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Carbon monoxide (CO) is an important gas required for various industrial processes.
Whether produced directly from syngas or as part of by-product gas streams,
valorization of CO streams will play an important role in the decarbonization of
industry. CO is often generated in mixtures with other gases such as H2, CO2, CH4,
and N2 and therefore separation of CO from the other gases is required. In particular,
separation of CO from N2 is difficult given their similar molecular properties. This
paper summarizes the current state of knowledge on the four processes for
separation of CO from gas mixtures: cryogenic purification, absorption,
adsorption and membrane separation. Particular emphasis is placed on technical
processes for industrial applications and separation of N2 and CO. Cryogenic
processes are not suitable for separation of CO from N2. Absorption
developments focus on the use of ionic liquids to replace solvents, with
promising progress being made in the field of CO solubility in ionic liquids.
Advancements in adsorption processes have focused on the development of new
materials however future work is required to develop materials that do not require
vacuum regeneration. Membrane processes are most promising in the form of solid
state and mixed matrix membranes. In general, there is limited development beyond
lab scale for new advancements in CO separation from gas streams. This highlights
an opportunity and need to investigate and develop beyond state-of-the-art
processes for CO separation at industrial scale, especially for separation of CO
from N2.
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1 Introduction

To achieve large scale decarbonization, or even re-carbonization (i.e., substituting fossil-
derived carbon with biomass-derived or circular carbon) in industry, CO2 and CO utilization
will play a key role (Gabrielli et al., 2020). This means the conversion of CO2 and CO to various
chemicals, either thermochemically or electrochemically. Currently, industrial quantities of CO
are required for various processes, including Fisher-Tropsch synthesis, methanol production,
hydroformylation, and phosgene and acetic acid production (Evans et al., 2018). These large
quantities of CO are primarily produced from syngas derived from biomass and fossil fuels,
through Steam Methane Reforming (SMR), Partial Oxidation (POX) or Autothermal
Reforming (ATR) (Bierhals, 2001). On smaller scales, CO production is possible
electrochemically with the eCOs™ system from Haldor-Topsoe (Topsoe, 2017). In some
industries, CO can be a significant component of by-product gas streams (e.g., from blast
furnaces in steel production). These gas streams are currently valorized through combustion for
electricity production, generation of steam or to satisfy internal heating demands. In addition to
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iron and steel industries (Van Dijk et al., 2018), this valorization
pathway is common for titanium, silicon carbide, and carbon black
production.

Purification of CO is necessary, whether produced directly
thermochemically or electrochemically, or as a by-product of
another process, because CO is always produced with of H2, CO2,
H2O, CH4, and N2. Depending on the conversion process, direct
utilization of the mixed gas stream can be hampered, in particular by
the presence of N2, due to reduced partial pressure of the reactive
components. This effect is exacerbated if a recycle is introduced. There
is also a potential economic drawback from the use of N2-rich feed as
larger compressors reactors and separation systems are required.
Therefore, the separation of CO from other gases is important
industrially in syngas processing; in particular, CO separation from
N2 is important for separating the energy from low value residual
streams in industry. Therefore, this paper focuses on the separation of
CO from N2.

Chemical engineering separation principles show that molecular
properties and, by extension, bulk properties (vapor pressure,
absorptivity, solubility, diffusivity) can be used to formulate ways
of separating a gas mixture. A large difference in the molecular
properties of the different gases can indicate a separation method.
Key molecular properties of gases, such as molecular weight,
polarizability, Van der Waals volume, Van der Waals area,
molecular shape, dipole moment, dielectric constant, electric
charge, radius of gyration, and electron configuration (de Haan
et al., 2013) are shown in Table 1. Due to the many similar
properties of CO and N2, it is very challenging to separate these
gases and, after other gases have been separated, CO and N2 typically
remain.

The bulk properties of gases that can be exploited to facilitate
separation of CO and N2 are vapor pressure and the affinity of CO in
forming π-complexation bonds. These properties allow for direct
separation of CO from N2 via four main processes: cryogenics,
absorption, adsorption and facilitated membrane separation. An
overview of advancements in these technologies is necessary, since
the last review on this topic was done more than 25 years ago (Dutta
and Patil, 1995).

Although there are other reviews on CO-N2 separation, these
papers focus solely on materials (Evans et al., 2018) and lack a process
technology element, which is key to industrial application.
Furthermore, indirect methods of separation of CO and N2 are

considered out of scope for this review, for example chemical
looping (Flores-Granobles and Saeys, 2022), or the water gas shift
reaction to produce H2 from the CO (van Dijk et al., 2018) and
subsequent separation of the H2 from the N2 using pressure swing
adsorption or membranes.

The goal of this paper is to systematically review the four main
processes for direct CO-N2 separation, i.e., cryogenic purification,
absorption, adsorption and membrane separation, with specific
attention to process technologies for industrial applications.

2 Cryogenic purification

Cryogenic purification exploits the vapor pressure difference
between gas components at very low temperatures. The principle
of exploiting vapor pressure differences is the most mature in terms of
industrial application. Cryogenic purification is deployed in multiple
industrial applications such as Air Separation Units, Natural Gas
Treating, Ethylene Purification and in commercial CO production
from natural gas.

2.1 State of the art

Based on the literature review, publications on cryogenic
separation of CO are limited to the design of a cryogenic
distillation column for CO-H2 separation (Li et al., 2018). No
references exist for the separation of CO from relatively high
concentrations of N2 by cryogenic purification. Processes for the
separation of CO from syngas mixtures are known and
commercially deployed. The concept is to cool the gas mixture to a
point where one component condenses while the other components
stay in the vapor phase. With the normal boiling point of CO
being −191.52°C and that of N2 being −195.75°C (Table 1),
cryogenics are required. Originally, syngas-CO separation processes
were developed to operate at higher pressures, where the boiling point
difference between CO and N2 is small. The design is tailored towards
higher pressure since most reformers operate at elevated pressures
based on techno-economic trade-offs. The high pressure operation
means that the cryogenic separation systems are not suitable for
mixtures with high N2 content (>5 mol%). A major limitation of
the cryogenic processes is the deep cleaning required to remove

TABLE 1 Molecular properties of gases (Data sourced from Linstrom, 1997; Yaws, 2015; Uhlig and Keyes, 1933).

CO N2 CO2 H2 CH4

Molecular weight (g/mol) 28.0101 28.0134 44.01 2.02 16.04

Van der Waals volume (cm3/mol) 16.200 15.800 19.700 6.210 17.050

Van der Waals area (109cm2/mol) 2.780 2.720 3.203 1.379E 2.880

Electric dipole moment (Debye) 0.112 0.000 0.000 0.000 0.000

Dielectric constant 1.501 1.00609 1.6 1.228 1.6

Radius of gyration (Å) 0.558 0.547 1.040 0.371 1.118

Kinetic Diameter (pm) 376 364 330 260 380

Normal boiling point (°C) −191.52 −195.75 −56.57* −259.20* −162.15

* Triple point
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components that freeze and block pipework and equipment. This
includes common species such as CO2 and H2O.

The current cryogenic purification processes for the production of
CO can be divided into two types: the partial condensation process and
the methane wash process.

2.1.1 Partial condensation
The process flow diagram of a partial condensation process is

shown in Figure 1. The heat exchangers shown in the process are
indicative of heating or cooling and, in the actual process, these are
fully integrated. The process functions by first cooling the gas mixture
to −193.15°C at an inlet pressure of 30–40 bar (Bierhals, 2001)
(i.e., typical operating pressure of a SMR or POX reactor). CH4

and CO are the first species to condense at these temperature and
are removed in SEP-01. The liquid product from SEP-01 is reduced in
pressure and fed to a second vessel, SEP-02, where any dissolved H2 is
removed. This hydrogen-rich gas is compressed and recycled. The
liquid phase from the second separator SEP-02 is again reduced in
pressure and fed to a CO/CH4 separation tower (SEP-04). If there is a

lot of CH4 in this liquid mixture, a CH4-CO separation column can be
introduced prior to increasing the temperature. The H2-rich gas phase
from the first separation vessel (SEP-01) is cooled to −203.15°C to
condense out any remaining CO. If there is little N2 in the feed, the
only remaining gas will be the hydrogen. This hydrogen is passed
through a heat exchanger to increase its temperature. The refrigeration
is provided by expanding a part of the H2-rich stream in a turbine and
using CO-rich product coming from the second liquid separator.

Variations of the process can be found for gas mixtures with low
CH4 content where the CO/CH4 separation tower (SEP-04) is avoided
(Bierhals, 2001). There are numerous variations depending on how the
heat integration is performed and the amount of energy extracted from
the hydrogen. However, essentially, the separation is between a
mixture of CO and H2.

2.1.2 Methane wash
The methane wash variant of cryogenic purification functions by

exploiting the high solubility of CO in CH4. The process can consist
either one or two methane wash stages, the process flow diagram for

FIGURE 1
Process flow diagram of a partial condensation process for separation of CO-CH4-H2mixture. Adapted fromDutta and Patil (1995) with permission from
Elsevier.

FIGURE 2
Process flow diagram of a single-stage methane wash process. Adapted from Bierhals (2001) with permission from John Wiley and Sons.
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both are shown in Figures 2, 3. Note that the heat exchangers shown
are indicative of heating or cooling, and are fully integrated with each
other in the real process to minimize external cooling duty.

The single-stage methane wash process is shown in Figure 2. The
feed stream is at a pressure of 40 bar and is cooled to −181.15°C
(Bierhals, 2001), this condenses out most of the CO and CH4 and this
mixture is subsequently fed to an absorber column. In the column, a
methane wash removes CO to ppm levels, and the remaining H2

stream with 1%–1.5% CH4 exits the top of the column. This hydrogen-
rich stream is expanded in a gas turbine to recover energy, and after
heat recovery is sent to the battery limits. The liquid product from the
bottom of the absorption tower is increased in temperature and
reduced in pressure (to 1 or 2 bars) and fed to the splitter column.
Liquid methane is recovered at the bottom and is pumped and
recycled, with part of the recycle being expanded for cooling and
use as fuel. The CO-rich product is recovered from the top of the
column at a purity between 97%–99%. Part of the CO-rich product is
compressed and cooled in the reboiler of the splitter column; this
stream is further cooled before being flashed. The liquid CO is used as
reflux in the splitter column.

The two-stage methane wash is shown in Figure 3. Feed gas is
cooled and then washed with liquid methane in the wash column,
where almost all of the CO is absorbed, leaving behind a H2-rich
product that contains ppm levels of CO and is saturated with CH4

at concentrations of 2%–3%. The hydrogen-rich stream is increased
in temperature and sent to the battery limits. The liquid methane
product from the wash column contains dissolved CO and also H2.
This H2 is removed by first heating and flashing the stream in a
flash column. In order to limit the loss of CO, a second methane
wash is used in the flash column. The gas product from the flash
column is sent to battery limits for use as fuel. The liquid product is
heated and flashed again, this time with the aim of ‘regenerating’
the liquid methane to recover the CO. This is done in the splitter
column, which is essentially a distillation column with vapor
recompression and heat integration. The column produces a
light product (CO) which is compressed and part of it is sent to
the battery limits and the remainder is used as a heat source for the
reboiler. After further cooling of the CO stream, it is flashed, with
the liquid becoming a reflux for the splitter column. The heavy

product (CH4) is withdrawn as a liquid from the bottom and is
pumped, cooled and used in the wash column and flash column.
Part of the liquid methane, after heat recovery, is sent to the battery
limits as fuel.

2.2 Beyond state of the art

2.2.1 Cryogenic-pressure swing adsorption hybrid
processes

The cryogenic-pressure swing adsorption hybrid processes refer to
patents but not operating processes, and involves a combination of
Pressure Swing Adsorption (PSA) and partial condensations to
separate CH4, H2, and CO mixtures. Similar to the previous
cryogenic processes, there is no indication of nitrogen is presence
in these gas mixtures. Figure 4 shows the first Cryogenic-PSA hybrid
process. In this process a hydrogen PSA is used to separate the feed gas
into a H2 product and a CO-rich tail gas. This tail gas is separated
using partial condensation process to produce a H2-rich stream, a CO-
rich stream and a mixed steam. The H2-rich stream is combined with
the H2 stream from the PSA. The CO-rich stream exists as a product
and the mixed stream is used as fuel outside of the separation process
(Fabian, 1993).

Figure 5 shows the second Cryogenic-PSA hybrid process. In this
process, the feed gas is fed first into a cryogenic separation, specifically
a partial-condensation process which produces a H2 rich stream, a
mixed stream mainly consisting CH4 and a CO-rich stream. The H2

rich stream is sent to a PSA for further purification, the mixed stream
is used as fuel outside of the separation process and the CO-rich
stream exists as a product. The PSA separates the H2-rich stream in a
purified H2 stream and a tail gas. The purified H2 stream exits as a
product and the tail gas is used as fuel outside of the separation process
(Trott, 2013).

3 Absorption

Absorption processes exploit the difference in affinity of one or
more gases to a liquid. This affinity can be in the form of solubility of a

FIGURE 3
Process flow diagram of a two-stage methane wash process. Adapted from Dutta and Patil (1995) with permission from Elsevier.
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molecule or through a chemical interaction between a target gas and a
functional component in the liquid. The target molecules are absorbed
into the liquid volume and desorbed in a consecutive step through
change of pressure and/or temperature.

In the case of physical absorption, the molecules remain inert
within the solvent. The driving force for this process is a high partial
pressure during the absorption and a reduced pressure during the
desorption. In case of chemical absorption, the molecules absorb into
the solvent and react with the solvent. Because this process is
exothermic a higher temperature is needed in the desorption
step. Chemical absorption is generally preferred for separation
processes at low partial pressures as it often has a more favorable
equilibrium (de Haan et al., 2013). In both physical and chemical

absorption, the properties of the solvent play a critical role. The
solubility of the target species relative to other species will dictate
the degree of separation and the size of the process units.While solvent
stability will determine the need for pre-treatment and viscosity will
determine both column hydrodynamics and the energy required for
pumping. Therefore, the solvent properties are critical for an
absorption process.

Examples of industrial absorption processes are the separation of
acid gases (CO2, H2S) from flue gases using chilled methanol
[Rectisol™, Linde and Lurgi (Linde, 2020)] and Selexol™ [UOP
(UOP LLC, 2009)] as physical solvents. The same separation can
also be achieved using chemical solvents such as monoethanolamine
or other Amines (Koytsoumpa et al., 2015).

FIGURE 4
Block diagram of Cryogenic-PSA hybrid process - I.

FIGURE 5
Block diagram of Cryogenic-PSA hybrid process - II.
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3.1 State of the art

The state of the art CO absorption technology is COpure by
Costello (R. C. Costello and Assoc. Inc, 2020), which is a successor of
COSORB I and II by Tenneco and KTI (Keller and Schendel, 1988). It
utilizes CuAlCl4 in toluene as a chemical solvent (Go et al., 2019). The
CO is selectively absorbed by binding reversibly with the Cu+ ion
(Hogendoorn et al., 1995). The process flow diagram is shown in
Figure 6. After the absorber, the rich solvent is flashed to desorb the
physically absorbed components such as H2 and only the chemically-
absorbed CO is sent to the stripper column. The process is able to
separate CO with a purity of 98% and recovery of 99% (R. C. Costello
and Assoc. Inc, 2020). Go et al. (2019) modelled the process and
concluded that a minimum CO concentration of 0.16 kmol/m3 is
required to reach a removal rate of >99%. The equilibrium relationship
for the absorption reaction of the predecessor, COSORB, indicates that
the absorption can be assumed as instantaneous in regards to mass
transfer (Hogendoorn et al., 1995). The sensitivity of the solvent
towards impurities such as H2O and H2S leads to an extensive
cleaning process prior to the COpure process to avoid harmful side
reactions, like production of HCl, and absorbent degradation.

3.2 Beyond state of the art

3.2.1 Ionic liquids
Ionic Liquids (IL) are compounds consisting completely of ions

with melting point below 100°C. Multiple authors have claimed that
ionic liquids are preferred compared to conventional solvents due to
their thermal stability and non-volatility. The developments of ionic
liquids for CO-N2 separation has focused on solvent characterizing
(density, viscosity, etc.) and performance improvement (CO solubility,
N2 solubility, etc.), the performance improvements are outlined below.

The use of ILs is not limited to absorption, some authors have
proposed the use of ILs in supported ionic liquid membranes
(SILM) (David et al., 2012; Zarca et al., 2017a; Zarca et al., 2017b),
this is covered in the next subsequent section of this paper.

The first screening of ionic liquid for CO separation was
performed by (Ohlin et al., 2004), where 37 ionic liquids and
some organic solvents were evaluated, and 1-butyl-3-
methylimidazol-3-ium ([bmim][Tf2N]) appeared to the most
promising. Since then a number of other assessment have also
been carried out on [bmim]-based ionic liquids (Raeissi et al., 2013;
Lei et al., 2014). The absorption of CO into 1-hexyl-3-
methylimidazolium chlorocuprate ([hmim][Cl]) with and
without added CuCl has been studied (David et al., 2012). The
addition of CuCl increased the absorption of CO without
increasing the absorption of N2 leading to the conclusion that it
makes the IL selective towards CO. Carbanion-functionalized ionic
liquids were reported by to have higher absorption capacity (Tao
et al., 2017) and more fundamental work was carried out to evaluate
IL containing Cu+ (Repper et al., 2017). The more recent addition is
the use of copper-(I) doped deep eutectic solvents (Cui et al., 2021),
which show even higher solubilities for CO. However, the authors
do not report N2 solubility and therefore the selectivity cannot be
determined. An overview of the CO solubilities for various ILs and
non-IL solvents are shown in Figure 7 (Tao et al., 2017; Liu et al.,
2019; Cui et al., 2021). The figure shows that over the last 2 decades
the CO solubilities of ILs have increased by two orders of
magnitude, however, the CO solubility of the COpure process is
not yet matched. Therefore, further material development work is
required to increase the CO solubility while maintaining low N2

solubility. Furthermore, current search and assessments focus on
material properties such as solubility, rate of reaction and viscosity.
In order to accurately assess the suitability of a solvent for scale-up,
a process study must be undertaken to evaluate the overall energy

FIGURE 6
Process diagram of the COpure-process . Adapted from R.C. Costello & Assoc. Inc. (2020), Courtesy of R.C. Costello & Assoc., Inc.
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consumption. This is particularly true for the developments that
would require the separation system to operate at higher pressures.

4 Membrane separation

Membrane separation functions by introducing a barrier that is
able to selectively let CO pass while limiting or preventing the passage
of other species. This creates two streams, one rich in CO and another
dilute in CO. An example membrane unit process is shown in Figure 8,
which differentiates the following streams: feed, retentate, permeate
and sweep. The feed gas contains the gas mixture for separation and is
at high pressure when the pressure difference is used as the driving
force for the separation. It has been shown that an electrical field could
substitute the pressure difference in certain gas separations (Winnick,
1990). The retentate is the stream containing the components that did
not pass through the membrane. The permeate is the stream that

permeates through the membrane. The sweep gas is often used to
remove the permeated gas and maintain a lower concentration on the
permeate side. The sweep gas is selected to be easily separable from the
retentate and not be permeable through the membrane.

The parameters used to quantify the performance of a membrane
are the flux through the membrane and the selectivity of the
membrane towards a specific species. The flux is measured in units
of volume or mass per unit time per surface area of membrane. The
selectivity quantifies the relative difference in permeabilities (how
easily a component passes through the membrane) of the different
components. Selectivity is unitless while permeability is measured in
units of mol m/m2/s/Pa. A membrane with a high permeability and
selectivity is ideal for a separation.

Membrane separations can be classified based on the type of
membrane, driving force and module design (i.e., the number and
topology of membrane units) (Kluiters, 2004). The membrane
material can be polymeric, inorganic or metallic. The actual

FIGURE 7
Overview of solubilities at 1 bar CO partial pressure and temperatures between 30°C–20°C.

FIGURE 8
Membrane Separation of CO (red and black) and N2 (green) with the aid of a sweep gas (blue).
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membrane material may be supported by a carrier to provide
mechanical strength while maintaining a thin selective membrane
layer. Given the physical similarities between CO and N2, membranes
based on physical separation such as nanofiltration or microporous
membranes cannot be used. Instead, facilitated transport membranes
are used.

In the majority of membrane gas separation technologies, the
membrane is the solid phase membrane. However, it is also possible to
construct the membrane of a liquid phase. Liquid membranes come in
different types (Ola and Matsumoto, 2017), the type applicable for gas
separation are supported liquid membranes (SLM). SLMs consist a
liquid phase supported by impregnation of a microporous membrane
or in some cases chemically bound to the solid support.

4.1 State of the art

Membrane separation for CO is not currently at commercial
scale and therefore no state of the art is present. However, at
smaller scales, CO separation membranes are pressure-driven
membranes and the most successful membrane systems
transport the CO across using facilitated transported (FT) as
well as molecular diffusion (Dutta and Patil, 1995). Facilitated
transport refers to the concept of selectively and reversibly
binding the CO to a molecule in the liquid phase and allowing
this molecule to travel to the other side of the membrane, where
the CO is then released due a lower CO partial pressure. In the
case of electrochemical driven separation, (Terry et al., 1995),
report the use of acidic chloride electrolyte to facilitate transport.

4.2 Beyond state of the art

4.2.1 Liquid membranes
The liquid phase selected for use in FT SLM needs to have a low

vapor pressure at process conditions, be selective to absorption of CO
and regenerate under low CO partial pressure. Historically, research
has focused on a prophyrinatoiron (II) complex and a solution of CuCl
and VCl3 dissolved in DMSO and 2-pyrrolindodone. The challenges
with these materials is their lack of long-term stability and their
tendency to leak and evaporate. More recently (David et al., 2012) have
explored the use of imidazolium-based ionic liquid with chloride
anion [Rmim][Cl] as the immobilized liquid phase and Cu+ as the
active phase to allow facilitated transport.

The reported advantages are the low vapour pressure of ionic
liquids, high solubility of CuCl and thermal stability. However, the
disadvantages are similar to their predecessor, i.e., extreme
sensitivity to water and the tendency to convert from Cu+ to
Cu2+. The work was also extended to study the effect of H2

permeation to produce a mixture of CO and H2 (Zarca et al.,
2014). This was built upon by (Feng et al., 2019) to use a different
ionic liquid and active species, namely 1-ethyl-3-
methylimidazolium tetrafluoroborate ([emim][BF4]) as the ionic
liquid and AgBF4 as the active species. This is the first reported use
of AgBF4 for CO separation. The results showed improved
permeation rates and selectivity between CO/N2 ranging from
1 to 9. Finally, (Tu et al., 2019), have also evaluated the use of
protic chlorocuprate ionic liquids (PCILs) for absorption and
membrane applications; the results indicate high absorption

capacities and permeation, making them a potential candidate
for SLM and absorption.

4.2.2 Solid membranes
The most significant development reported in membranes for CO

separation is by (Park et al., 2019a; Kim et al., 2021) who detail the
development of solid membranes for CO separation. The membrane is
a mixed matrix membrane (MMM), which are made of an discrete
phase (an inorganic material) which are incorporated into a
continuous phase (a polymeric matrix). The anticipated advantage
being that MMMs will significantly separation performance with
limited loss in membrane flexibility. The MMMs developed for CO
separation were produced with a silver component (AgBF4) stabilized
with MgO-Nanosheeets to allow facilitated transport. The reported
selectivity of CO/N2 ranges from 2 to 16. The solid membranes that
used silver for FT have the highest CO permeance and selectivity. As
promising as these results are, the selectivity must be understood as
theoretical selectivity calculated based on permeance data. When
multi-component mixtures are tested for long durations, the
selectivity obtained can be significantly lower due to multi-
component diffusion effects that do not manifest themselves in
single component permeation experiments. Therefore, it is
important that further validation using multi-component gases is
performed.

5 Adsorption

Separation by adsorption is based on one of three effects: steric,
kinetic or equilibrium. Steric effects refer to separation based on
physical size, where a molecule is able to enter the adsorbent due
to its size and shape. This is generally applicable for separation with
molecular sieves and zeolite. Kinetic separation functions on the
principle of differences in diffusion rates of different molecules,
where some molecules are able to move through rapidly, while
others are slowed and kept inside the bed. Again, the similarities
between CO and N2 prevent the use of steric or kinetic differences as
the separation principle. Finally, equilibrium separation occurs due to
affinity of the target molecule to the adsorbent (Yang, 1987). The
specific mechanism of affinity depends on the target molecule for
separation. In the case of CO separation, the first-used sorbents
exploited differences in Van der Waals interactions. Later
adsorbents relied on the ability of CO to form π-complexation
bonds with transition metals from the d-block. CO can be reacted
to form a π-complexation bond with Cu+ Ag+ Fe2+ Pd0 Zn2+ and Co2+.
However only Cu+ has a sufficiently high rate constant to design an
economically viable system (David et al., 2012).

An adsorption process requires multiple beds to operate
continuously. The state of the bed goes from being saturated in
CO to being lean in CO. The method of regeneration further
differentiates the different types of adsorption processes. The
regeneration can be done with a change in temperature, pressure
or a combination of both. This is referred to as temperature swing or
pressure swing adsorption. A typical pressure swing adsorption
process involves a bed undergoing some the following steps:
adsorption, de-pressurization, regeneration, re-pressurization. In
order to improve the overall performance, additional steps such as
a purge and rinse step maybe added. In terms of CO separation, the
strong π-complexation bond requires vacuum to enable efficient
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separation. Therefore this is referred to as Vacuum Pressure Swing
Adsorption (VPSA).

5.1 State of the art

CO separation with adsorption was first demonstrated in the
1980s by Kawasaki Steel and Osaka Oxygen Industries in Japan for
the production of CO rich gas from basic oxygen furnace gas, which
typically contains 55–60 mol% CO, 12–18 mol% CO2, 0.1–0.2 mol%
O2 and the remainder N2 (Dutta and Patil, 1995). This plant exploits
the difference in Van der Waal interactions of the components of the
gas. However, since CO2 and H2O interact more strongly with the
sorbents than CO, a two stage process is used. The first stage uses
activated carbon or silica gel and the second stage uses a Na-type
mordenite. CO purity of 98% and CO recovery of 45% have been
reported.

Higher CO purity and CO recovery is possible using a sorbent that
is able to form π-complexation bonds with CO. In 1986 a pilot plant
was constructed at Kakogawa Works of Kobe Steel and additional
commercial plants were built in 1989 and 1990 (Kasuya and Tsuji,
1991). These plants use activated alumina impregnated with carbon
for mechanical stability as a carrier and copper compounds (CuCl2,
CuCl) as the active chemisorption species. The functional species that
enables separation is the Cu+ ion. This is, however, not very stable and
in the presence of H2O will breakdown to Cu2+which is not active for
CO adsorption. This necessitates the requirement of a clean-up system
prior to the CO VPSA. The original pilot plants have reported CO
purities of up to 99.9% and recovery of 90%.

The VPSA bed undergoes a number of steps to achieve the
separation, as shown in Figure 9. The steps are adsorption,
purging, desorption and re-pressurization. In the adsorption step,
the column is fed at a pressure of 300 kPa and the CO is selectively
adsorbed by the sorbent and the CO lean gas exits as rest gas. This step
is stopped prior to CO breakthrough (i.e., before CO is detected in the
Rest Gas). At the end of the adsorption the void spaces in the column

will be filled with feed gas composition and, if regenerated directly, the
CO purity will be low. Therefore a purging step is used. CO-rich
product gas is used to purge the column with the outlet gas of the
purge step being used for re-pressurization of the column at lower
pressure. Next the column is regenerated by decreasing the pressure to
vacuum between 6 and 13 kPa. The produced CO is sent towards the
product gas holder. The final step is to increase the pressure back up to
adsorption pressure and this is done partly with the help of the purge
step product and the feed gas.

5.2 Beyond state of the art

The bulk of research around CO separation with adsorption is
focused on improving existing sorbent material or developing new
sorbents. Table 2 provides an overview of the adsorption material
research from 1973 to 2020. The core of the research still focuses on
using Cu+ ions as the active species. Recently, more attention has been
given to Metal Organic Frameworks (MOFs) because of their ability to
be tuned to achieve different functionalities; an overview of MOFs for
CO separation is available (Evans et al., 2018). Further to this, a wide
ranging screening of sorbent material for CO/CO2 separation was
done by (Wilson et al., 2020) which identified that high density silica
gel and H-Y are the best adsorbents for bulk separation of CO2 due to
their selectivity and capacity. This implies that for binary CO/CO2

mixtures, these materials are suitable for CO purification, but no
conclusion can be drawn for CO-N2 separation.

Most literature on adsorbents for CO uses metrics such as capacity
and selectivity to rank their performance. However, it has been shown
that these metrics alone are poor indicators of sorbent performance
because the energy consumption should be accounted for, as well as
the fully cyclic (multicolumn) system performance in terms of
adsorption-regeneration performance (Rajagopalan et al., 2016).
Only a handful of authors (Gao et al., 2018; Tao et al., 2021; Oh
et al., 2022) have attempted to quantify performance in a pressure
swing adsorption model. We propose that a simple model such as that

FIGURE 9
Steps of VPSA for CO separation. Adapted from Kasuya and Tsuji (1991) with permission from Elsevier.
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presented by (Maring andWebley, 2013), when applied to characterize
the performance of a VPSA system, can provide a wealth of
information. As part of this review, we have recreated this model
for CO and N2 separation in MATLAB; the source code for the model
is available online (James, 2022).

The simplified model assumes that the PSA process consists of
only three steps: Blowdown, Repressurization & Feed. The blowdown
step is assumed to start with the column fully saturated at feed
composition, temperature and pressure. During the blowdown step,
the column pressure is reduced to produce the heavy product
(i.e., CO). If a pressure lower than atmospheric is specified, the

work required is assumed to be provided by a vacuum pump
operating with an isentropic efficiency of 75%. During the
repressurization, the feed gas is fed until the column is at feed
pressure. Then the column is fed with the feed until conditions
match the start of the blowdown. During the repressurization step,
if the feed pressure is above atmospheric pressure, a compressor is
assumed to be used with an isentropic efficiency of 75%. In all steps, it
is assumed a gas and solid are in equilibrium is. It is also assumed that
the PSA operates adiabatically (which is close to industrial practice).

Multiple sorbents are available with varying degrees of available
data. For this illustrative comparison, we have selected CuCl on

TABLE 2 Base material and active species for CO separation.

Base material Active chemisorption species Reference

Zeolite Y Cu+ Huang, (1973)

Na Mordenite N/A Beyer et al. (1979)

Zeolite A N/A Förster and Witten, (1989)

Zeolite Y Cu+ Xie et al. (1993)

γ−alumina Cu+ and Ag+ Deng and Lin, (1995)

Pillared Clays Cu+ Cheng and Yang, (1995)

Activated carbon Pd0 and Cu+ Tamon et al. (1996)

Zeolite NaY and 13X Cu+ Xie et al. (1997)

No information Cu+ and Ag+ Huang et al. (1999)

Activated carbon Sn Iyuke et al. (2000)

5A Cu+ Liu et al. (2001b)

Zeolite NaY NH4Y, CuY Cu+ Liu et al. (2001a)

ZSM-5 N/A Sethia et al. (2010)

Zeolite NaY Cu+ Sun et al. (2011)

Zeolite Y Cu+ Li et al. (2013)

MOF (M2 (dobdc)) N/A Bloch et al. (2014)

MOF (Fe-BTTri) N/A Reed et al. (2016)

Activated carbon Cu+ Gao et al. (2016b)

Zeolite HY Cu+ Gao et al. (2016a)

MOF (MIL-100(Fe)) Cu+ Peng et al. (2015)

Activated Carbon and Zeolite Y Cu+ Zhou et al. (2017)

Boehmite Cu+ Cho et al. (2018)

Carbon xerogel Cu+ Zhu et al. (2019)

Activated carbon Cu+ Xue et al. (2019)

M2 (DOBDC) (EG)2 Mg, Co Ni Kim et al. (2019)

Carbon Molecular Sieves N/A Park et al. (2019b)

Bayerite Cu+ Cho et al. (2019)

SAPO-34 Cu+ Wu et al. (2019)

MOF-74 Cu+ Evans et al. (2020)

MOF (MIL-100(Fe)) Cu+ Yoon et al. (2020)

Multiple N/A Wilson et al. (2020)
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activated carbon (CuCul-AC) (Gao et al., 2018) and 45 wt% Cu(I)-
doped MIL-100(Fe) (Vo et al., 2019) due to the availability of
consistent temperature-dependent data set.

The isotherm parameters are shown in Table 3 and the sorbent
properties are shown in Table 4. The isotherm parameters have
been regressed from the published experimental data. The
isotherm model selected is the Langmuir competitive
adsorption between CO and N2, as shown by Eq. 1, where Ki,
pi and q0,i represent the adsorption constant (bar-1), partial
pressure (bar) and maximum loading (mol kg-1), respectively
for component i. The adsorption constant for CO is a function
of temperature and is represented by Eq. 2. The temperature of the

adsorption constant for nitrogen could not be regressed as no
temperature dependent data was available.

qi � q0,i
Kipi

1 +KCOpCO +KN2pN2

(1)

KCO � K0,COe
−Ea
RT (2)

Furthermore, for the case of the 45Cu(I)@MIL-100(Fe), no
N2 isotherm adsorption data was measured; therefore, it has been
assumed that the sorbent is only selectively towards CO. In the
simulation, the inlet feed pressure is 5 bar, and temperature is 30°C.
The feed CO and N2 concentrations of 35% and 65%, respectively, have
also been specified. The only variable that is manipulated is the blowdown

TABLE 3 Isotherm paramaters.

Parameter Symbol Units CuCul-AC 45Cu(I)@ MIL-100(Fe)

K0,CO 1/Pa 8.42 × 10−8 2.26 × 10−8

K0,N2 1/Pa 2.15 × 10−6 0

Ea,CO J/mol −15207 −20741

q0,CO mol/kg 3.38 3.14

q0,N2 mol/kg 0.34 0.000

TABLE 4 Isotherm parameters.

Adsorbent Sorbent volume (m3) Density (kg/m3) Bed Voidage Heat capacity (J/kg/K)

CuCul-AC 1 980 0.69 857

45Cu-MIL-100(Fe) 1100 0.7 750

FIGURE 10
Comparison of CuCl on activated carbon and 45Cu(I)@FMIL-100(Fe).
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pressure; this is varied between 1 bar and 0.01 bar. The results purities and
corresponding recoveries are shown in Figure 10.

Figure 10 shows the effect of reducing blowdown pressure on
CO purity (top left), CO recovery (top right), specific work (bottom
left) and working capacity (bottom right). The CO recovery and
CO purity increase for both materials as the blowdown pressure is
reduced. A lower blowdown pressure means that the sorbent is
better regenerated and more CO is recovered. Since the adsorption
capacity of the nitrogen is significantly lower than the adsorption of
CO, as a deeper regeneration occurs, no nitrogen is left to desorb;
thereby a deeper regeneration results in a higher CO purity. When
comparing the two sorbent materials, we can see that the CO purity
is significantly higher due to the assumption of no N2 adsorption
on the 45Cu(I)@MIL-100(Fe). The validity of this assumption
remains to be evaluated experimentally; literature studies with
other MIL-100(Fe) adsorbents have shown small but not
negligible capacities for nitrogen (Ben-Mansour, et al., 2018;
Wang and Yu, 2021). However, the total energy consumption of
the two is comparable, with the working capacity (which will
eventually influence the CAPEX) of the 45Cu(I)@MIL-100(Fe)
being higher. The working capacity is higher even though the
maximum equilibrium loading of CO is lower for the MOF than
the CuCul-AC. This is likely due to the assumption of no N2

adsorption in the case of 45Cu(I)@MIL-100(Fe). Using simple PSA
models such as the one proposed can provide the ability to study
the influence of such assumptions. Something not easily done with
simple metrics. Therefore, such comparisons are key when
developing sorbents, a comparison lacking in current literature.

6 Outlook and trends

Significant progress has been made in the 27 years since the
last review of CO-N2 separation. However, there are still
developments required before CO-N2 separation can be widely
deployed. Of the different technologies, it is not possible to
identify which of these holds the largest promise or to state
applicability area depending on required performance.
Therefore, additional work in comparative techno-economic
analysis (TEA) is required. In current research spanning
absorption, adsorption and membranes, material developments
are addressed thoroughly and show significant progress.
However, there is a gap between material research and process
development, where very few of the reviewed research evaluates
the impact of the new material and their parameters on the overall
separation process. Therefore, in general, all material
developments should include a process design and evaluation
to guide their development trajectory.

Cryogenic separation of CO-N2 is the area with the least new
developments. Based on the technological aspects, it does not seem to
be suitable for further development. However, this must be verified with a
comparative TEA.

The use of absorption has made excellent progress in terms of solvent
development with new solvents showing two orders of magnitude increase
in CO solubility compared to solvents from 20 years ago. However, this is
still an order of magnitude lower than the state of the art. Therefore, the
material development focus should be on increasing CO solubility. In terms
of the process design, specific attention should be paid to the influence of
solvent viscosity and gas per-treatment requirements.

Solid state membrane development have also shown remarkable
material development progress. However, many assessments are
limited to single-component permeation experiments. In order to
correctly quantify performance, multi-component, long-duration tests
must be done. This is crucial since multi-component selectivity can be
lower due to multi-component diffusion effects. The bulk of current
research with membranes has thus far exploited the use of pressure
differences as a driving force with one article demonstrating the use of
acidic chloride electrolyte to facilitate transport. It is known that electrical
fields can be used to replace pressure difference as driving force for some
gas separations (Winnick, 1990). Recent successes of this approach in the
area of CO2 separation (Ghezel et al., 2017) (Sharifian et al., 2020) indicate
that this could also be a suitable method to advance CO separation.

A further unexplored area is the use of direct electrochemical
separation. Facilitated transport relies on a carrier agent (Cu+/Cu2+) that
is modulated between the two states. Given that CO exhibits an electrical
dipolemoment, it is possible to act directly on it without a carrier agent. An
example of such a process would be a system which operates cyclically,
where the first step separates CO by exploiting the dipole moment of the
gas to selectivity adsorb it onto a charged surface and in a second step the
electrical field is disabled and the gas is released. In theory such a system
should be possible although no such work has been reported.

Adsorption is commercially available for CO-N2 separation and the
material developments show some promising new developments. However,
the tolerance to impurities and overall performance is limited. In future
developments, a material which is more resilient to impurities and can be
operated at more energy efficient operating points could be more
advantageous even at lower selectivity and/or capacity. Materials
previously disregarded due to low capacity but that exhibit favorable
characteristics could form a new line of research. An example are
pillared interlayered clays (PILC), which were explored for low
temperature olefin-paraffin separation, another difficult separation that
employs π-bonds. It was found that at these low temperatures, PILC
did not have sufficiently high adsorption ratios compared to the
reference CuCl/γ-Al2O3. However, a favorable feature of the PILC
isotherms was having the steep portion above the Henry’s region of the
isotherm, allowing a higher working capacity (Cheng and Yang, 1995). This
would indicate that such material could be used without the need for
vacuum.

7 Conclusion

Separation of CO is an important topic that, due to the energy
transition, is gaining momentum. This is particularly relevant for Iron
& Steel as well as other metal industries where carbon is part of the
chemistry. The major methods of CO separation are cryogenics,
absorption, adsorption and facilitated membrane separation. In
general cryogenic processes are not suitable for CO-N2 separation
and there is also little development work in this area.

In the area of absorption most of the focus lies on replacing
the traditional benzene or toluene solvent with ionic-based
solvents that are doped with copper-(1). Ionic liquids have
traditionally had limited solubility in the low pressure region,
however, recent advances have resulted in CO solubility in ionic
liquids reaching the same order of magnitude as traditional
benzene and toluene based solvents. The research is still
academic and development into pilot and demonstration scale
processes remain to be seen.
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The ionic liquids used to replace solvents for absorption are also
studied for membrane application in the form of Supported Liquid
Membranes. SLMs are developing in parallel to IL but with no
development trajectory beyond lab scale due to potential issues in
holding the liquid membranes. A more promising direction is the use
solid state membranes that have recently shown high permeance and
selectivity. These mixed matrix membranes need to be further tested
with multi-component gases to assess their feasibility for scaling-up.

In terms of adsorption, there is little development work in the area
of process configuration and a significant amount of research focused
on new materials. Material research currently focuses on separation
processes at low temperature using vacuum regeneration and utilizing
Cu+ as the functional species. The main drawback of such a process is
the need for extensive clean up prior to the VPSA due to the instability
of the Cu+ species and the high energy cost of creating a vacuum for
regeneration. These issues present an opportunity for future work in
materials that are stable and can separate CO without the requirement
for vacuum. Furthermore, material research should be coupled with
process design and the assessment of the material should rely on more
than simply one parameter such as absolute capacity.
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