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Oxygen, an odorless and colorless gas constituent of the atmosphere, is a vital gas component for the Earth, as it makes up 21% of
the composition of the air we breathe. Apart from the importance of oxygen for human breathing, its highly pure form is
demanding for industrial applications. As such, several technologies have been established to increase the oxygen purity from 21%
to somewhat higher than 95%. One of the competitive technologies for producing this high-purity oxygen from the air is through
pressure swing adsorption (PSA), which has the advantages of low cost and energy while being highly efcient. Also, PSA is
a simple and fexible system due to its ability to start up and shut down more rapidly since its operation occurs at ambient
temperature, which is enabled through the use of adsorbents to bind and separate the air molecules.Te enhancement of the PSA’s
performances was reported through the modifcation of PSA step cycles and material (zeolite) tailoring. A simplifed complete set
of a mathematical model is included for modelling the PSA system, aiming to ease the experimental burden of the process design
and optimization of an infnite modifcation of PSA step cycles. Finally, some technological importance of oxygen production via
PSA, particularly for onboard oxygen generation system and oxy-enriched incineration of municipal solid waste, was discussed.
Continuous development of PSA will make signifcant contributions to a wide range of chemical industries in the near future, be it
for oxygen production or other gas separation applications.

1. Introduction

High purity oxygen has received substantial attention as it is
one of the essential industrial gases. According to the US
CGA (compressed gas association), an oxygen-enriched air
is a condition that comprises more than 21% composition of
oxygen [1]. Industrial applications such as welding, medi-
cine, combustion, refneries, and manufacturing metal re-
quire oxygen with more than 99% purity [2, 3]. Most
particularly in the current emerging worldwide COVID-19
pandemic situation, whereby a rapid production of high-
purity medical oxygen supplies for hospitals has been the key
to treat COVID-19 patients [4, 5].

Te production of oxygen can be accomplished either by
cryogenic or noncryogenic methods. Te cryogenic method
was developed since the 1890s, by utilizing the principle of
low-temperature distillation to separate the air constituents,
which occurs at temperature around the boiling point of
oxygen, i.e., at around − 184°C [6]. Since oxygen has a lower
boiling point than nitrogen (and argon), the oxygen is
obtained in a top product stream. Conventionally, the gas
undergoes liquefaction via the cryogenic distillation to
produce a high-purity gas, through a series of cooling and
compression stages. Due to this, it is an energy-intensive
technology for providing compressions, expansions work,
and cooling. As a result, it is highly expensive, and therefore,
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suitable for high-tonnage quantities of the oxygen pro-
duction. Additionally, a large amount of oxygen (≥102 TPD
of oxygen) is the prerequisite for employing cryogenic air
separation units [6].

To this end, the noncryogenic methods are developed,
primarily to overcome the shortcomings of the erstwhile
method, related to the issues of energy consumption and
cost-competitiveness, especially when required at a smaller
quantity [3]. Several technologies that are classifed under
the noncryogenic method include membrane separation and
pressure swing adsorption (PSA). Te membrane and PSA
are relatively simple and economically feasible at moderate
to low gas volumes. Furthermore, the noncryogenic method
is more fexible for batch processing, with short start-up and
shutdown times [7, 8]. Since themajor factors restraining the
growth of oxygen purifcation are technical and cost, the
noncryogenic method is favourable in reducing energy
consumption. At the same time, it improves its competi-
tiveness against conventional technologies.

Considering the PSA technology for oxygen pro-
duction, this technology has been introduced since 1960s
by Charles Skarstrom through his patent [9]. Skarstrom
pioneered the PSA processes in 1960, which is described as
a “heatless” process since no separate heat source is re-
quired. Te frst PSA was used for air fractionation in the
1960s, while the early 1970s marked the commercial use of
PSA for oxygen production [10, 11]. When it comes to
adsorption, the solid material, termed as adsorbent, is the
heart of the process, which greatly impacts the PSA sep-
aration performance. An adsorbent material must possess
particular characteristics to be suited for applications in gas
separation; in general, in terms of stability, regeneration,
moisture resistance, cost, etc.

Reciprocating the invention of PSA, the researchers have
attempted to develop models that can mathematically de-
scribe the underlying phenomenon of the process, be it
rigorous complex or simplifed modelling. Te dynamic
behaviour of PSA is the utmost important measure to de-
termine its performance. Some of the studies on the
modelling of PSA appear in Farooq et al. [12], Sakoda and
Suzuki [13], Xu et al. [14], and Chang et al. [15]. Te in-
vestigations primarily aimed for experimental verifcation
checks so that the developed models are reliable for pre-
dicting the PSA behavior and performances.

Tis paper addresses the overview of the PSA process,
highlighting its application in the production of industrial
oxygen gas. Te foundation of the PSA is frst discussed with
respect to the initial invention of the PSA by Skarstrom and
some of its modifcations on the addition of steps for en-
hancing the PSA performance. Ten, the mathematical
model is introduced as a theoretical framework for assessing
the PSA system through a simplifed complete set of
equations.Ten, the core of the adsorption process related to
adsorbent materials that are typically used in oxygen pro-
duction is highlighted with some modifcations to them
aiming for tailoring a better material. Also, the highlight of
the discussion in the usage of the oxygen produced via PSA
in two technological applications, i.e., on-board oxygen
generation system (OBOGS) and oxy-enriched incineration

municipal solid waste (MSW), is included. Finally, some
knowledge gaps and future research in this feld are
presented.

2. The Configuration of the Pressure Swing
Adsorption (PSA) Cycle

Te breakthrough fnding on gas separation using adsorp-
tion started since the invention of Skarstrom [9], which
proposed a heatless adsorption separation process for air
fractionation. Te PSA process typically utilizes a two-bed
column packed with solid adsorbent materials to produce
oxygen; one column is in the adsorption state, while the
other is in the desorption (regeneration) state. As the name
suggested, the PSA exploits the variation of pressure to
regenerate the adsorbent.

2.1. Te Description of the Conventional Skarstrom Cycle.
Te conventional Skarstrom cycle, often referred to as the
2-bed, 4-step PSA cycle, operated in a cyclic manner,
consists of the adsorption (AD), counter-current blow-
down (BD), counter-current purge (PU), and concurrent
pressurization [9]. Te 4-step sequence of the conven-
tional Skarstrom cycle is depicted in Figure 1.

Te frst step in the Skarstrom cycle is AD/PU, whereby
the feed air mixture enters the frst column at high pressure
PH, which contains an adsorbent material that selectively
adsorbed a strongly adsorbable component from the air
(N2).Te frst column is said to be on the AD step.Te outlet
stream from the frst column is obtained as a light product or
oxygen-enriched gas at high purity. At the same time, the
second column at a low pressure PL is said to be undergoing
a PU step by recycling a small fraction of light product
discharged in the frst column. Te efuent drawn from the
second column is obtained as a heavy product or lean gas
(containing mixture of components—nitrogen-
enriched gas).

Te second step is the BD/PR. After the predetermined
adsorption time is achieved, the second step starts, at which
the frst column will undergo a depressurization by releasing
the pressure from the feed inlet.Te frst column is said to be
undergone a counter-current blowdown. While the second
bed undergoes cocurrent pressurization using the feed
mixture after being purged in the frst step. Tis step con-
tinues until both the frst and second columns reach the
predetermined desorption and adsorption pressure,
respectively.

Te third step is the PU/AD, which commences im-
mediately after the second step.Tis step is similar to the frst
step, with the role of the bed being swapped. And the last
step is the PR/BD, which is similar to the second step, with
the role of the bed being swapped. Refer to Figure 1 to
visualize the steps of the Skarstrom cycle.

In the Skarstrom cycle, a more strongly adsorbed
component is generally separated and removed from the
mixture of gases at high pressure, whereas desorption of the
adsorbed component occurs at a lower pressure [9]. In
oxygen production, a typical scenario is wherey oxygen
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being a weakly adsorbed component than nitrogen; thus,
nitrogen as the strongly adsorbed component is removed
from the air [5].

2.2. Te Advancement in the Variation of the PSA Cycle.
Tose previously mentioned steps and scenarios describe
the four-step confguration of the Skarstrom cycle that was
the initial invention of a PSA. Basically, the conventional
Skarstrom cycle has a limitation in the recovery of
a produced product, usually below 25% in a simple two-
bed PSA [17]; thus, modifcations of the cycle scheduling
of the PSA cycle are often proposed to counter the lim-
itation. Such variation in the PSA cycle includes the ad-
dition of pressure equalization and pressurization (with
product). Tis section describes the said advancement of
the PSA system, supported by art in patents and scientifc
articles.

2.2.1. Pressure Equalization Step. Te pressure equalization
(PE) in a PSA system was documented since the 1960s
through patents Marsh et al. [18] and Berlin [19], with the
objectives of improving the recovery of a strong adsorbable
component and energy consumption associated with
pressurizing-depressurizing. In practice, the PE step can be
achieved by connecting the light product end of two
beds—the high-pressure gas removed during the concurrent
depressurization step to repressurize other beds by pressure
equalization, which is referred to as a BB equalization. Or,
tanks are utilized for equalization in between two beds,
which is referred to as a BTB equalization. Several notable

contributions to this improvement are from Hassan et al.
[20], Yang [21], Jasra et al. [17], Ruthven et al. [22], and
Chiang [23].

Te efect of the number of BB PE steps on the per-
formance of PSA can be referred to in the works by Doong
[24], Shin [25], Yavary et al. [26], etc., that evaluate the efect
of PE on product purity and recovery. Shin [25] showed that
the incorporation of PE step into a 2-bed confguration
increases the product purity (96.89–99.41%) and recovery
(50.64–68.52%), as compared to the conventional Skar-
strom. In addition, Doong [24] evaluated the efect of PE
step on the specifc product and yield, on predetermining the
oxygen product purity of 94.5%. Tey found out that an
overuse of PE step could contaminate the product and re-
duce the specifc product, which indicates there are optimal
conditions between specifc product and yield. Te recent
work by Yavary et al. [26] demonstrated that a more PE step
contributes to a higher product recovery but lowers the
purity, suggesting a trade-of between both indicators. In
fact, an earlier work by Banerjee et al. [27] proved that
adding PE step could conserve energy through the recovery
of mechanical energy contained in the high-pressure bed,
and therefore reduce the cost of the technology.

Te PSA cycle modifcation through pressure equalization
step incorporating tank equalization has been proposed, as
early as the invention of the Skarstrom cycle by Marsh et al.
[18]. In the embodiment of their patent, they connected a tank
for storing a fraction of enriched-gas product coming from the
high-pressure bed and used it to purge the bed, after which the
bed is subjected to purge with the product gas. By doing this,
the consumption of purge product gas is reduced, thus
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Step 1: AD/PU Step 1: BD/PR Step 1: PU/AD Step 1: PR/BD

Figure 1: Te typical two-bed, four-step Skarstrom cycle adapted from [16].
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enhancing product recovery. As to accomplish for many tanks
for BTB PE step, accurate modelling is required for the design.
To this end, many researchers have attempted for accurate
modelling of BTB PE step, since the incorporation of the empty
tank could lead to the disruption of the material balance of the
overall system, and thus, its inaccuracy could lead to a notable
efect on the PSA performance [28, 29].

2.2.2. Pressurization (with Product) Step. A common
practice of the conventional Skarstrom cycle utilizes
a pressurization step using the feed mixture to raise the bed’s
pressure to the adsorption pressure, PH. A novel approach,
as opposed to the prior practice, is by pressurizing the
adsorbent bed using a product stream [30], using either the
enriched or the lean product gas.

Knaebel and Hill [16] compared both pressurization step
practices (using feed and product) toward the product re-
covery using an equilibrium theory. Tey found out that the
latter gives a higher product recovery, to the extent of the
product recovery improvement becoming better for small
separation factors, small fractions of the light component
(O2) in the feed, and large pressure ratio, PH/PL. Later, their
fndings were verifed experimentally by Kayser and Knaebel
[31]. To be clear, the pressurization step studied by Knaebel
and coworkers uses an enriched product gas.

In addition, Vo [32] proposed a slightly diferent view in
using the product gas for the pressurization step, which is
using a lean product gas (below 5% ofset than the pre-
determined purity of the lean gas) and slightly diferent
sequential steps of the PSA cycle. In the patent embodiment,
it claimed that an enriched product gas could be achieved in
the range of 90–99% purity.

3. Mathematical Model of PSA

In the last few decades, pressure swing adsorption (PSA) has
become increasingly popular as a technology for producing
oxygen from the air. Eforts at modelling and simulating the
PSA cycles have been aimed to reduce the experimental
burden for process design and optimization; as such, the
modelling of PSA is capable at predicting the concentration,
temperature and pressure profles, and cycle performance
parameters. Te material, momentum, and energy balances
must be considered to model a rigorous PSA process. Several
model assumptions were used as a foundation of building
the model [33]. Tese include

(1) Te bulk gas phase is considered an ideal gas,
PV� nRT

(2) Te bed properties, such as porosity and bulk solid
density, is assumed to be uniform in both axial and
radial coordinates

(3) No reaction was involved between the adsorbed gas
and solid adsorbent

(4) Te radial temperature and concentration gradients
are insignifcant.

(5) Te adsorption rate is approximated by a linear
driving force (LDF) model.

3.1. Material Balance. Based on the assumptions made
above, the equation used for the one-dimensional is shown
in equation (1). Te equation shows that the net change in
the gas phase and adsorbed phase within the packed bed
column is equivalent to the net fow of the bed [34].

εt

zci

zt
+ ρb

zqi

zt
− Dax,i

z
2
ci

zz
2 +

zvgci

zz
� 0. (1)

3.1.1. Mass Transfer Rate. In most of the adsorption mod-
elling analyses, a linear driving force (LDF) approximation is
often implemented for describing the transference of the
adsorbate from the bulk fuid phase to the solid adsorbent
phase. Te LDF model can be described as a function of the
solid or fuid flm diference of the adsorbate component.
Te following equation expresses the LDF model as
a function of the solid flm diference [35]:

zqi

zt
� kLDF q

∗
i − qi( . (2)

Te q∗i is obtained through the relation of the fuid-solid
equilibrium at constant temperature, which is expressed as
an adsorption isotherm.

3.1.2. Equilibrium Adsorption Isotherm Relations. Te ad-
sorption of gas molecules onto the surfaces of the solid
adsorbent is governed by a mathematical expression that
measures the extent of the adsorption in an adsorbate/ad-
sorbent system, which is known as equilibrium adsorption
isotherm when it is measured at varying pressure with
a constant temperature [33]. Many adsorption isotherms
have been applied to describe the equilibrium relationship
between the gas and adsorbed phases as a function of
pressure; among others are Langmuir, Freundlich, Lang-
muir–Freundlich, etc. As the original isotherm equations
(Langmuir, Freundlich, Langmuir–Freundlich, etc.) are
based on a single component, an extended version of each is
used to accurately describe the multicomponent efect to-
ward the system. It is observed from the literature that the
extended Langmuir (equation (3)) and extended Lang-
muir–Freundlich (equation (4)) isotherms for binary N2/O2
mixture are the most widely best-ftted model for this
purpose.

(a) Extended Langmuir isotherm:

q
∗
i �

qm,iKL,iP
∗
i

1 + 
N
j�1 KL,jP

∗
j 

, (3)

where qm,i � ki + k2T andKL,i � k3e
k4/T.

(b) Extended Langmuir–Freundlich isotherm:
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q
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∗
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, (4)

where qm,i � ki + k2T, KL,i � k3e
k4/T and ni � k5+

k6/T.

Te related literature on the adsorption isotherm for the
extended Langmuir and extended Langmuir–Freundlich
model is summarized in Table 1, consisting of various ad-
sorbents from the zeolites family.

In case of only measurement on a pure single component
isotherm is available, the solution theories (ideal adsorbed or
vacancy) are often employed to account for the multi-
component efect and generally provide reasonable and
reliable accuracy with the multicomponent experimental
results [41–43]. Te ideal adsorbed solution theory (IAST)
and vacancy solution theory (VST) descriptions can be
found in ref. [22, 44] that provide a thorough discussion of
both theories on the multicomponent adsorption system.

3.2. Momentum Balance. When considering the pressure
drop across the bed, several models can be used to describe
the momentum balance, such as Darcy’s, Ergun’s,

Karman–Kozeny’s, and Burke–Plummer’s equations. Teir
respective equations are expressed in equations (5)–(7) ,
respectively, as listed in Table 2.

It is worth noting that the Darcy equation is suitable to
be used when the Reynolds number, Re< 10 [45], while the
Ergun equation, which excludes the efect of the surface
roughness, is best used when Re> 10. Meanwhile, the
Karman–Kozeny equation is valid for evaluating pressure
drop in an adsorption bed with a laminar fow with Re≤ 10,
whereas the Burke–Plummer equation is applied for tur-
bulent fow with Re≥ 1000, which represents kinetic
losses [46].

3.3. Energy Balance. Te nonisothermal process of PSA is
contributed by the heat adsorbed and released throughout
the cycle, which is governed by various aspects, including
heat of adsorption, heat convection and conduction, and
thermal accumulation [33]. A complete energy balance
equations require three control volumes to be defned, which
are gas-phase, solid-phase, and wall. Equations (5)–(7) ex-
press the abovementioned control volumes’ energy balance,
respectively [34].
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To complete and solve the governedmathematical model
(mass, momentum, and energy), some model parameters
that are unknown can be estimated using reliable correla-
tions with reasonable accuracy to the overall performance of
the PSA system. A short review paper by Kamin et al. [5]
summarises related correlations for estimating the unknown
model parameters. Te comprehensive list of established
correlations can be found in many separation processes and
mass and heat transfer books [47, 48].

4. Adsorbents for PSA Oxygen Production

In PSA, two columns (a typical confguration) are packed
with adsorbents, particularly a nitrogen-selective adsorbent
for producing oxygen. Basically, the adsorbent that exhibits
a higher microporosity is being used in the PSA as this class
of adsorbent plays a vital role in the adsorption process, as
such it provides more surface area for the favourably
adsorbed species to be retained during the adsorption
process. A promising adsorbent should have a high ad-
sorption capacity and selectivity and can be regenerated.

4.1. Zeolite Molecular Sieves. Te most common adsorbents
used in air separation for producing oxygen come from the
zeolites family. Zeolite is preferred for N2 adsorption due to
its higher selectivity towards it, thus making it suitable for
oxygen production. Other unique features of zeolites that
make them suitable for gas separation, in general, include
high thermal and hydrothermal stability, uniform pore
structure, easy pore aperture modifcation, and high ad-
sorption capacity at a wide range of pressure [17]. Te
general formula of zeolite can be written as M2/

nO. . .Al2O3. . .xSiO3. . .yH2O, where M is any alkali or al-
kaline Earth atom, n is the charge on the atom, x is the ratio
of silica and alumina (varies between 2 and 10), and y is
stoichiometrically ranging from 2 to 7 [49].

Te extra framework cation is the characteristic of zeolite
that contributes to the preferential adsorption from nitrogen
to oxygen [37] because there is a strong interaction between
the quadruple moment of nitrogen with the cations of the
zeolite framework, since it is approximately four times than
that of oxygen. Among the zeolites, the zeolites 5A and 13X,
being the nitrogen-selective zeolites, are the most commonly
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used in oxygen production.Te zeolite 5A has a smaller pore
size than zeolite 13X (5 Å versus 9 Å), which attribute to the
signifcant adsorption performance of zeolite 5A through
a low mass transfer resistance within the adsorbent [50].
Nowadays, the best commercial zeolite used in the oxygen
production is a lithium-exchangedlow-silica zeolite, LiLSX,
owing to the presence of Li+ that increases the N2 capacity
(minimum 70% Li, near 100% Li is better). In contrast, it

decreases the O2 capacity due to the polarizability of Li+
being lower than Na+. Tis efect can be explained through
the locality of Li cations. Since Li cation is mobile and
smaller than Na cation, it can sit crystallographically very
low in the six-ring that are not fully exposed to the supercage
where N2 andO2 are located.Tis breakthrough invention of
LiLSX has resulted in experiencing a cost reduction in ox-
ygen production using LiLSX-loaded PSA [51].

Table 1: Te adsorption isotherms’ parameters of various zeolites for O2/N2 separation ftted using extended Langmuir and extended
Langmuir–Freundlich model.

Adsorbents
Gas component

References
O2 N2

Extended Langmuir

∗LiX

k1 � 7.87×10− 9mol/kg/Pa
k2 �1541.211 K

k3 � 6.79×10− 10 1/Pa
k4 �1968.24K

k1 � 9.86×10− 9mol/kg/Pa
k2 � 2010.908K

k3 �1.67×10− 10 1/Pa
k4 � 2250K

Yang et al. [36]

Li94.5Na1.5-X

k1 � 1.14×10− 6mol/kg
k2 � 239.2 K

k3 � 2.20×10− 3 1/atm
k4 �1092K

k1 � 1.69×10− 6mol/kg
k2 �134.4 K

k3 �1.19×10− 3 1/atm
k4 �1990 K Hutson et al. [37]

Li94.2Na0.7Ag1.1-X

k1 � 0.965×10− 6mol/kg
k2 �196K

k3 � 2.25×10− 3 1/atm
k4 �1212K

k1 � 2.12×10− 6mol/kg
k2 � 64.82K

k3 � 7.78×10− 3 1/atm
k4 �1494K

Extended Langmuir–Freundlich

13X

k1 � 6.705×10− 3mol/g
k2 � − 1.435×10− 5mol/g/K
k3 � 3.253×10− 4 1/atm

k4 �1428K
k5 � − 0.3169
k6 � 387.8 K

k1 � 12.52×10− 3mol/g
k2 � − 1.785×10− 5mol/g/K
k3 � 2.154×10− 4 1/atm

k4 � 2333K
k5 �1.666

k6 � − 245.2 K

Jee et al. [38]

5A

k1 � 7.252×10− 3mol/g
k2 � − 1.820×10− 5mol/g/K
k3 � 54.19×10− 4 1/atm

k4 � 662.6 K
k5 � − 1.101
k6 � 656.4 K

k1 � 6.21× 10− 3mol/g
k2 � − 1.27×10− 5mol/g/K
k3 �1.986×10− 4 1/atm

k4 �1970K
k5 � 2.266

k6 � − 396.5 K

Jee et al. [39]

Li-LSX

k1 � 0.4789×10− 3mol/g
k2 � 636.6 K

k3 � 94.8×10− 4 1/atm
k4 � 500K
k5 �1.08168

k1 � 1.84559×10− 3mol/g
k2 �139.68K

k3 � 2.19×10− 4 1/atm
k4 � 2484.2 K
k5 �1.033

Epiepang et al. [40]

Ca-LSX

k1 � 0.01448×10− 3mol/g
k2 �1385.97K

k3 �1278.8×10− 4 1/atm
k4 � 207.35K
k5 �1.152

k1 � 0.2623×10− 3mol/g
k2 � 646.75K

k3 � 0.688×10− 4 1/atm
k4 � 3785.11K
k5 � 0.931

Li2.5Ca46.75-LSX

k1 � 1.89933×10− 3mol/g
k2 �145.55K

k3 � 6.20294×10− 4 1/atm
k4 �1609.13 K
k5 �1.021

k1 � 1.31846×10− 3mol/g
k2 �104.23K

k3 � 0.19726×10− 4 1/atm
k4 � 3489.63K
k5 � 0.958

Li4.2Ca45.9-LSX

k1 � 2.20255×10− 3mol/g
k2 �179.35K

k3 � 4.02105×10− 4 1/atm k4 �1525.38K
k5 � 0.992

k1 � 0.98863×10− 3mol/g
k2 �149.34K

k3 � 0.467445×10− 4 1/atm
k4 � 3243.35K
k5 � 0.999

∗Te expression of the extended Langmuir is slightly diferent. Tis may refer to the original work cited.
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4.2. Modifcations of Zeolite Molecular Sieves. Lately, great
attention has been given to tailoring the zeolite adsorbents
with high adsorption capacity for N2. At the heart of this
concept, Si/Al ratio modifcation and mixed cation are in-
troduced.Tis section will describe themodifcations used to
improve the N2 adsorption on zeolites.

4.2.1. Si/Al Ratio. Generally, the zeolite materials can be
classifed based on the Si/Al ratio: low silica (Si/Al≤ 2), in-
termediate silica (2< Si/Al≤ 5), and high silica (Si/Al>5) [52].
Generally, a lower Si/Al ratio is preferable since it increases the
cation content because more Al atoms are substituted into the
framework, thus enhancing the adsorption ability [53]. For
example, Moradi et al. [54] investigated the efect of Si/Al ratio
in a faujasite structure on the adsorption of CH4.Tey observed
an improvement in the CH4 adsorption capacity when the Si/Al
ratio was reduced from 3 to 1. A similar fndingwas observed by
Chen et al. [53] on the adsorption of CO2 onto FAU zeolites, in
which they investigated the range of Si/Al ratio from 31 to 1.
Talesh et al. [55] also reached similar outcomes on the ad-
sorption of CO2.

Te underlying reasons behind the enhancement of the
improved adsorption capacity at a lower Si/Al ratio are par-
ticularly due to more Lewis acid sites in the framework as the
amount of Al increased [53].Tis increases the surface cationic
density and heterogeneity, which promotes the adsorption of
a stronger quadrupolar molecule [55]; in the case of N2/O2
separation, the quadrupole moment of N2 is four times
stronger than O2. In addition, the improved adsorption ca-
pacity can also be related, to a lesser extent, to increase the BET
specifc surface area at a lower Si/Al ratio [56, 57].

4.2.2. Mixed Cations. Te exploration of mixed cations
zeolites has also proven to enhance the adsorbability of
zeolites toward the gas components, most particularly mixed
with silver, as silver is known to have very strong efects on
the adsorption characteristics of zeolites [37].

Hutson et al. [37] modifed the LiX zeolite by in-
corporating a silver cation into its framework to demon-
strate a mixed cation (Li+ and Ag+). Tey added Ag onto the
LiX framework, and under appropriate dehydration con-
ditions, the adsorptive characteristics of the newly formed
mixed cation zeolites slightly increased in the capacity to
adsorb N2, resulting in a substantially improved product
throughput (>10% increment) at the same product purity
and recovery (from the PSA simulation). Combining the LiX
zeolite with Ag+ has been proven to enhance the adsorption
capacity and thus, the PSA performance.

Recently, Epiepang et al. [58] investigated the mixed
cation containing Li and Ca onto Sr-LSX and Ca-LSX ze-
olites for air separation, particularly N2 adsorption. Among

the mixed-cation (LiSr-LSX, AgCa-LSX, and AgSr-LSX)
zeolite, AgCa-LSX zeolite displays an improved performance
towards N2 capacity, higher than Li-LSX at the studied
temperature (298, 323, and 343K). At the same time, the O2
capacity increased, thus lowering the working capacity of
AgCa-LSX, resulting in a detrimental efect on the O2
productivity when performed in the PSA/VPSA setting.
Tough the mixed-cation in their study enhanced the
performance compared to their single-cation precursors, the
well-established zeolite Li-LSX still demonstrated superior
performance for the oxygen production application.

Te contributing mechanism behind the improvement
of the adsorptive capacity of the mixed cation zeolites
(relative to their single cation) can be attributed by the
location optimality at which the cations sit in the zeolite
frameworks. Tis is particularly important through the
shielding efect of electrostatic energy of the cation and
preventing interaction with adsorbates. Trough molecular
orbital calculations, the N2 adsorption was enhanced by
weak chemical interaction with the Ag+ cation (in the case of
silver mixed cation) on the zeolite framework [59].

5. Technological Processes Using PSA for
Oxygen Production

Tis section presents the usage of the PSA in producing
oxygen in the on-board oxygen generation system (OBOGS)
and oxy-enriched incineration municipal solid waste (MSW).

5.1. On-Board OxygenGeneration System (OBOGS). Te on-
board oxygen generation system has become a principal
technology for producing breathable oxygen on-board
military aircraft, replacing bottled liquid oxygen, and pro-
viding pilots with an unlimited source of oxygen-enriched
breathable air. Te primary feed in the OBOGS for pro-
ducing oxygen in military aircraft comes from engine bleed
air [60].TeOBOGS ofers several merits, including reduced
life cycle cost, lessened logistic support, increased aircraft
versatility, and most importantly, improved safety [61].

Beaman [62] developed a complete OBOGS PSA process
model consisting of two zeolite-packed molecular sieves for
the generation of aircraft crew breathing requirements. Te
system model developed includes the zeolite beds, rotary
valve, purge orifce, and plenum breathing chamber and
capable of favourably agreeing with the experimental results.
As the PSAwas still unable to surpass the standard of a liquid
oxygen generator in that era, the works by Miller and co-
workers [61, 63] explored a layered 2-bed PSA cycle (total of
four bed sections, each of two was stacked) for producing
high-purity oxygen for oxygen generation system, aiming
for replacing the liquid oxygen system (LOX) that is

Table 2: Several pressure drop models that are widely adapted for diferent fow conditions [34].

Model Equation Equation no
Darcy equation zP/zz � − KPvg Equation (5)
Ergun equation zP/zz � − [(1.50 × 10− 3μ(1 − εi)

2vg)/(ε3i (2rp ψ)2) + (1.75 × 10− 5(1 − εi)Mρgv2g)/(2rpψε3i )] Equation (6)
Karman–Kozeny equation zP/zz � − [(1.50 × 10− 3μ(1 − εi)

2vg)/(ε3i (2rpψ)2)] Equation (7)
Burke–Plummer equation zP/zz � − [(1.75 × 10− 5(1 − εi)Mρgv2g)/(2rpψε3i )] Equation (8)
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currently employed in the military aircraft. Te small-scaled
experimental tests achieved oxygen purity up to 99.7%, using
a layered bed consisting of zeolite molecular sieve and
carbon molecular sieve.

Te innovation of OBOGS for military aircraft is never-
ending, whereby the recent study conducted by Bhat et al. [60]
evaluated the OBOGS using Li-LSX molecular sieve at dif-
ferent inlet pressures, product fowrates, and altitudes. Teir
laboratory tests of their OBOGS conform to the requirements
specifed by the military specifcation: concentrator oxygen
(MIL-C-85521 (AS)) to be used in military aircraft. Te most
recent work related to OBOGS was carried out by Guo et al.
[64] related to the development of a control scheme for
a multistage oxygen noncrank compressor unit.Teir fndings
showed that the motion control scheme gives excellent ac-
curacy, with an error of less than 2%, with a stable discharge
pressure and temperature. Te great ability of the control
scheme demonstrated for the noncrank compressor unit could
potentially replace the conventional crank compressor that is
currently employed in the OBOGS.

5.2. Oxy-Enriched Incineration of Municipal Solid Waste
(MSW). Municipal solid waste (MSW) refers to trash for
disposals, such as food residue, clothing, newspapers, and wood
waste. One of the most efective ways of handling the ever-
increasing MSW is incineration owing to its benefts of sig-
nifcant volume reduction (∼90% volume reduction from the
initial MSW) and energy recovery [65]. However, the con-
ventional way of MSW incineration is associated with several
disadvantages, including fue gas emissions, contaminated fy
ash, and combustion instability [66].

Te oxy-enriched combustion or incineration (OEC) of
MSW appears capable of addressing the conventional in-
cineration issues, through the use of O2/N2 as an oxidizing
agent with an oxygen concentration higher than 21% (typically
lesser than 30%). Te uses of OEC have several merits, such as
high combustion efciency, low pollutant emissions (CO2
concentration of only 30–40 vol%), acceleration of combustion
speed, and promotion of combustion safety [67–69].

Currently, the oxygen supply for OEC in MSW typically
comes from the cryogenic distillation and PSA technologies. In
the view of producing the oxygen gaseous, the usage of PSA has
a great potential for supplying higher oxygen purity for the
OEC in MSW incineration, directly in gaseous form and the
proven feasibility of the PSA in treating a low to medium
capacity in terms of cost and simplicity, as such the oxy-
enriched incineration furnace of MSW typically requires the
oxygen of less than 100 ton/day [70]. Despite the higher in-
stallation (capital) cost of integrating PSA in the OEC, the cost
associated with PSA oxygen generators will be stable for an
extended period and may even decrease as its development
becomes more sophisticated [70].

6. Knowledge Gaps and Future Research

Based on the current review of oxygen production from
atmospheric air using pressure swing adsorption, several
knowledge gaps have been identifed, which may lead to
more possibilities for future research in this feld.

It has been noticed that oxygen production using PSA
always utilizes a zeolite adsorbent, which is a nitrogen-
selective adsorbent. Since air has a lower composition of
oxygen than nitrogen, an oxygen-selective adsorbent is
theoretically a promising choice since a small amount of
adsorbent will be required, thus tailoring an oxygen-
selective adsorbent for this purpose is one of the prom-
ising future research in this feld. As such, the conven-
tional Skarstrom cycle is becoming inappropriate to be
used for the previously mentioned adsorbent’s type;
hence, an advanced confguration that is the enriching
refux cycle is required. Te research area on the metal-
organic framework (MOF)-based materials is the current
direction in material science and engineering and should
be explored to be used for adsorbent in oxygen production
using PSA.

Lastly, there is a lack of review on the art in patent
literature regarding the innovation of PSA for gas sepa-
ration, particularly for oxygen production. Tough this
current review did some inclusion of patent literature;
however, the vast amount of patents publicly available is
not being used well. Tis could lead to uncertainty in some
aspects of the patent as it is not perfectly understood.
Hence, a review focusing only on the patent literature is
critical.

7. Conclusion

Te necessity of producing industrial-grade oxygen has led
to the advancement of many technologies, which have low
energy penalties, cost-competitive, and easy integration
with other processes; for instance, the cyclic adsorption
process through pressure swing adsorption (PSA) has been
proven to possess these characteristics. Te application of
PSA for industrial-grade oxygen production has been
proposed and investigated by many researchers since fve
decades ago and still progressing, implying that the sig-
nifcant advantages of PSA and its continuing develop-
ment are very demanding. Over the years, various
modifcations have been introduced to improve the PSA
performances for the product purity, recovery, pro-
ductivity, and energy consumption, in such a way that the
penetration of PSA into the market could be amplifed and
stabilized and make it a cost-sustain alternative technology
for oxygen production covering the low to high capacities.
Te modifcations include the engineering design of the
PSA itself, such as adding additional steps and material
engineering through the adsorbent’s modifcations.

Symbols

ap: Specifc particle surface per unit volume bed (1/m)
ci: Gas-phase concentration of component i (kmol/m3)
Cpai: Specifc heat capacity of the adsorbed phase (MJ/

kmol/K)
Cps: Specifc heat capacity of adsorbent (MJ/kmol/K)
Cpw: Specifc heat capacity of column wall (MJ/kg/K)
Cvg: Specifc heat capacity of bulk gas-phase (MJ/kmol/K)
Dax,i: Axial dispersion coefcient of the component i (m2/s)
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DB: Bed column diameter (m)
ΔHi: Heat of adsorption of component i (MJ/kmol)
Hamb: Heat transfer coefcient for wall-ambient (MW/m2/K)
HTC: Heat transfer coefcient for gas-solid phase (MJ/m2/s)
Hw: Heat transfer coefcient for gas-wall phase (MJ/m2/s)
kga: Axial thermal conductivity of bulk gas-phase (MW/

m/K)
ksa: Axial thermal conductivity of solid phase (MW/m/K)
kLDF: LDF mass transfer coefcient (1/s)
kw: Termal conductivity of column wall (MW/m/K)
M: Molecular weight of bulk gas-phase (kg/kmol)
P: Pressure (bar)
PH: Adsorption pressure (bar)
PL: Desorption pressure (bar)
qi: Solid-phase loading of component i (kmol/kg)
q∗i : Equilibrium solid-phase loading of component i

(kmol/kg)
Re: Reynolds number (-)
rp: Adsorbent particle radius (m)
t: Time (s)
T: Kelvin (K)
T0: Reference temperature (K)
Tamb: Temperature of ambient (K)
Tg: Temperature of bulk gas-phase (K)
Ts: Temperature of solid-phase (K)
Tw: Temperature of column wall (K)
vg: Superfcial gas velocity (m/s)
WT: Width of column wall (m)
z: Axial coordinate (m)
Greek letters
εi: Interparticle voidage (m3 void/m3 bed)
εt: Total voidage (m3 (void + pore)/m3 bed)
ρg
: Density of bulk gas-phase (kg/m3)

ρb: Density of adsorbent bulk solid (kg/m3)
ρw
: Density of column wall (kg/m3)

ψ: Adsorbent particle shape factor (-)
μ: Viscosity of bulk gas-phase (kg/m/s)
Abbreviations
AD: Adsorption step
BB: Bed-to-bed
BD: Blowdown step
BTB: Bed-tank-bed
IAST: Ideal adsorbed solution theory
LDF: Linear driving force
LOX: Liquid oxygen system
MSW: Municipal solid waste
OBOGS: On board oxygen generation system
OEC: Oxy-enriched combustion
PE: Pressure equalization step
PR: Pressurization step
PSA: Pressure swing adsorption
PU: Purge step
TPD: Tonne per day
VST: Vacancy solution theory.
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