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1. Introduction

Adolf Ficks stated that the principle of gas molecules transportation across a membrane is from
the high concentration region to the lower concentration region which mathematically justified by
diffusion equation of Fick’s laws in the year 1855 [1]. In that era, leather and cotton were used as the
membrane materials for separation. An asymmetric cellulose acetate membrane is introduced a
century later by employing the phase inversion method in the fabrication process [2]. The membrane
is used for reverse osmosis, showing that membrane technology has been widely implemented into
the water separation process. Currently, membrane technology has become a relevant alternative
for industrial scale gas production only about thirty years ago [3-5]. Various applications require
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oxygen-enriched air, such as in enhancing the combustion process for furnace also in improving the
treatment process of sewerage in plants [6]. Oxygen-enriched air is used for the engine of coal-fired
and natural gas combustion process with the objectives of reducing fuel consumption and enhancing
the quality of indoor oxygen gas that can be achieved by the induction of oxygen gas into the
combustion process [7, 8].

Enrichment of oxygen air can be produced by two conventional technologies which are pressure
swing adsorption (PSA) and cryogenic distillation. Generally, cryogenic distillation is employed for
large-scale gas separation operation with high purity oxygen gas production capacity of more than
100 tonnes, while pressure swing adsorption is used for medium-scale gas separation operation with
the capability to produce a volume of 20 up to 100 tonnes per day of high purity oxygen gas [9]. These
technologies have been introduced in the industry approximately 70 years ago, however, there are
disadvantages in terms of energy consumption and cost-effectiveness in which higher capital cost
and energy consumption are required compared to membrane technology. Specifically, cryogenic
distillation technique involves the usage of compressors and turbines causing increase in capital cost
also, the cooling process of gas to a temperature below boiling point needs a very high energy. These
drawbacks become the limitation of its application in gas separation plants (large scale). While for
pressure swing adsorption (PSA) technique, the limitations of its application are deteriorating
efficiency and the need of high energy consumption. Membrane technology is a small to medium
scale production technique with the capability to yield oxygen gas with a volume in the scale between
10 tonnes up to 25 tonnes per day of 25% to 40% oxygen purity [10]. The chronology of the
advancement of membranes have been discussed including the gas separation process for various
binary pairs gases, and this review paper will be continued by discussing on the three technologies
used for oxygen-nitrogen separation, the preparation procedures and type of precursors used, also
emphasizing on the current development of oxygen-nitrogen separation utilizing membrane
technology to fulfil industrial demands.

2. Oxygen/Nitrogen Separation Technologies

At present, the application of membrane technology is not widely used for gas separation yet,
especially for the oxygen-nitrogen separation process. The technologies that currently dominating in
the oxygen-nitrogen gas separation process are cryogenic distillation and pressure swing adsorption
[11-13] which will be discussed in the next sub-topics.

2.1 Membrane Technology

Membrane technology becomes preferable compared to the conventional technologies which
are cryogenic distillation and pressure swing adsorption in the industry of gas separation because it
requires only low capital cost and low energy consumption [14]. For membrane gas separation, it
starts with invading air from the atmosphere progressing the membrane module then gas will be
separated according to their difference in solubility and diffusivity. Since oxygen has high diffusivity,
it will be collected at the upstream of the module and nitrogen is collected at the downstream.
Currently, the membrane separation technique able to yield oxygen with a purity between 25% to
40% and its daily production volume is in the range of 10 up to 25 tonnes of oxygen [15]. Fabrication
of membranes depends on several factors such as type of membrane. One of the method to fabricate
membrane is phase inversion method.

The phase inversion method or called as a phase separation method is a transformation process
of polymer dope solution into a solid phase by the solvent-nonsolvent exchange. Flat sheet and
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hollow fiber membranes could be fabricated using this method, however, it depends on the
fabrication equipment setup. Firstly, the polymer dope solution will be soaked in a nonsolvent
coagulation bath allowing the solvent-nonsolvent exchange to take place. Here, the demixing process
occurs [16,17]. Next, the phase separation occurs through the evaporation of the solvent in the
coagulation bath, allowing the polymer to solidify. Based on the literature review, the phase inversion
technique has been implemented and involved in several dense-structured membrane productions
for the gas separation process [18, 19]. The methods in producing the nanofiber membrane mat and

hollow fiber membrane are different, Figure 1 and Figure 2 respectively [20, 21].
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Fig. 1. The setup of electrospinning method to produce
nanofiber membrane mat [22]
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Fig. 2. The setup of hollow fiber spinning system [23]
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2.2 Pressure Swing Adsorption (PSA)

Pressure swing adsorption (PSA) is the common approach used for a commercial practice where
adsorption of gas will take place in a high-pressure gas column by the adsorbent, for example, zeolite
and silica. The feed gas from the atmosphere is drawn then compressed into high-pressure gas [24].
The high-pressure gas will be transported to a column containing adsorbent materials that are chosen
depending on the type of gas desired. In the case of a pressurized environment, the low sorbing gas
in the column will be withdrawn first then followed by higher sorbing gas through pressurization and
depressurization to atmospheric pressure for a fixed period [25]. The procedure is similar for the
adsorption process that occurs in a vacuum environment and known as vacuum swing adsorption
(VSA) [26]. Pressure swing adsorption has redundancy in its system where two or more adsorbent
columns are used to prevent the production of gas being interrupted during the process of
pressurization and depressurization due to system down, Figure 3. Pressure swing adsorption is
usually used for medium scale production with the volume in the range of 20 up to 100 tonnes of
oxygen with 90% oxygen purity [27]. A gas production company which is Praxair has combined the
pressure swing adsorption and vacuum swing adsorption into a process named vacuum pressure
swing adsorption (VPSA) resulting in a higher daily oxygen gas production and higher purity which is
218 tonnes and 95% respectively [28].
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Fig. 3. The Schematic Diagram of PSA Process [29]
2.3 Cryogenic Distillation

Cryogenic distillation is a process which has a similar operating system as the conventional air
distillation which can also be called as a cryogenic liquefaction process, Figure 4. This process starts
with allowing the ambient air (feed gas) to be invaded and compressed by a multistage air
compressor which will later be refined by air filter to eliminate the impurities [11]. This process is
continued by reducing the compressed air temperature with the purposes of removing carbon
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dioxide, also tracing hydrocarbon and water vapor before the air is liquefied and transported into the
distillation column. Here in the distillation column, the extraction of nitrogen will occur at the top of
the column since nitrogen has a lower boiling point. Oxygen gas with a higher boiling point will be
withdrawn from the bottom of the column. The remaining feed gas in the distillation column will
undergo further purification process by repeating the procedures to obtain the desired oxygen
concentration [8]. Cryogenic distillation is capable to produce high purity oxygen which is more than
99% in a large volume of approximately more than 100 tonnes per day [12]. As of now, the gas
producer companies, for example, Air Products and Linde yield oxygen and nitrogen for the industrial
purpose from more than 5000 oxygen production plants globally by implementing cryogenic
distillation technology [28].
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Fig. 4. The schematic diagram of cryogenic distillation technology
(30]

2.4 Comparison of Gas Separation Technologies

All of the gas separation technologies which are cryogenic distillation, pressure swing adsorption
(PSA) and membrane have their unique process systems (explained earlier), advantages and
disadvantages. For pressure swing adsorption, the solvent used (depends on the condition) can be
recycled which will reduce cost. This technique is capable to produce high purity gas with a purity
percentage of 95. The equipment required in this method is only suitable vessels that can withstand
small pressure changes. The continuous monitoring and automation can be minimized as its
operation is independent of humans. Suitable instrumentation and surveillance reduce costs.
Although its system may reduce cost, the total cost which consists of other operating and
maintenance (O&M) costs is around $40 to $70 per tonne gas separated which can be considered
expensive [45]. The system is incapable to control large gas concentration. For cryogenic distillation,
it has a major advantage because its product is in liquid form with a very high gas purity of around
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99.95% which is ready to be transported. This method requires very high energy and cost-ineffective
to ensure the system is cooled. Its cost is approximately $32.7 per tonne of gas separated [46]. Both
technologies can be improved, optimized and their limitations can be reduced. The advantage of
membrane technology is its simplicity compared to pressure swing adsorption which needs swinging
pressure equipment and cryogenic distillation that require equipment to withstand extreme
operating temperature. The membrane separation process only needs membranes and fans. The
compression of gas in membrane separation is smaller than in pressure swing adsorption. Generally,
the product from this method has a low purity percentage. Most of the membranes are not strong
enough towards high temperature and pressure changes. Furthermore, it has been reported that an
automated membrane gas adsorption (MGA) control system could improve the membrane
performances [47].

3. Configuration of Membrane Module

Generally, membrane configurations can be categorized into two, which are supported (flat sheet
and tube) and unsupported (flat sheet, capillary, and hollow fiber membrane), Figure 5 [31]. The
membrane module is designed with the objectives to obtain membrane with high surface to volume
ratio, high efficiency of separation performance and low-pressure drop. Flat sheet membrane
configuration with low packing density and poor gas flow pattern is not compatible with gas
separation that involves the passing through of high-pressure driving force [32]. Hollow fiber and
spiral wound membrane configurations are more preferable in the gas separation industry. Both
hollow fiber and spiral wound membrane modules are composed of a flat membrane sheet. The
hollow fiber membrane is formed by packing the flat sheet membrane while the spiral wound
membrane module is formed by rolling the flat sheet membrane creating envelope layers which will
be separated by a spacer. Other than capable to withstand high pressure, the surface to volume ratio
of these membrane configurations can be optimized.
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Fig. 5. Membrane configurations: (a) flat sheet membrane [33], (b) Spiral wound [34], and (c)
hollow fiber [35]

4. Performance of Membranes

The factors contributing to the oxygen-nitrogen separation performance are the permeability and
selectivity. The properties a membrane should possess to be commercialized are high gas selectivity
and permeability, also chemically and mechanically stable for a long operating period. In the context
of permeability and selectivity for membrane separation performance, they are determined by their
thickness and membrane morphology. The basic principle emphasizing on the membrane
morphology for gas separation, the membrane should have spongy structure and low membrane
thickness, Figure 6. Other factors affecting the selectivity of a membrane is the precursor materials
used during fabrication. Based on researches that have been conducted, polyimide, poly (2,6-
dimethyl-1,4-phenylene oxide) and polysulfone: PI, PPO, and PSU show the higher good selectivity
among other polymeric materials [36-38]. Robeson discovered that the potential membrane to be
commercialized is depending on the relationship between the permeability and selectivity of the
membrane. The Robeson upper bound for three years or also known as the gas separation trade-off
limit, Figure 7. Robeson has put together various findings of membrane gas separation in binary pair
such as oxygen-nitrogen, oxygen-methane, oxygen-carbon dioxide, etc. into a correlation in the year
1980 then revised in 1991 and 2008 corresponding to the development in selectivity and permeability
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of membrane [39, 40]. In the gas separation process, the Robeson upper bound has always been used
as the benchmark for the membrane performance. It is expected that the Robeson’s upper bound
limit will be revised soon as there are numerous research works, also findings on polymeric materials
and technologies [41, 42]. Polyimide, poly (2,6-dimethyl-1,4-phenylene oxide) and polysulfone are
the polymeric materials that demonstrate performance above the Robeson’s upper bound in 2008.
It is reported, the polyimide carbon membrane has the permeability of 200 up to 800 Barrer and
selectivity of 7.5 to 15 for oxygen-nitrogen separation. A lot of researches and improvements need
to be done for membrane technology to compete with other oxygen-nitrogen separation
technologies [44]. The growing development of the membrane technology shows that there is a
possibility for membrane technology to be commercialized in the oxygen-nitrogen separation
process.

.

AN 0SS

.

(b)
Fig. 6. (a) Spongy-like structure membrane and, (b) finger-like structure
membrane [43]
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5. Conclusions

Nowadays, membrane technology is becoming one of the important technologies for gas
separation which has been improved significantly since being introduced in early 1960. The evolution
and improvements of membrane throughout the six decades cover on methods in fabricating
membrane which shows the potential to be a technically and economically membrane for gas
separation. The recent research on various polymeric membrane materials such as polyimide, poly
(2,6-dimethyl-1,4-phenylene oxide) and polysulfone have been conducted and these researches of
polymeric membrane increase the potential and possibility of yielding mixed matrix, selective layer
and crossed-linked membranes that relatively important in enhancing the selectivity and
permeability for the oxygen-nitrogen separation process. The membrane technology has a
considerably high potential compared to the current conventional separation technologies such as
pressure swing adsorption and cryogenic distillation to produce oxygen to fulfill the demands from
the industry.
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