This figure indicates
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that the single-stage 6-step cycle with PE and HPP showed a significantly lower energy

consumption for the same level of O2 productivity compared to the single-stage Skarstrom

cycle. As it was explained earlier, this configuration enhances O2 recovery since part of

the extract product is used to pressurize the column and saves power with the addition

of the pressure equalization (PE) step. These results were compared with the dual-stage

configurations and is discussed in the next section.

Table 5.4: Equations used for the calculation of total energy consumption in the VSA
cycles.

Asdorption step EADS =
1

η
επr2in

γ

γ − 1

∫ t=tADS

t=0

vADSP (t)

[(
P (t)

Pfeed

) γ−1
γ

− 1

]
dt (5.4)

Evacuation and light reflux steps Estep =
1

η
επr2in

γ

γ − 1

∫ t=tstep

t=0

v(t)P (t)

[(
Patm

P (t)

) γ−1
γ

− 1

]
dt (5.5)

Skarstrom and 6-step with PE and LPP cycles ET =
EADS + EEVAC + ELR

Total tonnes of O2 in the raffinate product
(5.6)

6-step with PE and HPP cycle ET =
EADS + EEVAC

Total tonnes of O2 in the raffinate product
(5.7)

5.3.2 Dual-stage production of high-purity oxygen

The possibility of producing high-purity O2 in a dual-stage process was also studied in

this work. In this approach, as shown in Figure 5.1(b), air feed undergoes a N2 removal

stage (stage 1) where the majority of nitrogen is captured from the air. The product

stream, which is rich in Ar and O2 is introduced to the O2 purification stage (stage 2) to

reach the desired purity of O2. In this section, each of these two stages were optimized

independently and were later combined using an analytical approach to calculate the

overall performance indicators of the process. The results are later compared with the

performance of the single-stage processes described earlier.

Optimization of nitrogen removal stage

The approach discussed in section 5.2.2 was used to conduct the energy-productivity

optimization for the N2 removal stage using the Skarstrom cycle with zeolite 5A. The

values of total energy consumption En1, and productivity Pr1 of this stage will be later

used for the overall energy-productivity calculation. The maximum O2 purity that can

be obtained from dry air using zeolite 5A is 95.0% since zeolite 5A has no selectivity for

Ar/O2. In addition to the product containing 95.0% O2/5.0% Ar, three product streams

with different nitrogen content varied between 30.0% to 70.0% and the rest balanced

with O2 and Ar were considered in the optimization. The ratio of
yO2

yAr
was kept equal

to 21.0 (i.e. same ratio of O2/Ar in air) for all the product streams. Each of these four
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N2 purity concentrations in the product stream was set as a constraint for the simulation

and the corresponding energy-productivity Pareto curves were obtained by optimizing the

operating parameters within the bounds shown in Table 4.2 and the results are shown

in Figure 5.4(a). This figure indicates total energy consumption of the N2 stage (En1)

increases while the productivity (Pr1) drops by tightening the purity constraint on the

N2 content in the product stream of this stage, i.e. smaller N2 concentration. The product

of this stage is directed to the O2 purification stage discussed in the next section.
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Figure 5.4: Results of process optimization to maximize O2 productivity and minimize en-
ergy consumption for dry air feed delivering 99.5% O2 product. (a) first stage: Skarstrom
cycle with zeolite 5A delivering product with different levels of N2 content; (b) second
stage: Skarstrom cycle with Ag-ETS-10 with different levels of N2 content in the feed;
(c) comparison of multiple dual-stage O2 purification approaches with the single-stage
Skarstrom. Volume of adsorbent in the productivity values for the dual-stage configura-
tions is the cost normalized volume of Ag-ETS-10; (d) comparison of four possible cycle
designs for O2 purification.
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Optimization of oxygen purification stage

Similar to the previous section, in addition to the feed containing 95.0% O2/5.0% Ar,

four feed streams with different nitrogen content varied between 30.0% to 78.0% (i.e.

yN2
in the air, already presented in section 5.3.1) and the rest balanced with O2 and Ar

were introduced to the column. These concentrations were identical to the ones presented

in Figure 5.4(a). Each of these five different feed compositions were set as an input for

the simulation and the corresponding purity-recovery Pareto curves were obtained by

optimizing the operating parameters within the bounds shown in Table 4.2. The Pareto

curves for purity-recovery optimization are shown in Figure 5.5. Interestingly, it can be

observed that except for the ultra high-purity region (PuO2
> 99.9%), the recovery of O2

in the product stream for a particular value of oxygen purity increases with an increase

in the N2 content in the feed stream. For instance, O2 recovery for a raffinate stream

containing 99.5% O2 reaches 11.7% when air (78.0% N2) is fed into the column during the

adsorption step compared to 7.0% recovery when the feed contains no N2. This effect can

be further explained by comparing the axial concentration profiles of N2 and O2 for the

conditions at which a purity of 99.5% is achieved, as shown in Figure 5.6. In this figure,

gas phase axial concentration profiles of N2 at the end of the evacuation step at cyclic

steady state normalized against yN2
in the feed, and O2 solid phase axial concentration

profiles for the same step is plotted for three different compositions of N2 in the feed. As

it can be observed in Figure 5.6(a), increasing N2 content in the feed stream saturates

the feed end of the column with nitrogen since it is the heavier component, and N2 front

moves further towards the product end for higher values of yN2
in the feed. This results

in pushing the O2 front to the product end and avoids losing O2 during the evacuation

step. This effect is clearly visible in Figure 5.6(b) and can explain the improvement in O2

recovery for higher N2 content as discussed earlier in Figure 5.5. However, additional N2

content in the feed stream results in higher energy consumption during the evacuation

step and lower oxygen productivity for that cycle. Hence, a detailed comparison should

be made in order to compare a single-stage with a two-stage oxygen separation process.

This effect is extensively discussed in the next section.

Similar approach to the one for the first stage was applied for the energy-productivity

optimization of the second stage, i.e. O2 purification using the Skarstrom cycle with Ag-

ETS-10, and the results are shown in Figure 5.4(b). The purity constraint in the product

stream for this set of optimization was 99.5% O2 and multiple feed streams with N2

concentrations, similar to those reported in Figures 5.5 and 5.4(a), were introduced to

the second stage. As it can be observed from Figure 5.4(b), to obtain 99.5% O2 in the

product, more energy (En2) was required to purify a feed containing more N2. However,
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the productivity of the second stage (Pr2) stays within the same range in spite of N2

concentration level in the feed stream (product of the first stage). The results presented

in Figures 5.4(a) and (b) were combined using an analytical approach to calculate the

overall energy-productivity values and are further discussed in the next section.
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Figure 5.5: Results of process optimization to maximize O2 purity and recovery for
Skarstrom VSA cycle with different N2 content in the feed.

Optimal design

An analytical approach was used in order to calculate the overall productivity and total

energy consumption of the dual-stage separation processes introduced in the previous

sections. Productivity is defined as the total tonnes of O2 in the product stream divided

by the total volume of adsorbent per day. Therefore, overall productivity for a dual-stage

process can be calculated as:

Prtotal =
Pr2

1 + Pr2 α
Pr1Re2 (5.8)
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Figure 5.6: Effect of N2 content in the feed on the concentration profiles: (a) Normalized
N2 gas phase axial concentration profiles of the Evacuation step (normalized against yN2

in the feed); (b) O2 solid phase axial concentration profiles of the Evacuation step in the
Skarstrom cycle.

where 1 and 2 correspond to the first and second stages, respectively. Since productivity

is defined per unit volume of the adsorbent and different materials were used in each of

the two stages, volume of the sorbent used in the first stage was correlated to the volume

of the sorbent used in the second stage through parameter α. This constant is defined as

the ratio of the cost of unit volume of the sorbent used in the first stage (N2 removal) over

the cost of unit volume of the material used in the second stage (O2 purification). This

assisted in normalizing the volumes based on the price of the adsorbent in the market and

offered a proxy for the capital cost involved using different configurations. In this study,

α for zeolite 5A over Ag-ETS-10 was considered to be equal to 0.05 based on the prices

available in the market [74]. Therefore, all the overall productivity values reported are in

tonne of O2 produced per cost normalized volume (CNV) of Ag-ETS-10 per day.

Total energy consumption is reported in terms of kilowatt hours per tonne of O2 produced

per cycle. Hence, overall energy consumption of a dual-stage process is defined as:

Entotal =
En1

Re2
+ En2

(5.9)

where En1 and En2 correspond to the total energy consumption of the first and the second

stage, respectively. It is worth noting form Eqs. 5.8 that the and 5.9 recovery of the second

stage plays an important role in the overall productivity and total energy consumption.

In other words, the higher the recovery of the second stage, the lesser energy should be
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spent in the first stage since the product of the N2 removal stage is introduced to the O2

purification stage.

The method introduced through Eqs. 5.8 and 5.9 was used to calculate the overall pro-

ductivity and energy consumption of the process by combing the values in Figures 5.4(a)

and (b). The values used for En2 and Pr2 in Eqs. 5.8 and 5.9 correspond to the points

with lowest energy consumption in Figure 5.4(b). Figure 5.4(c) shows the overall energy-

productivity fronts for different concentrations of N2 entering the second stage and the

comparison with the single-stage Skarstrom O2 purification with dry air as the feed dis-

cussed in section 5.3.1. This figure clearly presents the advantage of the single-stage pro-

cess over the dual-stage options in terms of total energy consumption. Overall energy

consumption decreases by increasing the N2 content in the middle product stream form

the nitrogen removal stage. According to Eq. 5.9, this could be due to the low O2 recov-

ery in the Skarstrom cycle and therefore, it was concluded that there was no advantage

in using the Skarstrom cycle configuration for the O2 purification stage in a dual-stage

process.

As discussed in the previous chapter, the 6-step with PE and LPP and the 6-step with

PE and HPP cycles could deliver 99.5% O2 at 27.3% and 91.7% recovery, respectively and

considering these two cycles as the second stage might be more beneficial compared to the

Skarstrom cycle. It is worth noting that since recovery was not imposed as a constraint for

the energy-purity optimizations, the points on the energy-productivity Pareto fronts do

not necessarily have the same recovery as the ones on the purity-recovery Pareto fronts.

However, the chances of achieving a higher recovery in the energy-productivity optimiza-

tion for a cycle which performed better in the purity-recovery optimization, is still higher.

Therefore, the possibility of using the other two 6-step cycles was investigated through

Eqs. 5.8 and 5.9 and the results are shown in Figure 5.4(d). The points with the lowest

energy consumption reported in Figure 4.10(d) were used for Pr2 and En2 and the values

for the Skarstrom cycle delivering 95.0% O2 and 5.0% Ar with zeolite 5A was considered

for Pr1 and En1 in Eqs. 5.8 and 5.9.

Figure 5.4(d) indicates that compared to the single-stage Skarstrom design, higher pro-

ductivity was obtained at the same level of energy consumption using the 6-step with

PE and LPP or the 6-step with PE and HPP cycles. The energy consumption was lower

for the 6-step cycle with PE and HPP which was predominantly due to higher recoveries

achieved in this configuration according to Eq.5.9. As it can be observed, the single-stage

O2 purification using the 6-step cycle with PE and HPP presents a better performance

compared to the other approaches with significantly lower energy consumption for the

same range of productivity. The final comparison between the four possible approaches

presented in Figure 5.4(d) was to conduct a graphical scheduling for the optimal points
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on the energy-productivity Pareto fronts and is discussed in the next section.

5.3.3 Cycle scheduling

PSA scheduling is an important step for practical implementation of various cycle con-

figurations and it becomes complicated to ensure the continuity of the feed stream due

to the many constraints of the cycle configurations. In this study, the strategy employed

to optimize the cycles in the energy-productivity optimizations, does not necessarily link

up into a continuous process and idle times should be added between various stages to

achieve a continuous process. It is also impractical to have too many beds to achieve

a continuous cycle for an on-site oxygen purification unit. Therefore, the scheduling of

the stages should be performed such that the optimal idle time and minimum number

of columns are obtained. In addition to the stated limitations, the other challenge is to

find the best position to add the idle times. Given the wide range of operating conditions

and the constraints mentioned above, it is necessary to develop a standard method for

scheduling of the cycles to ensure all the constraints are met.

For the cycle configurations that were discussed in this study, more constraints should

be considered, such as the pressure equalization donor and receiver beds must align and

the light reflux (LR) step should start while the adsorption (ADS) step is happening in

another column. A simple algorithm was written based on the graphical methodology

proposed by Mehrotra et al [75] and programmed with all such constrains as an inputs.

The optimal operating times of the steps for the points on Figure 5.4 were introduced to

the algorithm. This program added idle times at certain positions in-between the steps

to make the cycle continuous while also keeping the idle times small. The operating con-

ditions with the shortest idle times for the least number of beds is then chosen for the

scheduling and is shown in Figures 5.7 and 5.8.

Scheduling the optimized Skarstrom cycles, reported in Figure 5.4, for both zeolite 5A and

Ag-ETS-10 were performed with the two constraints of having a continuous feed and the

alignment of the adsorption and the light reflux steps. The idle times were added between

the evacuation and light reflux steps to meet the latter constraint. The Skarstrom con-

figuration with the least number of beds is shown in Figure 5.8(a) and Figure 5.7(a) for

zeolite 5A and Ag-ETS-10, respectively. The duration of the adsorption steps are shown

on the top left hand side of the figures. As it can be seen, a minimum of four columns

are required to achieve a continuous process for both. However, the configuration in Fig-

ure 5.8(a) (zeolite 5A) should be followed by a second stage to purify O2 to 99.5% whereas

the configuration in Figure 5.7(a) is a single-stage process using Ag-ETS-10. As discussed

earlier, two other cycles, the 6-step with PE and LPP and the 6-step with PE and HPP
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were considered for the O2 purification stage in the dual-stage process. The points with

the lowest energy consumption reported in Figure 4.10(d) were used for the scheduling of

these two cycles becasue according to Eqs. 5.8 and 5.9, these points offer the lowest energy

consumption for the two stages together. Scheduling of the 6-step cycle with PE and LPP

was done similarly with the constraints mentioned for the Skarstrom cycle plus the full

alignment of the pressure equalizations donor (PE-D) and receiver (PE-R) columns. The

light product pressurization steps (LPP) was implemented so that it always started after

the LR step while aligned with the adsorption step. The idle times were added in-between

the LR step and the PE to achieve the aforementioned goals. Figure 5.8(b) shows the

corresponding results for this cycle. This figure indicates four columns of Ag-ETS-10 are

required in addition to the four columns of zeolite 5A in the first step shown in Fig-

ure 5.8(a). Scheduling of the 6-step cycle with PE and HPP, was performed such that

the heavy product pressurization step was aligned with the evacuation step in addition to

the constraint for the PE-D and PE-R steps. The corresponding configuration is shown

in Figure 5.8(c) and Figure 5.7(b) for the dual-stage and single-stage configurations, re-

spectively. As observed, only three columns with a very short idle time are required when

the 6-step cycle with PE and HPP is used for the O2 purification stage. This is in ad-

dition to the four columns of zeolite 5A required for the N2 removal stage as shown in

Figure 5.8(a) and further verifies the advantage of this cycle over the 6-step cycle with

PE and LPP (Figure 5.8(b)). According to Figure 5.7(b), minimum eight columns are

required for a continuous single-stage O2 purification to 99.5% using the 6-step cycle with

PE and HPP. This might add complication in terms of performing an on-site O2 purifi-

cation from air due to the more number of column required in this cycle compared the

four column single-stage Skarstrom cycle shown in Figure 5.7(a). However, as discussed

earlier, higher O2 recoveries can be obtained using the 6-step cycle with PE and HPP

with lower total energy consumption. More detailed optimization taking into account the

scheduling and the minimum number of columns can also assist in better identifying the

optimal design.
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Figure 5.7: Cycle scheduling for the optimal operating conditions. Idle times are shown
in gray blocks: (a) single-stage Skarstrom cycle using Ag-ETS-10 for O2 purification. (b)
single-stage 6-step cycle with PE and HPP using Ag-ETS-10 for O2 purification. The
black blocks indicate the HPP step.

Figure 5.8: Cycle scheduling for the optimal operating conditions. Idle times are shown in
gray blocks: (a) Skarstrom cycle using zeolite 5A for N2 removal (stage 1). (b) 6-step cycle
with PE and LPP using Ag-ETS-10 for O2 purification (stage 2)(c) 6-step cycle with PE
and HPP using Ag-ETS-10 for O2 purification (stage 2). The black blocks indicate the
HPP step.
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5.4 Conclusions

In this study, the possibility of producing O2 with 99.5% purity from dry air in a single-

stage VSA cycle was explored. Simple single-column Skarstrom cycle experiments were

performed and O2 with purity of 98.6% was obtained from a dry air feed stream. Although

the purity values were lower than the model predictions, possibly due to the experimental

limitations in this study, the high purities obtained using the simple Skarstrom cycle ver-

ified the capability of Ag-ETS-10 for high-purity O2 production in a single-stage process.

The effect of N2 content in the feed on the product purity and recovery was studied and

it was concluded that increasing N2 content in the feed stream saturates the feed end of

the column with nitrogen. This results in pushing the O2 front to the product end and

avoids losing O2 during the evacuation step. Thus, O2 recovery was slightly higher when

N2 concentration in the feed was larger. The simulations predicted 82.0% recovery for a

product with 99.5% O2 purity for a 6-step cycle with PE and HPP and dry air feed stream

which verified the advantage of this cycle over the other possible designs.

The second set of optimizations were conducted in order to minimize total energy con-

sumption and maximize overall productivity of multiple single-stage and dual-stage O2

purification approaches. A detailed comparison was performed between a group of cycles

with zeolite 5A as the adsorbent used for N2 removal stage while delivering various levels

of N2 concentration in the product. This product stream was later fed to the O2 purifica-

tion stage where Ag-ETS-10 was used and the energy-productivity optimization results

were compared with the single-stage Skarstrom cycle using Ag-ETS-10. The comparison

presented no advantage in performing a dual-stage O2 purification when the Skarstrom

cycle was used for both of the stages. However, using the 6-step cycle with PE and LPP

or the 6-step cycle with PE and HPP for the O2 purification stage showed a higher pro-

ductivity compared to the single-stage Skarstrom cycle. A rigorous energy-productivity

optimization was conducted for the single-stage O2 purification using the 6-step cycle

with PE and HPP and it was concluded that this approach presents a better performance

compared to the other cycle configurations with significantly lower energy consumption

for the same values of productivity. A simple graphical scheduling was also conducted for

the optimal points for the better performing designs. The minimum number of columns

required for a continuous process was 4 for the single-stage Skarstrom and 8 for the single-

stage 6-step cycle with PE and HPP. This value was 8 (i.e. 4+4) for a dual-stage process

with the Skarstrom cycle for the N2 removal stage plus the 6-step cycle with PE and LPP

for the O2 purification stage. When the 6-step cycle with PE and HPP was used as the

second stage, the minimum number of columns were 7 (i.e. 4+3).
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Chapter 6

Concluding remarks

6.1 Conclusions

In this thesis, the capability of silver-exchanged titanosilicates (Ag-ETS-10) for high-

purity O2 production was investigated through material characterization, detailed dy-

namic lab-scale experiments, process modeling and simulation, process optimization, and

experimental validation of vacuum swing adsorption (VSA) cycles. Despite the challenges

in O2 purification, such as the similar boiling points and molecular sizes of O2 and Ar,

Ag-ETS-10 has shown the capability to separate these two components based on their

thermodynamics affinities. Since O2 is the lightest component on this material, i.e. with

the lowest adsorption affinity, Ag-ETS-10 has a great potential for high-purity O2 produc-

tion with the current adsorption technologies available and possibly with newly designed

adsorption cycle configurations. The main objective of this study was to evaluate this

potential at larger scales and design adsorption processes with optimized operating pa-

rameters in order to improve performance indicators such as O2 purity and recovery, O2

productivity and total energy consumption of the cycles. To achieve this goal, a reliable

lab-scale adsorption apparatus, a generic mathematical model that includes all possible

transport effects, and a powerful optimization toolbox, all of which was developed as a

part of this study, was required.

In the first chapter, an introduction on the current technologies available for high-purity

O2 production was provided. Basics of adsorption separation processes was elaborated

and an overview on the simulation and optimization of pressure swing adsorption (PSA)

processes and the objectives of this thesis were provided. In Chapter 2, low-pressure

adsorption isotherms of N2, O2, and Ar on Ag-ETS-10 extrudates at 303.15 K, 323.15

K, and 343.15 K were obtained and fitted to single-site Langmuir model. Experimental
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breakthrough profiles of various gas mixtures were measured using a laboratory scale

dynamic column breakthrough apparatus, constructed as a part of this study, to validate

the large-scale performance of the adsorbent. These profiles were modeled by writing

detailed mass and energy balances and solve the resulting partial differential equations

using finite volume technique. The model was able to predict experimental profiles of mole

fraction and temperature well. Binary equilibrium of Ar/O2 was also well predicted by

single-site extended Langmuir model. The validated model was later extended to develop

the simple Skarstrom vacuum swing adsorption cycle to further explore the capability

of Ag-ETS-10 for high-purity O2 production from a feed containing 95% O2/5% Ar. A

parametric study on the effect of the low pressure P L on the cycle performance suggested

multi-objective optimization of the cycle to satisfy objective functions. This cycle was

optimized and purity-recovery Pareto curves were obtained by using genetic algorithm.

The results verifies the ability of Ag-ETS-10 to produce high-purity O2 in excess of 99.0%

with recovery of 11.35% using the simple Skarstrom VSA cycle.

In Chapter 3, high-pressure adsorption isotherms of N2, O2, and Ar on Ag-ETS-10 at

303.15 K, 323.15 K, and 343.15 K were obtained and fitted to dual-site Langmuir model.

The effects of flow rate, temperature, pressure, and particle size on the breakthrough pro-

files of N2, O2, and Ar and their mixtures on Ag-ETS-10 extrudates and granules were

investigated using the laboratory scale dynamic column breakthrough apparatus. The

model developed earlier was used to predict the experimental temperature and concentra-

tion profiles. Using fundamentals of fluid dynamics and mass transfer, it was concluded

that the sharper profiles obtained at higher inlet velocities were likely due the change in

the hydrodynamics of the system (i.e. larger Peclet numbers) rather than external film

resistance. The effect of temperature on the breakthrough profiles was also studied and

the result indicated that the shape of the concentration fronts were governed by the equi-

librium rather than mass transfer effects. The same conclusion was reached by exploring

the effect of pressure on N2 breakthrough profiles. In a separate attempt, N2 concentration

profiles on two columns filled with Ag-ETS-10 extrudates and granules with two different

sizes were obtained. Although a minor effect of particle size was observed, it was concluded

that mass transfer through Ag-ETS-10 particle is less likely to dominate the separation

process and Ag-ETS-10 has the potential for high-purity O2 production at larger scales

under rapid adsorption cycles since mass transfer resistance is almost negligible.

The experiments in Chapter 2 and 3 verified large-scale performance of Ag-ETS-10 as well

as the model developed to describe experiments. In Chapter 4, this model was extended

to simulate multiple vacuum swing adsorption (VSA) cycle configurations for high-purity

O2 production and optimize them to maximize O2 purity and recovery. A mixture of
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95.0%/5.0% O2/Ar feed was considered for the Skarstrom cycle. Experimental 3-step and

Skarstrom cycle demonstrations were conducted to verify the simulations. Both experi-

mental purity and recovery plus the axial temperature profiles were well predicted by the

model. Considering bed length as the decision variable for the optimizations demonstrated

an enhanced recovery of 11.1% for a product stream with 99.5% O2 purity. In a separate

attempt, pressure swing adsorption (PSA) and pressure-vacuum swing adsorption (PVSA)

Skarstrom cycles were also studied in addition to VSA cycle and it was concluded that

VSA has a better performance compared to the other two cycles. Two more advance cycles,

a 6-step with pressure equalization (PE) and light product pressurization (LPP) steps,

and a 6-step with pressure equalization (PE) and heavy product pressurization (HPP)

steps, were also considered in this chapter to improve the recovery of the cycle. For the

6-step with PE and LPP, the recovery of O2 obtained in the product stream for a purity

of 99.5% was 27.3%. This value was significantly improved to 91.7% for a 6-step with PE

and HPP. To our knowledge, this is the highest reported value of recovery for this level of

O2 purity using an equilibrium-based adsorption process. The second set of optimizations

were conducted to maximize productivity of O2 and minimize total energy consumption

of the VSA cycles. Three different purity constraints were imposed and the Pareto curves

were obtained for various cycles. A significant improvement in the performance indicators

was obtained through process optimization for the two 6-step cycles.

Although Ag-ETS-10 was well characterized and new cycles with enhanced performance

indicators were developed and optimized in Chapters 2 to 4, the separation process was

further explored from a broader perspective in Chapter 5. In this chapter, the possibility

of producing O2 with 99.5% purity from dry air in a single-stage VSA cycle was explored.

Simple single-column Skarstrom cycle experiments were performed and O2 with purity of

98.6% was obtained from a dry air feed stream. Although the purity values were lower

than the model predictions, which was possibly due to the experimental limitations in

this study, the high purities obtained using the simple Skarstrom cycle verified the ca-

pability of Ag-ETS-10 for high-purity O2 production in a single-stage process. The effect

of N2 content in the feed on the product purity and recovery was studied and it was

concluded that increasing N2 content in the feed stream saturates the feed end of the

column with nitrogen. When considering bed length as one of the decision variables in the

purity-recovery optimization, a higher recovery was obtained for a product with 99.5%

O2 purity compared to the case when bed length was a fixed value. The simulations pre-

dicted 82.0% recovery for a product with 99.5% O2 purity for a 6-step cycle with PE and

HPP and dry air feed stream which verified the advantage of this cycle over the other

possible designs. The second set of optimizations were conducted in order to minimize
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total energy consumption and maximize overall productivity of multiple single-stage and

dual-stage O2 purification approaches. A detailed comparison was performed between a

group of cycles with zeolite 5A as the adsorbent used for N2 removal stage while delivering

various levels of N2 concentration in the product. This product stream was later fed to

the O2 purification stage where Ag-ETS-10 was used and the energy-productivity opti-

mization results were compared with the single-stage Skarstrom cycle using Ag-ETS-10.

The comparison presented no advantage in performing a dual-stage O2 purification when

the Skarstrom cycle was used for both of the stages. However, using the 6-step cycle with

PE and LPP or the 6-step cycle with PE and HPP for the O2 purification stage showed a

higher productivity compared to the single-stage Skarstrom cycle. At the end, a rigorous

energy-productivity optimization was conducted for the single-stage O2 purification using

the 6-step cycle with PE and HPP and it was concluded that this approach presents a

better performance compared to the other cycle configurations with significantly lower en-

ergy consumption for the same values of productivity. A simple graphical scheduling was

also conducted for the optimal points for the better performing designs. The minimum

number of columns required for a continuous process was 4 for the single-stage Skarstrom

and 8 for the single-stage 6-step cycle with PE and HPP. This value was 8 (i.e. 4+4) for

the dual-stage process with the Skarstrom cycle for the N2 removal stage plus the 6-step

cycle with PE and LPP for the O2 purification stage. When the 6-step cycle with PE and

HPP was used as the second stage, the minimum number of columns were 7 (i.e. 4+3).

6.2 Outlook

This work has provided a detailed insight of O2 purification using Ag-ETS-10 from ma-

terial characterization to large-scale performance validation and process simulation and

optimization. As per characterization, both low-pressure and high-pressure isotherm mea-

surements were reported and later used as an input to the model. This model was validated

through dynamic column breakthrough experiments and suggested the extended Lang-

muir model as the appropriate model to describe the competition between N2, O2, and

Ar. However, obtaining binary and ternary adsorption isotherms through an independent

technique such as the gravimetric method is worth studying. This can be used to further

verify the credibility of the extended Langmuir model at a broader range of operating

conditions which were beyond the limit of the current dynamic column breakthrough

apparatus.

The other possible study on the characterization of Ag-ETS-10 could be obtaining single-

component and binary adsorption isotherms for a pre-exchanged Na-ETS-10 batch and
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repeating the same measurements for the same silver-exchanged batch (Ag-ETS-10). In-

vestigating properties such as the isosteric heat of adsorption for each of the components

and the competition between the components for the two cases may potentially provide

feedback for the synthesis step and open the path to achieve higher equilibrium selectivi-

ties for Ar over O2. It is worth mentioning the even a small improvement in the selectivity

can have a significant positive effect on the performance indicators.

Investigating the possibility of using layered bed for single-stage O2 purification from air

is worth studying to further explore the cycles proposed in the area of process simulation

of this thesis. In this approach, N2 will be removed in the first layer of the bed using a

common air separation adsorbent and O2 will be purified in the second layer of the bed

using Ag-ETS-10. In addition to N2, impurities in air such as water and CO2 can be also

removed prior to O2 purification in a layered bed approach. To simulate this configuration,

one needs to define new boundary conditions and develop an optimal approach to link

the two layers of the bed in the model.

In this study, experimental VSA cycle performance of Ag-ETS-10 was verified for the

simple 3-step and the Skarstrom cycles. The other two cycles, the 6-step with PE and LPP

and the 6-step with PE and HPP, were not explored experimentally. In addition to this,

rapid VSA cycles were not studied due to the limitations in the current apparatus such

as the manual switching and the air-driven pump used for the evacuation steps. Further

studies, requires the modification of the current experimental apparatus in order to include

a second adsorption column, automation of the valve switchings between different steps in

the cycles, and implementation of an stronger vacuum pump. This can be considered as

a potential extension of this thesis to experimentally verify the significant improvements

obtained through the process simulation and optimization in this study.

The other possible extension of this work could be a detailed cost analysis based on

the energy-productivity optimization results provided in this study. To achieve this, one

needs to implement the cycle scheduling technique proposed in Chapter 5 along with

other typical economic analysis approaches available or by manipulating the objective

functions in the optimization routine in order to include cost of producing high-purity O2

in addition to the other constraints.
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