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Assessing the Performance of Adsorbents for CO,/CH, Separation in

Pressure Swing Adsorption Units: a Review

This review article assesses the performance of various adsorbents for CO,/CH,4
separation, a critical step in the final phase of a biogas upgrading plant. The focus
is particularly on the use of pressure swing adsorption (PSA) units for this
purpose. Four types of adsorbents, including activated carbons (ACs), carbon
molecular sieves, metal organic frameworks, and zeolites, are thus evaluated
based on their selectivity in CO,/CH, separation and PSA working capacity ratio.
This selectivity is estimated from pure component isotherms through the Ideal
Adsorbed Solution Theory (IAST), and the PSA working capacity ratio is
evaluated for a PSA cycle with depressurization at atmospheric and sub-
atmospheric pressure. The results show that ACs exhibit the lowest selectivity,
while zeolites have the highest selectivity and PSA working capacity ratio. The
article also includes a review of simulation studies on CO,/CH, separation by
PSA. In addition, PSA units are compared based on their productivity, energy
consumption, purity, and recovery. To calculate energy consumption and
productivity, parameters that are often overlooked, a mass balance is applied to
the PSA cycle described in each relevant literature study. Our study suggests that
the PSA cycle with pressure equalization and sub-atmospheric pressure
depressurization is the most optimal, providing valuable insights into the

selection and optimization of adsorbents and PSA units for CO,/CH, separation.

Keywords: biogas upgrading; CO,/CH, separation; adsorption; pressure swing

adsorption units.
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1. Introduction

Biogas, a byproduct of the anaerobic decomposition of organic matter, represents a
promising strategy for reducing greenhouse gas (GHG) emissions. It primarily
comprises methane (CH,4) and carbon dioxide (COy), but can also contain several other
impurities, including H,S, NHa, water vapor, Ny, H,, CO, O, and siloxanes.”! These
constituents, although present in significantly lower proportions than CH,4 and CO,, can
exert a notable detrimental influence on the final utility of biogas. When upgrading
biogas for increased CH, purity, the initial focus is typically on eliminating H,S, given
its potential corrosive threat and the need to protect treatment facilities. Subsequently,
additional treatment is applied to remove the remaining contaminants in order to obtain
a biogas primarily comprising CH, and CO,.

Among the methods available to perform CH,/CO, separation, pressure swing
adsorption (PSA), which uses adsorbent materials, is gaining in popularity due to its
energy efficiency, low operating and installation costs, compact equipment design and
user-friendly operation.”’ CO, adsorption has mainly been studied using activated
carbons (ACs), carbon molecular sieves (CMSs), zeolites and metal-organic
frameworks (MOFs). Despite extensive investigation, many adsorbents exhibit limited
adsorption capacity or are expensive to produce. Addressing these challenges requires
the development of porous materials that are both cost-effective and easy to regenerate,
and offer high adsorption capacity and selectivity.?!

The aim of this study is to identify the most effective adsorbent materials and PSA
systems for separating CO, from CH,. Unlike previous studies that focused on
comparing the physicochemical properties, CO, and CH,; uptake, and CO,/CH,
selectivity of various adsorbents using manometric equipment at laboratory scale, °

this work examines the performance of selected adsorbents tested in PSA conditions.
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For that purpose, we consider a fundamental operational parameter in PSA systems,
adsorption pressure, which is the pressure at which adsorption occurs in the PSA
column containing the adsorbent material. Since operating pressure depends on the
specific PSA regeneration method, our investigation centers on two distinct adsorption
pressures: 5 bar, which is generally the operating pressure for systems undergoing
depressurization to atmospheric levels, and 1 bar, representative of the average
operating pressure for systems using depressurization to sub-atmospheric levels.

In the present study, we use the pure CO, and CH, adsorption isotherms to conduct
simulations and predict their co-adsorption when mixed by employing the IAST (ldeal
Adsorbed Solution Theory) method. Then, the estimated amounts of CO, and CH,4
adsorbed from the gas mixture are used to calculate the equilibrium selectivity and PSA
working capacity ratio for each adsorption operating pressure. While existing review
articles have already explored the performance of PSA systems for CO,/CH, separation
under various operating conditions,'®*% our approach transcends the limitations of
reported data. We employ full mass balances considering flow rates for the inlet, outlet,
purge and vent stages. This approach allows us to calculate the CH, productivity and the
expected energy consumption of the PSA. These two factors are indeed key
performance indicators (KPIs) often overlooked by researchers who concentrate solely
on assessing the final purity and recovery from the PSA. In this review paper, we will
demonstrate that considering these two KPIs, it is possible to select the most optimal

operating mode in PSA units.
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2. Generalities on Biogas Production

2.1 Typical Composition and Applications of Biogas

Fossil fuels currently account for over 75% of the world’s total energy supply[11] and
are the primary source of GHG emissions, the cause of global warming. In order to meet
the European Union’s (EU) objective of reducing GHG emissions by at least 55% by
2030 and achieving net zero emissions by 2050, the use of biomethane emerges as a
promising strategy. Moreover, the EU is currently facing geopolitical challenges
associated with natural gas imports, and is striving to reduce its dependence on external
suppliers. This underscores the importance of biomethane production, which is

anticipated to witness a substantial increase, as shown in Figure 1.

[Figure 1 here]

Biomethane is mainly obtained from biogas, from which it needs to be separated.
Biogas is a byproduct of the anaerobic decomposition of organic matter, including
animal manure, plant debris, food waste, biodegradable parts of municipal waste and
sewage sludge. The precise composition of biogas depends on the source of the organic

matter undergoing decomposition, as shown in Table 1.

[Table 1 here]

Since CO, can account for up to 50 vol.% of biogas composition, and is not
combustible, this compound significantly reduces the high heating value (HHV) of
biogas (21.5 MJ-Nm™®) compared with natural gas (39.8 MJ-Nm),*¥ which is mainly
composed of methane. Upgrading biogas can improve its HHV by up to 30 MJ-Nm?3.[®
Additionally, CO, hinders biogas compression, a process commonly employed for its

storage.™
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Other impurities, such as hydrogen sulfide (H,S) or ammonia (NH3), can have
various adverse effects. H,S, for instance, is known for its corrosive impact on internal
combustion engines, and it can present serious risks to human health. On the other hand,
the accumulation of NH; is a potential issue in the anaerobic digestion of food waste,!**
restricting its application in industrial biogas plants. Since a high concentration of NH3
can lead to a 50% reduction in CH,4 production,™ NH; is normally treated in the
anaerobic digester using nitrification/denitrification techniques.

Siloxanes are a common impurity, particularly when biogas is produced from sources
such as landfills. When siloxane-containing biogas is burned in an engine, the siloxanes
undergo oxidation to form silicon dioxide, which can accumulate on engine components
such as spark plugs, valves and turbo compressors.l*®! Finally, the presence of moisture
can adversely affect the CO, adsorption process on zeolites and MOFs during biogas
upgrading. However, the influence of moisture on carbon surfaces remains a matter of
debate, as it has been shown to even improve CO, adsorption compared to dry
conditions.*” Nevertheless, it is crucial to recognize a threshold beyond which the
presence of water can exert a negative effect on CO, adsorption. Studies indicate that
when the water content exceeds 1 vol.%,™ or relative humidity exceeds 37% in the gas
phase,™ CO, adsorption drops substantially.

When biogas is upgraded to a higher CH, purity, it is referred to as “renewable
natural gas” or “biomethane (Bio-CH4)” and can be used in a variety of power
generation applications, including heat, electricity and fuel, as shown in Figure 2. A
more detailed comparison of biogas applications can be found elsewhere.?® 2! Overall,
the conversion of biogas into Bio-CH, emerges as a promising route for the production

and transportation of sustainable energy, offering a viable alternative to fossil fuels.

[Figure 2 here]
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2.2 Biogas Upgrading

Several methods can be used to upgrade biogas,’?? and the choice of the method
depends on several factors, including input composition, desired biogas quality, local
market conditions, volume of biogas to be treated, and cost of the upgrading process.
Water scrubbing (see Figure 3a) is the most commonly used technology in this
respect,’®! involving around 41% of biogas upgrading plants worldwide.'*? The process
involves directing the biogas through a column filled with a water-based scrubbing
solution that selectively absorbs impurities. The impure water, containing traces of CHy,
exits the column at the lower end and enters a flash tank whose pressure is lower than
the feed pressure, resulting in the release of absorbed impurities. In this tank, the small
amount of CHy is extracted and reintroduced into the scrubbing column for further
purification. The aqueous solution is then directed to a desorption column for
regeneration, with continuous recirculation through the column. It is worth noting that
water scrubbing requires a large volume of water, a resource that can be scarce in some
regions. In addition, the process can produce wastewater, which must be treated before
proper disposal.

An alternative to water scrubbing is chemical absorption (see Figure 3b). Instead of
water, a chemical solution such as an amine, is used. The amine solution removes
impurities from the biogas, and it becomes saturated at the bottom of the column. After
the heat exchanger, the solution passes into the desorption/stripping column, where the
temperature is raised to between 100 and 180 °C for regeneration. The solvent saturated
with contaminants is then treated to release the absorbed impurities. Besides amines,
other alkaline salts such as sodium, potassium and calcium hydroxides can also be used.
(23] The disadvantages of this method are that, firstly, the solvents used can be toxic to

humans and the environment and, secondly, a significant amount of energy is required
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to regenerate the chemical solutions, which can result in an energy expenditure of over
20% of a power plant’s total energy production.[24]

Cryogenic separation (see Figure 3c) is another technique that involves cooling
biogas to very low temperatures to liquefy impurities, enabling their separation from the
biogas stream according to their boiling point.”® The use of cryogenic separation for
biogas upgrading faces several challenges, including high initial investment and
operating costs,’® which limit the widespread adoption of this technique in industry.

Membrane separation (see Figure 3d) is another common method that involves
using a semi-permeable membrane, allowing CH,4 to pass through while retaining
impurities such as CO, and water vapor.”® However, this technology has major
disadvantages, including the high cost of membranes and their fragility.!*®! Additionally,
the economic viability of membrane separation processes has proved difficult for small-
scale plants (< 100 Nm® h biogas flowrate).[??

The last method is pressure swing adsorption (PSA) (see Figure 3e), which uses
adsorbent materials to separate CO, and other impurities from the biogas stream. The
adsorbent material is regenerated by reducing the pressure, releasing the impurities and
leaving a concentrated CH,4 stream.[®! The popularity of PSA technology in biogas

upgrading is growing due to its energy efficiency, low operating and installation costs,

compact equipment design and user-friendly operation.!?

[Figure 3 here]

2.3 Use of Sorbents in Biogas Upgrading

Nanoporous materials are frequently considered the most suitable for biogas
upgrading involving adsorption processes. Research on the removal of H,S from biogas

has primarily concentrated on ACs®?" 2% and zeolites.*°? In addition, other adsorbents,
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including alumina, silica gel, along with ACs™*=*! and zeolites once more, have been
used to eliminate siloxanes. CO,, the most common contaminant in biogas streams, has
been mainly studied with ACs, CMSs, MOFs and zeolites (see Tables S1 and S2 in the
Supplementary Information). Table 2 gives an overview of some of the characteristics
of these materials.

e ACs are a subject of extensive research due to their remarkable characteristics,
including a large surface area, high micropore volume and appropriate pore size
distribution (PSD).B® ACs exhibit a relatively low heat of adsorption, translating
to low energy requirements for regeneration. Additionally, ACs are generally
cost-effective.l*”]

e CMSs, as implied by their name, consist primarily of carbon, and they have
demonstrated effectiveness in separating CO, from CH,4 due to their small pore
size, enabling Kkinetically preferential adsorption for CO,. However, their
production is expensive, and their performance may be restricted by a low
adsorption capacity *® (see Table S2 of the Supplementary Information).

e MOFs have recently emerged as a promising class of materials, due to their high
surface area and pore volume, which allow efficient gas adsorption and
separation. MOFs can be tailored with specific pore sizes and shapes, enabling
selective adsorption of CO, over CH4. However, a drawback of MOFs is their
relatively low stability under certain conditions, such as high temperatures or
humid environments.

e Zeolites, as porous crystalline aluminosilicates, exhibit a high selectivity for CO,
and possess high CO, adsorption capacities (see again Table S2 of the
Supplementary Information). This can be attributed to their PSD and surface

chemistry. Additionally, zeolites also have good thermal and chemical stability,
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making them durable and suitable for prolonged usage. However, they also have
some disadvantages with regard to the substantial adsorption heat of CO,, leading

to challenges in adsorbent regeneration.®!

[Table 2 here]

In the literature, the evaluation of adsorbents typically involves assessing their
adsorption equilibrium with pure gases (e.g. CH, and CO,) or conducting breakthrough
curve experiments using a synthetic gas mixture that mimics biogas composition (e.g.
CH, =65 vol. %, CO, = 35% vol. %). When considering the separation of CO, and CH,4
using a PSA process, it is important to consider not only the properties of the adsorbent
but also the operational parameters of the PSA unit. Indeed, the adsorption capacity of
the adsorbent and the efficiency of the separation process can be influenced by various
factors such as feed gas flow rate, pressure, temperature, cycle time, as well as the type
and amount of adsorbent used. A recommended approach for selecting an optimal
adsorbent/PSA system configuration is to select adsorbents based on equilibrium
isotherms and dynamic measurements to identify the most promising candidates.
Subsequently, the chosen adsorbent undergoes evaluation in a PSA system to establish a
set of baseline performance data. Finally, a reliable numerical model of the PSA process
can be validated using experimental PSA data, enabling exploration of additional cycles

and operating windows.?

3. CO,/CH, Separation by Adsorption Processes

3.1 Adsorbents for CO,/CH, Separation

The preferential selectivity of the components of a gas mixture for a given adsorbent
is the fundamental principle behind adsorption/separation processes. Ideally, a high

selectivity is needed, but a large working capacity ratio in the adsorption column is also
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desirable as it determines the size and cost of the bed separation system.[? In addition
to the aforementioned selection criteria concerning adsorption and separation
performance, various other factors associated with an adsorbent are of significant
importance.! These include aspects such as ease of synthesis, density, scalability,
sustainability, availability, physicochemical stability, cost, hydrophobicity, and
toxicity.® The strength of the interaction between adsorbent and adsorbate is
determined by the adsorption enthalpy. The adsorption enthalpy of CO, lies between -
25 and -50 kJ mol™* for physisorption and is below -60 kJ mol™ for chemisorption. A
higher enthalpy in absolute value requires more energy for CO, desorption, which
increases regeneration costs. However, too low an enthalpy in absolute value results in
low CO, adsorption capacity.[*!

The surface of an adsorbent material attracts gas molecules through a combination of
Van der Waals interactions and electrostatic forces from more or less polar or
quadrupolar species. CO- is a molecule with a quadrupole moment of 13.4 x 10 cm?,
whereas CH4 has no polarity. Due to this significant difference in polarity, the presence
of polar functional groups on the adsorbent surface proves highly beneficial in
enhancing the selectivity for CO.."*¥ These interactions vary in strength, enabling
different substances to be adsorbed to varying extents. Separation of CO; based on this
kind of electrostatic interactions with the adsorbent is called equilibrium separation.!*!
When selectivity results from significant variations in the diffusivity of the different
molecules in the micropores, the separation is called kinetic separation.

To identify the optimum adsorbent for selectively capturing CO, from biogas
streams, various parameters can be considered, including BET area, micropore volume,

adsorbent capacity at different CO, partial pressures for biogas upgrading, and CO,/CHy,4

selectivity (see again Table S1 and Table S2 in the S.I). Porous materials used in
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CO,/CH,4 separation by PSA units can be classified into carbonaceous materials such as
ACs and CMSs, or other inorganic or hybrid materials such as zeolites or MOFs,

respectively, see Table 3.

[Table 3 here]

3.1.1 Carbon Adsorbents for CO,/CH, Separation

ACs can be synthesized from a variety of precursors, including coal, char, peat,
petroleum coke, lignite, wood and other biomass materials.*®! Additionally, industrial
waste can serve as a viable source, provided it contains a high carbon content and
minimal levels of inorganic compounds, commonly referred to as ashes.*J The
preparation of ACs involves enriching the raw material with carbon through heat
treatment and developing and opening porosity, which corresponds to the activation
process itself. There are two primary activation processes: physical activation, which
involves carbon dioxidel®® 3 441 and/or water vapor®® as gasifying agents, and
chemical activation, which involves the use of substances such as phosphoric acid
(HsPO,),H" 1 potassium hydroxide (KOH),® #" 0581 or potassium carbonate
(K,COs),* 1 amongst others.

Physical activation enhances the textural characteristics of the resulting carbon by
creating micropores, thereby increasing its adsorption capacity. Furthermore, physical
activation can enlarge existing porosity by making micropores wider and introducing
some mesoporosity into the carbon structure, which facilitate molecules diffusion within
carbon.®¥ Finally, it also facilitates the emergence of oxygenated functional groups,
including phenolic, ketonic, and carboxylic groups,™®! which may enhance carbon
surface interaction with molecules. Physical activation processes involve progressive

carbon gasification, limiting control over micropore size distribution. In contrast,

12
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chemical activation methods offer a good alternative, as they enable porosity
development to be precisely controlled and modified. Through well-controlled
activation conditions, the porosity characteristics of the carbon material can be
significantly altered, leading to tailored and optimized PSDs.* Nevertheless, chemical
activation is often considered detrimental to the environment, given the use of water to
dissolve reagents, extract and wash products, separate mixtures, clean reaction
apparatus, and disperse products for practical applications.**! It is important to
recognize, however, that the surface area of chemically and physically activated carbons
can be influenced by a variety of factors, including the precursor material and other
activation conditions.

The incorporation of heteroatoms such as nitrogen, phosphorus, and sulfur has been
investigated to further enhance the properties of activated carbons.™® Nitrogen-
functionalized ACs, in particular, have shown improved CO, adsorption capacity and
selectivity through mechanisms such as acid-base interactions and hydrogen bonding.?*
Incorporating heteroatoms, such as nitrogen, into the carbon framework can
significantly enhance adsorption efficiency by improving interactions between gas
molecules and carbon. Reported nitrogen-doped activated carbons with very high
surface areas, exceeding 1400 m?.g*, have confirmed the improvement achieved by this
approach. 2 5!

It is feasible to create carbon adsorbents with tightly controlled PSDs in their porous
structures. These materials, known as CMSs, possess narrow, uniformly sized
micropores that are able to sieve molecules based on their differences in diffusion rate,
size and shape.’”! The CMS production process can be similar to the preparation of

ACs, but with an additional step involving pore shrinkage. This is achieved by

controlled deposition of carbon obtained by high-temperature cracking of molecules
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such as benzene or acetylene.[*”y CMSs can also be produced by controlled pyrolysis of
synthetic polymers such as polyvinylidene chloride, polyimide and phenol-
formaldehyde resin.*®! By carefully adjusting the preparation conditions, a highly
homogeneous PSD can be obtained.*”

CMSs exhibit uniform, slit-shaped pore openings, similar in size to those of small
molecules (N2, O,, CO, or CHy,). It is essential for a CMS to possess pore sizes between
3.2 and 3.7 A to ensure the sieving effect,’® which implies that small gas molecules pass
through the narrow channels and pores more easily than larger molecules. For instance,
since the CH4 molecule (3.8 A) is larger than that of CO, (3.3 A), the latter is more
adsorbable. The main difference between ACs and CMSs lies in their PSD. ACs exhibit
a disordered and widely distributed range of pore sizes, from 0.4 to 4 nm and often
extending far beyond this range. This characteristic renders them unsuitable for the
kinetic separation of gas mixtures, as their broad PSD hampers their kinetically-based
selectivity.! CMSs have the potential to facilitate highly effective kinetic separation,
relying on differences in sorption rates rather than sorption equilibrium. Nonetheless,
CMS synthesis requires the modification of the pores of the carbon precursor, involving
energy-intensive and complex techniques such as chemical vapor deposition (CVD).
Consequently, conventional CMSs may not be suitable for household biogas upgrading
systems due to their cost-effectiveness limitations.™

If ACs exhibit stronger surface interactions with CO,, allowing them to adsorb larger
quantities of this gas compared to CH4;, CMSs are kinetic-based adsorbents. CMSs
control the diffusion rate thanks to their narrow micropore size, resulting in greater CO,
retention per unit time.”® Due to these kinetics restrictions, CMSs use only a fraction of

their total adsorption capacity.
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3.1.2 Other Adsorbents for CO,/CH,4 Separation

MOFs are produced by the self-assembly of organic ligands consisting of
carboxylate, phosphonate, pyridyl and imidazolate or other azolate functional groups
and metal oxide clusters (e.g. Cu**, Mg®", AI**, cr** or zn*"),® resulting in the
formation of crystalline structures with exceptionally high surface areas and pore
volumes. MOFs have a very regular porous structure with adjustable pore sizes and
chemical functionalities that can be customized by modifying the metal groups or
organic ligands.!®"

MOFs typically exhibit surface areas exceeding 4000 m2-g™%,%? surpassing those
observed in conventional porous materials. Within MOFs, CO, adsorption is enhanced
by the metal sites, capable of inducing local electric field effects, thereby increasing the
affinity for CO, in comparison to CH..[%®! Furthermore, strategic functionalization, such
as incorporating polyamines to introduce CO,-binding sites through physical means, or
integrating carbon nanotubes and chemically decorating them with amine groups have
allowed to further increase CO, adsorption selectivity over CH..[®! Thus, CO,-MOF
interactions can be adjusted through the use of functionalized ligands. Among the
functional groups most commonly incorporated into MOF ligands are thiols, carbonyls,
carboxyls, cyano groups and amines.!®"!

One of the primary drawbacks of MOFs is their limited stability to water at moderate
to high temperature,® which can, however, be improved by both post-synthetic
modifications and material compounding.!®® While MOFs have proven effective, their
complex preparation methods often make the process uneconomical. It is therefore
necessary to develop new, economically viable compounds that can be synthesized by

solvent-free reactions or by simple precipitation reactions under ambient conditions.®”
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Among all the MOFs, the most remarkable and cutting-edge one for CO, adsorption
is a zinc-based one developed at the University of Calgary, known as CALF-20. This
MOF exhibits a high capacity for adsorbing CO, while also showcasing selectivity over
water. CALF-20 demonstrates competitive separations by favoring CO, physisorption at
relative humidity levels below 40%. Computational modeling supports this observation.
CALF-20 imposes a low enthalpic regeneration penalty and demonstrates robustness
against steam (> 450,000 cycles) and wet acid gases. Notably, its preparation involves a
single-step process, enabling formation of composite materials, and its synthesis can be
scaled up to produce multikilogram batches.®®

MOFs have attracted attention for their remarkable CO, adsorption capacities,
reaching values as high as 33.5 mol kg * at 35 bar. However, for applications such as
biogas upgrading, good adsorption capacity is best achieved at lower pressures (< 10
bar). Indeed, compression up to 35 bar requires more expensive equipment and
increases energy costs. MOFs with high adsorption capacity at high pressures are less
suited to the lower pressure ranges (< 5 bar), where zeolites generally have higher
adsorption capacities.[* One area of ongoing research in MOFs is CO, diffusion, which
has been reported to be poor,'®® for instance with MIL-53,” where reduced diffusion
has been attributed to the presence of hydroxy groups within its structure. On the other
hand, in another study, it was reported that in the case of MIL-53 there were no
significant mass transfer limitations.®®!

Zeolites are crystalline, microporous materials composed of hydrated
aluminosilicates with a three-dimensional framework structure. They consist of a
network of tetrahedra (aluminum, silicon, and oxygen) that create cavities and channels
of a uniform size and shape. These materials possess a high surface area and regularly

spaced pores, allowing them to selectively adsorb and desorb molecules based on size
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and polarity.’® Renowned for their molecular sieving capabilities, zeolites possess
highly selective properties, effectively excluding molecules beyond a critical size and
restraining the diffusion of molecules nearing this threshold. This separation
mechanism, commonly referred to as steric separation, along with the effects of kinetic
separation, offers reliable and predictable gas separation.’*® Medium- and large-pore
zeolites achieve equilibrium separation. On the other hand, the selectivity of the
separation process in small-pore zeolites is generally affected by the diffusion rate of
adsorbates in the pores. Due to its smaller Kinetic diameter than CH,;, CO, exhibit
higher diffusion rates than CH,4 through several small-pore zeolites. This difference may
have an impact diffusion through narrow pores more than on the interaction of the
molecules with the zeolite surface, particularly in low-Al zeolites.*!

The efficiency of zeolites for CO, capture also depends on their chemical
composition and charge density.’® In general, the separation capability improves as the
electrostatic field in the zeolite cavities intensifies, which is mainly influenced by the
charge of the framework and can be altered by the type of charge-compensating cations
or the Al content in the zeolite framework.[®®¥ Zeolite performance is also adversely
affected by the presence of moisture, which can significantly decrease the amount of
CO, adsorbed on the zeolite surface. Indeed, moisture can react with adsorbed CO,
molecules to form an adsorbed layer that prevents access to other CO, molecules.!!

SAPO-56 (Silicoaluminophosphate-56), ZSM-5 (Zeolite Socony Mobil-5) and
Sodalite-based Zeolites, like Na-X and Na-A, among others, have been studied for their
potential in CO, separation processes due to their versatile pore structures and
adsorption properties. The adsorption capacity of zeolite NaX, also called zeolite X,
NaX, Linde X and molecular sieve 13X, is among the highest for zeolites (6.3 mmol-g~

1), and this can be further improved by ion exchange.!*" However, zeolite NaX strongly
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interacts with water molecules, to the extent that it is marketed as a desiccant.[’™ When
water is adsorbed close to its saturation point, its CO, capacity decreases significantly,
being an order of magnitude lower compared to dry material.[”Y) The working capacities
and CO,/CHj, selectivities of some of these zeolites, when used in PSA systems, will be

examined in the next section.

3.2 CO,/CH, Separation by Pressure Swing Adsorption

Several types of PSA cycles with distinct advantages and limitations exist, depending
on the specific application and gas separation requirements. Given the potential
confusion in the nomenclature of different cycles, such as the Vacuum Swing
Adsorption process, commonly referred to as VSA or VPSA, we have used the
following nomenclature for PSA cycles in the remainder of this article:

e PSA: pressure swing adsorption (Skarstrom cycle)

e VSA: vacuum swing adsorption (cycle with sub-atmospheric depressurization

without pressure equalization)

e EPSA: equalization pressure swing adsorption (cycle with pressure equalization,

without sub-atmospheric depressurization)

e EVSA: equalization vacuum swing adsorption (cycle with pressure equalization

and sub-atmospheric depressurization)

Figure 4 illustrates the conventional cycles involved in PSA and the corresponding
pressure variations. Specifically, Figure 4a shows the Skarstrom PSA cycle. In the
initial phase, bed 2 is pressurized to the adsorption pressure (P,) with gas feed
(CO,+CHy), while bed 1 is blowdown to atmospheric pressure. Subsequently, the high-
pressure feed then flows through bed 2, where the most strongly adsorbed component is
retained in the bed. A gas stream enriched with the least strongly adsorbed component
exits as effluent at a pressure slightly below that of the feed. Most of the effluent stream
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is withdrawn as the product, and a fraction is used to purge bed 1 at low operating
pressure. The subsequent two steps follow an identical sequence, but with the
interchange of beds. Figure 4b also presents the pressure equalization cycle, wherein
bed 2 is initially pressurized with gas sourced from the outlet region of bed 1. Following
pressure equalization, the two beds are disconnected, and bed 2 undergoes
pressurization with feed gas, while bed 1 is vented to complete blowdown. The
subsequent phases of the Skarstrom cycle proceed normally, with the exception that
during the regeneration phase, bed 2 undergoes partial depressurization by connecting
to the previously depressurized bed 1. It should be noted that the pressure equalization
step interrupts the feed, and if a continuous feed is required, two additional beds are

needed.

[Figure 4 here]

In order to select the most suitable adsorbent for PSA operation, several factors are
considered, including its gas separation properties under both equilibrium and dynamic
conditions, ease of regenerability and operating costs. Two key properties, namely
adsorbent selectivity and PSA working capacity ratio, are analyzed in detail as they

significantly influence adsorbent efficiency in the PSA process.

3.2.1 Adsorption Selectivity (dimensionless)

The adsorption selectivity (S) is defined as follows:

_ Xco, - YcH,
Xch,-Yeo, 1)

where X refers to the molar fraction of a given compound in the adsorbed state, and Y is
the molar fraction of this compound in the gas phase. The Ideal Adsorption Solution

Theory (IAST), introduced by Myers and Prausnitz,[’? is a tool utilized to predict the
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adsorption behavior of individual components in a gas mixture. IAST relies on three
fundamental assumptions that enable a simplified and accurate representation of
complex adsorption phenomena:®®? a) thermodynamic inertness of the adsorbent, (b)
adsorption of the mixture as an ideal solution under given temperature and pressure
conditions, and (c) the equivalence of chemical potential for the adsorbed and gas
phases.

For calculations with this model, the system of equations includes the relationships
linking the behavior of molecules in the gas state with their behavior when adsorbed.
The relationship between the pure component adsorption isotherms and of the so-called

reduced spreading pressure is defined as: ™

pi 0
E:f ™ g (2)
RT o P

where = is the spreading pressure, A is the surface area, i represents the molecule under
consideration and p{ is the is the saturated vapour pressure exerted by component i in
its pure state at the same temperature and spreading pressure of the adsorbed state. [
The term n? can be calculated by the appropriate pure component isotherm, in this case
the Toth isotherm equation;!"?

0 _ flpl
Ny = NMimax- 1 (3)
t

[1+ (fi-p)*]
n? (mol kg™) and N max (MOl kg™) represent the adsorption capacity of the adsorbent at
equilibrium pressure and the maximum adsorption capacity when the adsorbent is fully
saturated, respectively, and p (Pa) is the equilibrium pressure. The parameters f and t are
specific to adsorbate-adsorbent pairs. The Toth model proved its effectiveness in fitting
the experimental data within the specified operating range for most of adsorbents. In

some cases, the dual-site Langmuir adsorption model was applied for a better fit.
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Nevertheless, it has been concluded that the IAST predictions are unaffected by the
specific equation chosen for fitting the pure gas isotherms. The crucial criterion is a
high-quality alignment between the experimental data of single gas and those calculated
using the selected model.r*®!

The relationship between the mole fractions in the gas phase and in the adsorbed
phase is:

Yip = X;.p} (4)
where Y;j is the mole fraction of component i in the gas phase and X is the mole fraction
of component i in the adsorbed phase. After solving this system of equations, all the
molar fractions within the adsorbed phase are calculated. Using the parameters n?,
which are the adsorbed amounts for the pure components for the same pressure range as

in the mixture, the total amount adsorbed is determined by:

zk X 1
i

The system of equations is then solved by Newton’s method using 3P Sim software.

The IAST multicomponent adsorption approach was applied to analyze experimental
data from a range of adsorbents documented in the literature (see Tables S1 and S2 in

the Supporting Information).

3.2.2 PSA Working capacity ratio (dimensionless)

The PSA working capacity ratio,[’> " represents the ratio of the amount of gas that
can be adsorbed and desorbed during a single adsorption-desorption cycle under
specific adsorption and desorption operating pressures at a given temperature. For the
gas analyzed, comprising CO, and CH,4 at given contents (e.g., 35% CO, and 65 %
CH,), the mixture adsorption isotherms must be known to determine the amounts

adsorbed at each operating pressure, as expressed by the following equation:
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PSA ki " tio = CO, adsorbed @ P, — CO, adsorbed @ P, )
working capacity ratio = CH. adsorbed @ P, —CH, adsorbed @ P,

where P, is the adsorption pressure and Py the desorption pressure of the PSA cycle.
The working capacity ratio and selectivity of adsorbents are common criteria that
determine the capital and operating costs of the biogas upgrading process. For instance,
a high adsorption working capacity ratio can reduce the amount of adsorbent required
by the PSA system.?*!

Adsorption pressure depends on the cycle applied during the process. VSA cycles
generally operate at P, between 1 and 2 bar, with regeneration taking place under
vacuum. On the other hand, for PSA cycle or any other cycle with regeneration at
atmospheric pressure, P, is generally between 3 and 7 bar. In order to evaluate the cases
for regeneration at atmospheric and sub-atmospheric pressure, two hypothetical
scenarios were examined: (1) a PSA cycle with P, = 5 bar and P4 = 1 bar, and (2) a
VSA cycle with P, = 1 bar and P4 = 0.2 bar. For the VSA cycle, pure component
isotherms from the literature reporting pressures up to 1 bar were analyzed, while
experimental isotherms at higher pressures were studied for both VSA and PSA cycles.
Both scenarios were run at an operating temperature of approximately 25 °C. The
results are presented in Figure 5.

The adsorption isotherms for the binary gas mixture (e.g. 35% CO; and 65 % CH,)
are lower than those for the pure components, indicating a significant impact of the gas
mixture on adsorption performance. This is primarily due to the reduction in partial
pressures of the individual components upon mixing. The presence of CO,, which has a
high adsorption propensity, leads to a significant decrease in the adsorption of CHy,

which is relatively poorly adsorbed.?®!

[Figure 5 here]
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Clearly, zeolites perform the best under both atmospheric and sub-atmospheric
depressurization conditions. Zeolites with precisely determined micropores*” are much
more selective than carbonaceous adsorbents. Moreover, zeolites generate an
electrostatic force that enhances CO, capture.l’? Although N-doped ACs provide a
considerable improvement over other ACs, such as N-WAPC,®¥ which is the second
best-performing AC, they are still far from competitive with zeolites. P-ACH*" is the AC
that appears to be highly effective and relatively competitive with zeolites. This AC was
derived from coconut shells and subjected to chemical activation by impregnation with
a phosphoric acid solution. It was then carbonized at a temperature of 600 °C, resulting
in a BET area of 1922 m%g™ and a micropore volume of 0.68 cm®g™, which are
exceptional characteristics that make it a promising candidate. Surprisingly, despite its
impressive performance, to the best of our knowledge, there are no studies exploring its
potential as an innovative adsorbent for CO,/CH, separation.

Zeolites exhibit the highest performance among materials; however, their high heat
of adsorption poses a challenge for regeneration, requiring very low sub-atmospheric
pressure and increased energy consumption. This drawback of zeolites may create an
opportunity for MOFs, which exhibit superior performance compared with ACs and
CMSs. The heat of adsorption for CO, in MOFs has been reported at -30 kJ-mol™ ! a
value similar to that observed for ACs, of around -28 kJ-mol™ " and is significantly
lower in absolute values than that observed in zeolites, which can vary between -42 and
-63 kJ-mol™.I"® Although CMSs have low selectivity, comparable to that of ACs, their
driving force for CO,/CH, separation arises not only from adsorption equilibrium but
also from adsorption kinetics. Therefore, their performance in adsorption columns is
enhanced and competitive, as will be demonstrated in the next section. The data also

indicate that lower working pressures result in much higher selectivity and working
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capacity. This is because, at low pressures, the adsorbent material generally has a large
number of unoccupied adsorption sites. As the pressure increases, more and more sites
become occupied, and the availability of unoccupied sites decreases. This leads to a
lower adsorption rate as pressure increases. Consequently, the PSA process would work
best at a P, of around 1 to 2 bar and, due to regeneration requirements, and optimum

desorption conditions for this process would require sub-atmospheric pressure.

4. PSA Units for CO,/CH, Separation

4.1 Parameters for PSA Performance Evaluation

Most studies on PSA units primarily focus on final purity and recovery, while little
attention is paid to productivity and energy consumption. While ensuring that the
separated gas meets the required purity specifications is essential, it is equally important
to consider the overall efficiency of the process. The productivity and energy
consumption of a PSA unit can significantly impact its economic feasibility and
sustainability. Therefore, to ensure that PSA units are both cost-effective and
environmentally friendly, it is crucial to optimize parameters such as productivity and
energy consumption, in addition to purity and recovery. To this end, it is useful to
examine the purity-recovery-productivity and purity-recovery-energy consumption
curves when comparing different process cycles and adsorbents. These parameters can
be obtained or calculated using the information provided in each paper from the

literature, using the following equations:

CH,4 recovered in the raf finate

Purity: CH, Purity (%) = x 100 (7)

Total amount of the produced raf finate

CH,4 recovered in the raf finate

Recovery: CH, Recovery (%) = x 100 (8)

Total amount of gas feeding the system

CH4 recovered in the raf finate

Productivity: Productivity =

©)

Amount of adsorbent * Cycle time
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Energy consumption: Most energy consumption in PSA separation processes takes
place during the compression stage and blowdown, particularly in the blower
(compressor) and vacuum pump. The work needed for adiabatic gas compression from
suction pressure, Py, to discharge pressure, P,, can be calculated using the following
equation; %% 7080
k-1
=T (ﬁ).((g)"_ 1).(1) "
_ X N 0)

where 71 is the molar flow rate (mol-s™), R is the universal gas constant (J-K*-mol™), T

is the temperature of the gas (K), k is the heat capacity ratio (C,/Cy =~ 1.3) of the gas

mix, and # represents the mechanical efficiency, which is assumed to be 0.8.585

4.2 Simulation of PSA systems

Effective modelling and simulation of PSA systems is important for optimizing
performance and scaling up industrial applications. This involves a dynamic
mathematical model that includes the interaction between fluid flow and mass transfer
processes. The simulation repeatedly solves the governing equations using numerical
integration to determine the time-dependent behaviour of the variables. The governing
equations include: mass balance, energy balance and momentum balance equations,
moreover the adsorption onto the adsorbent is described by the adsorption isotherms
and kinetics. Table 4 summarizes the mathematical models implemented for the

simulation of PSA units for CO,/CH, separation to produce high-purity methane.

[Table 4 here]
e Mass balance equation
All approaches apply the axially dispersed plug flow (ADPF) model to describe

the fluid flow as presented in Eq. 11. [
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azci
Do

dc; 1—¢0q,
+ q,

- = (11)
Jt 0

+ % (vep) + i
where D, is the axial dispersion coefficient, ¢; is the concentration of the component i in
the gas phase, Z is the axial position along the column, v is the gas superficial velocity, t
Is the time, € is the bed porosity and g, is the average concentration of adsorbed
component i. Fluid flow through a packed bed tends to cause axial mixing, which
reduces separation efficiency, making its minimization a key design objective. ! Two
main mechanisms contribute to axial dispersion: molecular diffusion and turbulent
mixing resulting from the splitting and recombination of flows around the adsorbent
particles. ¥ The ADPF model combines these mechanisms into a single effective axial
dispersion coefficient (D.). More detailed models, including radial dispersion, are
generally unnecessary and when mass transfer resistance is significantly greater than
axial dispersion, it can be ignored, assuming ideal plug flow (IPF). This IPF assumption
has been applied in some PSA separation processes, such as CH4 enrichment in CH4/N;
mixtures, 2 high-purity N, production from air, ¥ and H, production by methane
steam reforming. 4 Although in some small-scale lab systems, the axial dispersion of
the flow can be neglected, when numerically solving the system of partial differential
equations, it is easier to use the ADPF model as the inclusion of the axial dispersion
term eliminates discontinuities in the slope of the concentration profile.[”

The ADPF model is preferred to the ideal plug flow model for its realistic
dispersion, its better prediction of the breakthrough curve, its consideration of non-ideal
column packing, its accurate resistance to mass transfer, and its suitability to scale up
from laboratory to industry. The ADPF model does not take radial variations into
account, resulting in a 1-dimensional model, which also facilitates its numerical
solution.’® For these reasons, the ADPF model has consistently been used for CH4/CO,

separation simulation.
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e Equilibrium isotherm
In all simulation studies, the multisite Langmuir model (MLM), presented in Eq. 12,
which is the simplest model for describing multicomponent adsorption, @ has been
used to predict the mixture isotherm. This model is preferred to the IAST equations as it
offers explicit expressions for the adsorbed phase concentrations, thus eliminating the
need for iteration during simulation. In contrast, the more accurate IAST equations are
implicit and require an iterative subroutine to determine the composition of the

adsorbed phase at equilibrium, which increases computation time.

qi _ 1+ biPi (12
qsi B 1+ biPi + b]P] )

where ¢ is the amount of component i adsorbed per unit mass of adsorbent, gs is the
saturation capacity of the adsorbent for component i, b; is the Langmuir adsorption
equilibrium constant and P; is the partial pressure of the component i in the gas phase.
Additionally, if the MLM does not fit well, as can occur at CO, concentrations above
39%,'®%) the Extended Langmuir-Freundlich equation (see Eq. 13)®®¥ can be employed
as an alternative. This model introduces a power expression, m, making it effective for
correlating binary equilibrium data in simulation studies.

qi _ 1+ bl'Pl'mi

= . , 13
Gsi 1+ bP™ + ;P )

e Rate of adsorption

Instantaneous equilibrium in an adsorption bed can only be assumed if all mass
transfer resistances are negligible. Since this is rarely the case, a specific rate expression
must be used to calculate the adsorbed amount (g,). The resistances to adsorption are
interparticle transport (external to the particles), which occurs in series with intraparticle
transport (within the particles), ¥ so the mass flow from fluid to solid is modelled

requiring a method to determine the mass transfer coefficient. Pore diffusion models
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have been used to simulate PSA systems, & but the simpler and faster linear driving
force (LDF) model is more commonly applied, as seen in several cases in this work [

86,8993 and presented in Eq. 14

aq; i
6_tl =ki(q;" — q:) (14)

where k; is the rate constant for adsorption of component i, g;* is the amount adsorbed
at equilibrium under current conditions and g; is the amount currently adsorbed.

A bi-LDF model P has also been proposed to approximate mass transfer
resistance in macropores and micropores using linear models. ®° %" For macropores,
which involve both Knudsen and molecular diffusion, an effective LDF rate constant is
employed to combine transport through the external fluid film and within the
macropores, as presented in Eq. 15:

aCl' aql 15Dpa,i Bll

€yt + ppori=E x
Pac TPt TP gy B+ 1

(Ci—c) (15)

where &, is the particle porosity, p, is the particle density, Dpa; is the macropore
diffusivity of component i, Bi;, is the Biot number of the component i, which represents
the ratio of the internal resistance of the macropores to the resistance of the external
film, C; is the gas concentration of component i and ¢; is the average concentration in
the macropores for component i.

In the micropores, the Darken equation is used to account for the concentration
dependence of micropore diffusivity.

aqi _ 15Dp,i

ot = (R? (@;" —q)

(16)

where Dy is the micropore diffusivity of component i, also called “crystal diffusivity”
in the case of zeolites. *¥ When separation is governed by equilibrium rather than
Kinetics, mass transfer resistance does not affect the process significantly and the spread

of the mass transfer zone along the adsorption column is mainly due to axial dispersion.
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e (Gas phase behaviour

The behaviour of bulk gas is modelled in most of cases using the ideal gas law,
except in the work of De Witte et al. ¥, where the Peng-Robinson equation, was
applied and in the study of Grande et al., where experiments at pressures as high as 80
bar where conducted. * In this high-pressure case, the Benedict-Webb-Rubin (BWR)
equation was employed to account for deviations from ideal gas behaviour. The
assumption of the ideal gas law, where the compressibility factor (z) is equal to 1, can
lead to inaccuracies in modelling, particularly at high pressures and low temperatures.
To illustrate the impact of operating conditions on CO,/CH, separation, Figure 6 shows
the variation in the compressibility factor (z) from the ideal gas assumption. In Fig. 6, 1
- z, is calculated using the NIST Reference Fluid Thermodynamic and Transport

Properties Database (REFPROP-version 10.0). !

[Figure 6 here]

At a common operating pressure of 10 bar and a temperature of 25 °C, the
compressibility factor for CO; is 0.95, resulting in a delta z of 0.05. For CHg, z = 0.98,
i.e., delta z = 0.02. The impact is greater for CO, rather than for CH4, whose gaseous
behaviour is closer to ideal conditions. Even at this moderate pressure (10 bar),
neglecting deviations from ideal gas behaviour can lead to inaccuracies in the system
model. For example, at 50 bar and 25 °C, the delta z for CO, is 0.68, indicating that
32% of the value calculated for the bulk gas CO, would be incorrect if ideal gas
assumptions were used. Due to the exothermic nature of the adsorption process, the
temperature can increase by up to 100 °C during the latter part of the adsorption step,®®

but the largest deviations from ideal gas assumptions occur at low temperatures.

e Temperature dependence
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The main difference between the models is whether local thermal equilibrium
(LTE) ¥ 891 js assumed or not (No LTE).[5% &8 %0.9L.96.971 | TE assumes that the gas
and the solid adsorbent temperatures are equal at all points and all times.

Assuming that the process is isothermal greatly simplifies the design equations. It
eliminates the need for heat balance equations, and removes temperature dependencies
for physical properties, fluid velocities and adsorption equilibria. " Except when the
concentration of the adsorbable component is low and the heat of adsorption is small,
which is not the case for CO,/CH, separation, it is often difficult to obtain a very good
approximation of isothermal operation, even in a small column. “% The model of an
isothermal particle in which all resistance to mass transfer is due to intraparticle
diffusion, while resistance to heat transfer is confined to the external film, therefore
appears to be a realistic representation for most conditions of practical importance. %!

The temperature evolution of the PSA system is obtained by applying an energy
balance in the packed-bed column. PSA processes involve cyclic adsorption and
desorption, which are exothermic and endothermic, respectively. The energy balance is
the rate of change in internal energy of a packed bed element and adsorbent particle
over time t. Thus, when the process is not considered to be isothermal (no local thermal
equilibrium), the heat balance of the fluid phase and the heat transfer rate can be
expressed respectively as follows: ™!

c’)ﬁ dTy cg1—€dT; A_Hl—sa(ﬂ

= > — = 1
awtvazte e a g e ot l .
o, AH o7,
— = T —T,) ——— 16
ot ha(Ty = T5) ¢ Ot (16)

where Ts is the fluid temperature, v is the gas superficial velocity, Z is the axial position
along the column, ¢ is the bed porosity, Ts is the solid temperature, ¢ is the specific heat

capacity of the solid, c; is the specific heat capacity of the fluid, AH is the heat of
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adsorption, g, is the average concentration of adsorbed component i, h is the heat
transfer coefficient between fluid and particle and a is specific surface area available for
heat transfer.

e Momentum balance

The momentum balance accounts for the forces acting on the fluid as it flows
through the packed bed, which include friction between the fluid and the particle
surface, as well as resistance caused by bed geometry and voids. This resistance results
in a pressure drop, which depends on particle size, fluid velocity and bed dimensions.
[72] pressure drop 6P/&Z in the column is generally modelled using the hydrodynamics
of flow in porous media. This is usually described by the Ergun equation, which

accounts for non-linear and turbulent flows: ["“

2

aP—35+300(1_8>(1_£) m (17)
0z Re g3 /2dyp

where Re is the Reynold number, m is the mass flow rate, d, is particle diameter and p
is the fluid density.
e Numerical solution

The resulting mathematical model consists of a set of partial differential equations
(PDEs), which exhibit steep fronts and non-linear behaviour, ! presenting sharp
changes in solution values that are difficult to predict accurately in numerical
simulation. This complex system of mathematical equations is usually solved by
commercial software such as Aspen’®°3 and gPROMS, B 68 %971 which incorporate
numerical solution techniques for spatial discretization methods such as finite
differences™ > %! or orthogonal collocation.[®® 8 1 Finite-difference techniques %"
involve discretization of the spatial and time domain to convert PDEs into a set of linear
and nonlinear algebraic equations, which can then be solved by Gaussian elimination
for linear algebraic equations and Newton’s method for nonlinear algebraic equations.
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[ The orthogonal collocation method approximates the solution using a set of basic
functions, such as polynomials, evaluated at specific collocation points. This method
differs from finite difference methods in that the solution is represented as a continuous
or piecewise continuous function.'® The orthogonal collocation method significantly
reduces the number of discretized equations due to the lower number of internal points,
resulting in rapid convergence.!®! One of the limitations of these methods is that solving
the large set of PDEs does not ensure a real-valued solution, and the Newton solver may
fail when confronted with the steep fronts that are typical of PSA separation.!”!

One of the normal shortcomings of the simulation process is the difficulty of
achieving cycle steady state (CSS), which depends on the convergence towards
consistent values of performance indicators such as CHy purity and recovery. Generally
speaking, performance indicators should not vary by more than 1% or, in the most
stringent cases, 0.1%. PSA cycles involving additional steps such as the inclusion of
pressure equalizers or more than one adsorbent layer in the bed may pose more
difficulties in achieving CSS, as there are more interactions, non-linear behaviours and
more extensive range of system conditions. A basic Skarstrom cycle with a zeolite as
adsorbent was reported to reach CSS after only 5 cycles,’® on the other hand, PSA
cycles with pressure equalization reach CSS after 70 cycles for a zeolite.”® *®! Examples
of acceleration schemes for CSS iterations are extrapolators in the quasi-linear
convergence region and the recursive projection method of Shroff and Keller.!*®!

Achieving CSS is important for correctly evaluating the performance of a PSA
process, which is essential for optimizing its operating conditions and design
parameters. The optimization process can be based on adjusting or improving
parameters such as maximizing CH, recovery and purity, or reducing energy

consumption for a desired CH, purity, for instance. The variables modified are normally
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cycle design, operating conditions and adsorbent properties. The literature describes
some optimization methods for PSA systems.® 1%271% |y the context of CO,/CH.
separation, the Response Surface Methodology (RSM) was investigated to achieve
maximum CH, purity and recovery with MOF Uio-66 as adsorbent.® The results
showed that the UiO-66 adsorbent achieved optimized CH, purity of 99.99%, recovery
of 99.99% and productivity of 8.57 mol kg™ h™* by varying the operating temperature
and bed length/diameter ratio. In another study, a full factorial design method and
analysis of variance (ANOVA) test were used to investigate the effects of various
factors on CH, purity and recovery.[”™ All factors were shown to significantly influence
purity, with purge pressure being the most significant factor, followed by vacuum level.
For CH,4 recovery, the ANOVA test revealed that feed pressure and adsorption stage
duration were the most significant factors, while purge stage duration and vacuum level
had less effect.

An optimization method was proposed to maximize CH, recovery while maintaining
a specified CH, purity of 99% by adjusting the CH, composition in the feed gas.[**®
The Sequential Quadratic Programming Descent solver was chosen due to its ability to
handle discrete changes in boundaries and equations. The conclusion drawn from the
analysis of the impact of feed gas composition is that increasing the CH,4 content in the
feed gas improves CH, recovery. This result is logical, as a higher CH; content
simplifies the PSA process, reducing the volume of CO, that needs to be separated and
purged. This efficiency can reduce energy consumption and improve overall process

economics.
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4.3 PSA Performance Evaluation

Tables 5, 6 and 7 provide information on various operating parameters for different
PSA units that have been reported in the literature. Table 5 focuses specifically on data
from single-column studies. Conversely, Tables 6 and 7 present information related to
multi-column systems, where Table 5 shows experimental data, and Table 6 presents

simulation results.
[Table 5 here]
[Table 6 here]
[Table 7 here]

Concerning the performance of the process, Figure 7 shows purity-recovery-
productivity-energy consumption plots for CO,/CH, separation by EVSA and VSA. In
general, the literature presents numerous examples of processes demonstrating a trade-
off between higher purity and lower recovery, or vice versa. In this work, the data
presented from each study were based on the authors’ own criteria to select the best
result with the aim of achieving the optimum balance between recovery and purity, with

an emphasis on purities above 95%.

The presented operating parameters include cycle type, cycle steps, type of adsorbent
used, CO,/CH, feed gas ratio, P, and Py4, CH4 purity and recovery percentages,
productivity in terms of molcus kg h, and energy consumption in kWh molcua™.
Using mass balances that consider the gas feed to the PSA system, as well as the
separation of CO, and CH, in the production, purge, and blowdown streams, we
conducted calculations to assess the productivity and energy consumption of various

studies based on the provided data. For the calculation of the biogas compression stage
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to reach the feed or adsorption pressure in the PSA (Eg. 10), we assumed that the gas
would be available at a pressure of 1 bar, as biogas is usually produced at close to
atmospheric pressure from a biogas digester. In addition, the blowdown process was
assumed to start at atmospheric pressure and proceed down to the desired sub-
atmospheric pressure. Furthermore, in cases where precise information regarding the
quantity of raffinate used to purge the columns was not available, it was assumed that
10% of the overall production was allocated for this purpose.

The results of the studies are representative of real-world scenarios where the CO,
content in the feed gas stream can vary from around 20 to 50%. At the laboratory scale,
the design of PSA units is highly adaptable, allowing the use of single-column
configurations,®® 1710 a5 presented in Table 5. However, the use of a single column
in the cycle is not an accurate representation of the actual PSA process, as it cannot be
continuously fed and sometimes requires purging with pure CH4.5% Although it can still
serve as a valuable tool for validating numerical models of the PSA process and provide
valuable data for exploring alternative cycles, on an industrial scale, the PSA unit
comprises multiple columns operating in parallel, including configurations with two,
three or more columns. Apart from the fact that the gas feed is not continuous, a single
column does not allow incorporation of the pressure equalization step, which was the
first improvement to the original Skarstrom’s cycle introduced by Berlin in 1967.140- 1101
This pressure equalization step can indeed significantly improve CH, recovery.

Generally, the most commonly used adsorbent to capture CO; in PSA units is either
a CMS, " 11 1221 £or which it is worth recalling that its selectivity is mainly driven by
kinetic factors, or a zeolite,®* %° ™ ") whose selectivity is mainly determined by both
thermodynamic equilibrium and kinetic aspects. Although ACs and MOFs!®® are

potential adsorbents, they are less frequently used due to their lower selectivity and
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relatively recent stage of development, as well as high production cost, respectively.
While MOFs offer promising opportunities for CO, capture, exhibiting higher CO/CH,4
selectivity and PSA working capacity ratio, further research is necessary to fully explore
their potential in this application.

The sub-atmospheric blowdown regeneration method is widely used in most cycles,
indicating that adsorbed CO, cannot be easily regenerated by simple atmospheric
depressurization. However, in the only experimental multi-column example where the
columns were regenerated at atmospheric pressure, ™ a low CH. recovery of 71 % was
achieved, resulting in relatively low productivity. This low recovery can be attributed to
a high amount of CHj, that is part of the raffinate produced and used in the regeneration
process as purge. Similarly, the two single-bed studies that used atmospheric pressure
depressurization also resulted in very low recoveries and productivities.®® %! Although
atmospheric depressurization results in low energy consumption due to the absence of a
vacuum pump, the normalized energy consumption per amount of CH,4 produced is

higher than in many VSA or EVSA studies.

[Figure 7 here]

The introduction of pressure equalization (see Figure 7a) in the VSA cycle (see
Figure 7b) offers significant improvements in recovery, productivity and energy
consumption.[33 68 87, 112, 113, 120 £or jnstance, in an EVSA cycle, the optimal PSA-
adsorbent configuration (see green line in Figure 7a) achieved a productivity of 15.6
molcua kg™ ™t with an energy consumption of 0.0039 kWh molcus ™. Conversely, in
the VSA cycle, the most favorable scenario (see green line in Figure 7b) achieved a

productivity of 12.8 molcis kg™ h™ and an energy consumption of 0.0044 kWh molcys”

1 [39]
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Recovery is improved by ensuring that the adsorption and desorption phases are
carried out evenly across all the adsorbent beds, ensuring full utilization of the beds and
maximizing the recovery of the target component. Without pressure equalization, gas
flow may be unevenly distributed across the adsorbent beds, leading to preferential
adsorption and desorption in certain sections of the beds. Moreover, by equalizing the
pressure between the two adsorption columns, the energy derived from the compressed
gas in the high-pressure bed is used to partially pressurize the low-pressure bed. Due to
the partial depletion of the strongly adsorbed species in this gas, the work of separation
is conserved, resulting in energy savings. This process effectively reduces blowdown
losses by about 50%, thus enhancing the recovery of the raffinate product.””
Additionally, maximizing the recovery of CH, is of highest importance due to its
greenhouse effect, which is even more potent than that of CO, and contributes to global
warming. It is indeed remarkable that the warming potential of CH, is 21 times greater
than that of CO,.[*

Typically, the duration of a 2-bed adsorption cycle ranges between 150 s to 400 s.
39,75, 79. 861 However, for scenarios involving more than two beds, additional tanks, or
simulations of industrial scale systems,®® % 112 the cycle time can increase
significantly, exceeding 1000 s. The duration of the cycle should be sufficient to ensure
effective gas adsorption when using adsorbents with high equilibrium adsorption
capacity, while fast-adsorbing adsorbents require a shorter cycle time to facilitate fast
Kinetic adsorption.

Optimum productivity was achieved by maintaining low adsorption pressures,
specifically 2 atm or less.®® ™ Notably, the most effective desorption pressure for
regenerating the bed was 0.1 atm. Although such a minimal desorption pressure requires

considerable energy consumption on the part of the vacuum pump, this approach
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demonstrates low energy consumption per mole of CH, produced. In other words,
despite the high energy requirements, the substantial CH4 production outweighs the
energy consumption, making this operational method advantageous. An effective way
to further improve the system and reduce energy consumption is to reduce P, or
increase the sub-atmospheric Pg, which is usually 0.1 atm. Increasing P4 to 0.2 or 0.3
atm could result in significant savings.

Remarkably, different performances can be achieved within the same family of
materials, even if the corresponding materials exhibit similar selectivity and PSA
working capacity ratio properties. For instance, NaUSY zeolite,” which demonstrated
the highest productivity and lowest energy consumption (see the green line “best” in
Figure 7a), was used in a purge-free EVSA cycle and exhibited a selectivity and PSA
working capacity ratio of 50 and 30, respectively. In contrast, zeolite 13X was
employed in an EVSA cycle with purge and exhibited a selectivity and PSA working
capacity ratio of 58 and 26, respectively. Both cycles achieved purities in excess of
99%, but the EVSA cycle without purge resulted in more than doubling the productivity
and a reduction in energy consumption to less than half. Consequently, it would be
advantageous to eliminate purging by regenerating the bed at very low vacuum pressure
(0.1 atm).

The performance evaluation of the MOF MIL-53!¥ as an adsorbent for CO,/CH,
separation differs from other cases because the objective is to produce both CH,4 and
CO; at high purity. It has been found that achieving these levels of purity and recovery
comes at the expense of high energy consumption. This high energy consumption arises
from the fact that an additional step is required to pressurize and adsorb the effluent
from column regeneration. Moreover, the productivity in terms of CH, production was

observed to be very low (2.1 molcus kg™ h™). This low productivity could be attributed
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to the adsorbent’s low CO,/CHj, selectivity of 4 at 4 bar, which is significantly lower
than the selectivity of zeolites, typically around 50. Nevertheless, a new process
configuration has been proposed, ™ using zeolite 5A with two PSA units, each
containing four beds. In this setup, the second unit processes the off-gas from the first
unit, which has separated the CO, from the residual gas stream. The residual stream is
then recycled back to the first unit, improving CH,4 recovery. Final results showed CH,4
purity and recovery of 99.4% and 99.0%, respectively, with modest energy consumption
of 0.0056 kWh molcns™ and productivity of 8.2 molcns kg™ h™. In addition, the system
produced CO, with a purity of 99.1%. This process represents a promising alternative
for achieving high CH, recovery and purity, while also producing high-purity CO..
CMSs enable faster diffusion of CO,, reducing adsorption time and increasing
productivity. However, CMSs have a significantly lower PSA working capacity ratio
than zeolites. Furthermore, the use of CMSs involves the utilization of only a fraction of
the overall equilibrium capacity, leading to a reduction in productivity.™® Zeolites
possess steeper isotherms and high CO, adsorption enthalpy, necessitating high vacuum
conditions for bed regeneration. Conversely, CO, isotherms in CMSs are less steep,
allowing vacuum desorption at relatively higher pressures.28 Although column

111§t resulted in

regeneration at atmospheric pressure has been achieved for CMSs,
lower recovery and productivity. Despite this, CMS regeneration has been carried out at
low vacuum pressures of 0.1-0.3 atm.[®” 2% 1201 Among these processes, the EVSA
process without purgel’ stands out as the most optimal for CMS, offering a
productivity of 11.3 molcus kg™ h™. This value is slightly lower than the productivity of
the best zeolite system, which is 15.6 molcus kg™t h™, indicating that the higher working

capacity ratio of PSA in zeolites may be more advantageous than the fast diffusion

process of CMSs. Additionally, the energy consumption of the two systems is similar,
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0.0038 and 0.0039 kWh molcna™, respectively. Overall, CMSs can offer comparable
performance to zeolites. To address the issue of low utilization of equilibrium capacity
in kinetic-selective adsorbents, Grande and Rodriguest®® introduced a mixed layer of
CMS and zeolite at the end of the column. By implementing this approach, they were
able to achieve a substantial increase in productivity compared with a process relying
solely on CMSs as adsorbent. This improvement was mainly attributed to the ability to
process a larger amount of feed, as the column retained more CO, while retaining the
same dimensions.

Most studies do not consider the use of ACs, due to their perceived lack of CO,/CH,4
selectivity. Nevertheless, these materials offer several potential advantages, including a
reduced environmental impact and uncontrolled waste disposal, lower emissions during
their production and the possibility of establishing a circular economy and achieving
lower carbon emissions compared with other CO, capture methods.[®® Unfortunately,
to our knowledge, there are no multi-column experimental studies on ACs.
Furthermore, none of the AC producers offers a commercially available AC specifically
designed for CO,/CH, gas separation.

To design an efficient adsorbent/pressure swing adsorption (PSA) system for gas
separation, the first priority is to select a material with high CO,/CH, selectivity.
Ideally, selectivity should be over 50 at a pressure of 1 bar, unless the material operates
on a kinetic basis, such as CMS. The PSA working capacity ratio, based on expected
operating pressures, should ideally also be greater than 50. When tested in lab-scale
PSA systems, at the desired CH, purity, productivity in excess of 8 molcqs kg™ h is
generally acceptable, with the best-performing systems in the literature reporting values
above 11 molcus kg™ h™. In terms of energy efficiency, an energy consumption of

0.0060 kWh mol~ * CH,4 represents an upper limit for acceptable operation, while the
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optimum range is typically between 0.0030 and 0.0040 kWh mol™ * CH,4. These
benchmarks are essential to ensure that the PSA system is not only productive, but also

energy-efficient, balancing both performance and sustainability.

5. Conclusions

In this comprehensive review, various adsorbents were compared based on their
selectivity for CO,/CH,4 adsorption and their working capacity ratio in pressure swing
adsorption (PSA) for biogas upgrading. Zeolites exhibit significantly higher equilibrium
selectivity, making them favorable for PSA units. While metal-organic frameworks
(MOFs) may be an alternative, further research is needed for practical PSA application.
Carbon molecular sieves (CMSs), despite lacking high equilibrium selectivity, are
excellent PSA candidates due to exceptional kinetic selectivity, comparable to zeolites.
Activated carbons (ACs), with lower selectivity, offer sustainability and cost-
effectiveness. Despite extensive research, integrating results into real multi-column PSA
systems is lacking. To foster global research efforts, the development of highly selective

materials for CO, over CHj is crucial for global PSA process optimization.

The simulation of PSA systems was examined by comparing dynamic modeling
from literature. All the studies utilize the axially dispersed plug flow model for
describing fluid flow and they use the Multicomponent Langmuir isotherm and the
Linear Driving Force model for equilibrium and mass transfer kinetics. ldeal gas
behavior is assumed, although deviations at high pressures are accounted with equations
of state. Achieving cycle steady state is essential for evaluating PSA performance, with
optimization methods often focusing on maximizing CH4 recovery and purity or

reducing energy consumption.
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A comparative analysis of PSA unit operations was conducted, integrating various
performance parameters such as purity, recovery, productivity, and energy
consumption. The study revealed that, while obtaining high-purity CH, was relatively
straightforward using various adsorbents or cycles, it is crucial to consider productivity
and energy consumption, as these factors have a direct impact on the competitiveness
and sustainability of the process. According to these results, we can assert that the most
optimal approach for achieving high purity and productivity with low energy
consumption is the cycle involving pressure equalization and sub-atmospheric

regeneration with either zeolites or CMSs.
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1460  Table 1. Typical biogas composition (%).!!
Components Agricultural waste Landfill gas Industrial waste
Methane, CH, 50-80 50-380 50-70
Carbon dioxide, CO, 30-50 20-50 30-50
Hydrogen sulfide, H,S 0.70 0.10 0.80
Hydrogen, H, 0-2 0-5 0-2
Nitrogen, N, 0-1 0-3 0-1
Oxygen, O, 0-1 0-1 0-1
Carbon monoxide, CO 0-1 0-1 0-1
Ammonia, NH3 Traces Traces Traces
Siloxanes Traces Traces Traces
Water, H,0 Saturation Saturation Saturation
1461
1462
1463  Table 2. Comparison of the properties of activated carbons, carbon molecular sieves,
1464 metal organic frameworks and zeolites. AC and CMS images were taken with
1465 permission from 118 and (71,
Carbon molecular  Metal organic framework
Activated carbon sieve Zeolite
[ = o 0%y
& o *a
®—o— d » o 4a .
7 > b a
[T » 3 o %d 5 » o
y e 5 eAl & S
{\té %./ ! Y ; ° ? o ’
——@ o SPN L
Nature Carbonaceous Carbonaceous Organic I|ga.mds and metal Crystal.l!ne
ions aluminosilicates
Pore size Wide PSD: micropores Narrow PSD . Uniform and narrow
distribution (PSD) (<2 nm) and mesopores (<1 nm) Tailorable PSD PSD
(2-50 nm) (<1 nm)
Adsorption  Presence of micropores Well-defined Well-defined Well-defined
mechanism and active sites micropores micropores micropores
High due to micropores High due to High due to High due to
Surface area and mesopores micropores micropores micropores
1466
1467
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1468  Table 3. Main properties of adsorbents for CO,/CH, separation.

Activated carbon

Carbon molecular
sieve

Metal organic
framework

Zeolite

CO, adsorption
capacity

CH, adsorption
capacity

CO,/CH,
equilibrium
selectivity

CO,/CH, kinetic
selectivity

PSA regeneration

Cost (USD kg™)

High

High

Low

Low

Feasible

0.6-2.4 18

Medium

Medium

Low

High

Feasible

6.0-15.0

Medium

Low

Medium

Medium

Not documented

10.0-70.0 M1

High

Low

High

High

Feasible at P<P,,

0.6-5.0

1469

1470
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1471  Table 4. Summary of dynamic models for CO,/CH, separation through PSA systems.
Mass
A?:iiztrebn;nt Cycle steps p:It(tJ::n Isotherm tr-ansfer behc:?/?our el:f‘::s Solver Ref.
kinetics
PDECOL software
2bed - 1. Feed/PR - using orthogonal (86]
I 2. ADS -3. ADPF MLM LDF Ideal LTE .
Silicalite collocation on
BD - 4.PG . .
finite elements
1. Feed/PR - gPRQMS software
2bed - 2. ADS - 3. f.us.'t"g dc.?fntered
Zeolite  DPE-4.BD-  ADPF MLM bi-LDF Ideal NoLTE ' n'edrerence o
13X 5 PG- 6. of secon.d order
PPE over.a grid of 250
intervals
gPROMS software
1. using orthogonal
4bed - Product/PR collocation on
MOF MIL -2.ADS-3. ADPF MLM LDF Ideal No LTE finite elements 168)
53 Rinse - 4. BD with second order
-5.PG polynomials and
50 intervals
1. Feed/PR -
2bed - 2. ADS - 3. Orthogonal
Zeolite ~ DPE-4.BD-  ADPF MLM LDF Ideal LTE collocationand
SAPO 34 5.PG-6. method of lines
PPE
lbed - 1. Feed/PR - .
Zeolite 2. ADS -3. - MLM LDF - No LTE A?&nvsfsig;pig’” (0]
and CMS BD - 4.PG
gPROMS software
1bed - l.Jsing c'entered
Activated . ADPF  MLM  bi-LDF BWR e fntedifference g
carbon correlation of second order
over a grid of 400
intervals
1.
Product/PR
dbed - -2 l;t:;duct gPRQMS software
Zeolite production - using centered 196]
ADPF MLM bi-LDF Ideal No LTE finite difference
13X and 3. ADS - 4. .
CMS3K  ADS-5.ADS over a grid of 200
6. DPE-7. intervals
BD - 8. PG -
9. PPE
lbed - PROMS software
Zeolite 1. Feed/PR - gusing orthogonal [97]
2.ADS-3.  ADPF MLM bi-LDF - No LTE :
13X + CMS BD - 4.PG collocation on
3K ’ finite elements
Aspen Adsorption
Zk?ed ) 1. Feed/PR - using as finite (1]
Uio66 2. ADS -3. ADPF MLM LDF Ideal No LTE difference
MOF BD - 4.PG method, the
upwind
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1472

1473

1474

differencing
scheme with 20

nodes
bed — 1. Feed/PR -
FAU 2. ADS - 3. Peng- Aspen Adsorption
) DPE-4.BD-  ADPF MLM Robinson  NolLTE P P (021
Zeolite . V9
13X 5.PG-6. equation
PPE
1. Feed/PR -
2. ADS -
3.ADS/reflux
—4.DPE-5. FORTRAN using
Sbed - PG - 6. DPE . the finite (93]
CMS —7.BD-8. ADPF MLM bi-LDF Ideal No LTE difference
BD/Reflux — method
9. PPE-10.
Idle —11.
PPE
Table 5. Single-bed PSA technologies for CO,/CH, separation.
Productivity
Cycle - P.—p CH, Purity (%) - (molcyg kg'1 h'l) -
time Cycle steps Adsorbent CO,/CH, (;tm)d CH, Recovery Energy Ref.
(s) (%) consumption (KWh
mOICH4-1)
@V 37.
Bergbau O‘ 3 95.0 - 58.0 1.7° - 0.0050°
Forschun '
VSA-  1.Feed/PR-2. rechung 50/50 (106]
120 ADS -3.BD - 4.PG
Zeolite 5A 20'03' 75.9-86.4 0.8°-0.0031°
VSA - 1. Feed/PR - 2. 3.2- a a [107]
370 ADS - 3. BD - 4. PG CMS 3K 45/55 01 97.1-79.4 3.2°-0.0068
1. Product/PR - 2.
VSA - ADS - 3. a
425 Intermediate DP - CMS 3K 97.3-85.6 4.3-0.0153
4.BD-5.PG 7.9- [109)
55/45
1. Feed/PR - 2. / 0.1
VSA - ADS - 3. . a
470 Intermediate DP - Zeolite 13X 97.1-60.7 4.4 -0.0190
4.BD-5. PG
PSA - 1. Feed/PR - 2. 40- . (6]
1200 ADS - 3. BD - 4.PG MIL-53 40/60 10 94.4-355 2.5-0.0128
1. Feed/PR - 2.
Sawdust
- DS -3.BD .0-
PSA ADS -3. BD, He Activated 50/50 4.0 97.0- 60.0 2.8%-0.0047° [108]
1680 regeneration - 4. 1.0
PG Carbon

2 Calculated in this work
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1477  Table 6. Multi-bed PSA technologies for CO,/CH, separation - experimental studies.

Productivity (molcy,

Cycle P.—p CH, Purity (%) - ko'l h'l)-
- time Cycle steps Adsorbent  CO,/CH, a—'d CH, Recovery & .
(s) (atm) (%) Energy consumpltlon
(KWh molcys )
Zbed ktfs eg/P;P_EZI cMs
- 3. - _ _ _ a [111]
_Ezzg 4 BD.5 PG.  Takedaza  50/50  40-10 95.8-71.2 5.8 - 0.0056
6. PPE
2bed .
EVSA 13X zeolite 90.2-92.7 14.1 - 0.0033"
710-04
-362
Zbed Zeolite
EVSA $710.04 91.2-83.7 11.9 - 0.0039°
-182  1.Feed/PR-2.
ADS - 3. DPE - 42/58 15-0.1 9]
2bed  4.BD-5. PPE. ]
Zeolite a
EVSA 99.3-85.9 15.6 - 0.0039
NaUsY
-336
2bed
EVSA CMS 3K 96.9 - 86.9 11.3 - 0.0038°
-290
2bed 1. Feed/PR - 2. Zeolite
VSA-  ADS- 3. DPE- NaUSY 50/50  2.0-0.1 99.0-73.0 12.8%-0.0044° 9
140 4.BD-5. PPE
1. Feed/PR - 2.
ADS - 3. DPE1 -
4bed 45 II)3LE -5
EVSA : X Silica gel 45/55  4.0-0.3 98.3-73.1 2.9°-0.0036 (3]
“e0p  DPE2-6.BD-
7. PG - 8. PPE1
-9. PPE2
2bed-  1.Feed/PR-2.
1tank  ADS - 3. DPE - .
EVSA  4.BD .5 PG. 97.9-91.0 3.8-0.0085
-1800 6. PPE
CMS KP [112]
1. Feed/PR - 2. 407 40/60  15-01
3bed-  ADS-3.Idle -
1tank 4. DPE1 and a
EVSA  DPE2. 5. BD- 98.4-92.1 2.6-0.0084
-1560  6.PPEland
PPE2.
Zbed ibFeg déFF:Tz . i. COSMO
- 3. - 4. ) ) a_ a [75]
EVSA L e b6 zeolite13x | 36/64  40-01 95.5-91.3 3.3%-0.0072
-336 opE

1478 2 cCalculated in this work.
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1479  Table 7. Multi-bed PSA technologies for CO,/CH, separation - simulation studies.
CH, Purity Productivity
(%) - (moleua kg-l h-l) -
le - Pn-P
ch € Cycle steps Adsorbent CO,/CH, A P CH, Energy Ref.
time (s) (atm) .
Recovery consumption
(%) (KWh molgy,™)
2bed VSA 1. Feed/PR - 2. ADS - I 1.0- (86]
-80 3.BD-4. PG Silicalite 38/62 01 97.8-58.5 8.6 -
1. Feed/PR - 2. ADS - 2 layers:
2bed VSA 3. Intermediate CMS-3K 7.9- a 138]
- 400 depressurization-4.  and Zeolite 45/55 0.1 98.0-80.3 7.7-0.0069
BD - 5. PG 13X
2bed 1. Feed/PR - 2. ADS - .
EVSA-  3.DPE-4.BD-5.PG- Ze°"):e B 337 4603- 99.2-85.0  5.9-0.0086 (9]
850 6. PPE ’
4bed 1. Product/PR - 2. 40-
VSAm®—  ADS - 3. Rinse - 4. BD MIL-53 40/60 0‘ 1 99.4-92.8 2.1-0.0170 (68l
1080° -5.PG ‘
2bed 1. Feed/PR - 2. AD - 3.
EVSA— DPE-4.BD-5.PG-6. z:o(lji:/ll(;x 36/64 4651' 97.0-954  12.8%-0.0076 75l
850" PPE :
2bed PSA 1. Feed/PR - 2. ADS - Spent 2.0- 21
- 3.BD-4.PG coffee 32/68 1.0 97.0-95.4 )
E‘t/bSeAd_ 1. Feed/PR - 2. ADS -
520 (2 3.DPE-4.BD-5.PG- Zeolite 5A 37/63  6.2-02  99.4-99.0 8.2° - 0.0056 (1)
systems)b 6. PPE (each system)
6bed VSA 1. Feed/PR -2.ADS - [114]
240 3 BD- 4. PG CMS-3K 45/55  6.5-0.3 97.1-93.4 8.9 -0.0058
1. Feed/PR — 2. ADS —
s AT y
. -5.PG-6. -7 0- B B (s3]
E\7/§5Ab BO - 8. BD/Reflux - 9. CcMS 40/60 0.5 97.0-87.3 1.2 -0.0093
PPE — 10. Idle —
11.PPE
1480  ® Calculated by this work
1481  "Industrial scale-up
1482  °VSAm: VSA cycle modified.
1483
1484
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W) 2050, Total Potential = 91 bcm

12

Biomethane production / potential (bcm.year™)
©
1

64 A 7
1y
17270 7
N 7 /
zé,,ééééé..g,,%z,,meszmmzm”“ mézm
%8%%?-8%%EEEEE-Sgggg.gg.%_ggg(?
Esf3gssg g ebisagss gL
g = TEg2A2EEITE2EBTOEF0T 82
2 3 o
=
o}

1485

1486  Figure 1. Current*® and potential production in 2030 and 2050™?? of biomethane per
1487  country from anaerobic digestion in Europe, expressed in billion cubic meters (bcm).
1488  NB: the natural gas consumption in the UE in 2020 was 400 bcm.*?
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1492  Figure 2. Biomethane production and its applications.

60



a)

b) v ded
Upgraded pgra
biogas .|, Off-gas biogas \I/l off-gas
:l, (AIr+C0,)
7 )
7 7 Scrubbmg/ Desorption
Seruoong / Flash / Desorption column /
/ '''''' / column
/] i Heat
’—) Biogas | exchanger
Biogas \; ] ¥_E> T A
A Heat Compressor
L=, exchanger Air L
Compressor - Amine
— solution
water | C Blower Pump
Pump
Make-up | Water bleed
water steam
d) Upgraded
Membrane biogas
° Biogas
Residual e = Off-gas
P gas Compressor
Distillation Pty
column Vacuum
P pump
-
e) Upgraded
Feed gas - Agent 4 bicgas
(Cx-C: Alkanes)
= N o
Cooler Heat
exchanger co;
Adsorption Adsorption
column column
Off-gas
{0 g
Separato —
P Vacuum
H pump
Biogas

1493

1494

1495

separation; e) pressure swing adsorption.
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Figure 3. Schematic diagrams of biogas upgrading methods: a) water scrubbing; b)

chemical scrubbing (amine scrubbing); c¢) cryogenic distillation; d) membrane
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1497  Figure 4. Sequence steps for: a) basic Skarstrom PSA cycle; and b) EPSA cycle.
1498  Product/PR: pressurization with product; ADS: adsorption; BD: blowdown; PG: purge;
1499 Intermediate DP: intermediate depressurization; DPE: Depressurization pressure
1500 equalization; PPE: pressurization pressure equalization; IDEL.: standby.
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AC, PINPEL20 M1 cs B Commercial WV1050 7, cs-co2 B cK-800 1, 0s "% No20s-1000 M4,
Commercial calgon BPL 2% Commercial Norit C 24, MSS-AC Extrudates !, Organosorb 10-cO "1, 15-1 1421,
28-3 ¥4 0Ts-1-550 Bl MCW(PA)3h ¥ ps-1-550 %1 sA.1-700 B4, N-wAPC B¥, J-Ac B2 MSC CT-
350(Carbotech) 7, CMS-240(Xintao) '™, PKS Carbon 800 %1, cMS-3K 1 cMS KP 407 2?1 cMms-FB 2281,
MOF-5 81 cu-BTC M, Cu-MOF extrudates ™), MIL100 %%, ZIF-L 131 Zr-MOF NH4 ¥ Zeolite 13X *1,
Zeolite 5A 7% Zeolite NaX ", Zeolite CaX [, Zeolite NaA [, Zeolite CaA "8, Commercial Z10-04 !, Note
that zeolites NaX and 13X are the same, as are zeolites 5A and CaA, but we have left the original names
as given in the bibliographical sources, these sources giving slightly different results, as shown in the
graphs.
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Figure 6. 1-z (1-Compressibility factor) for CO, and CH, as a function of temperature

and pressure.

64



—_-
o

Y
A=

Full
symbols

Apanonpold
o © ™

'\\,-“\' \'Bwv “3 \ON)

%

1528
1529
1530
1531
1532
1533

1534

4”/;fé..

b)
EVSA: Cycle with pressure equalization
and sub atmospheric depressurization. VSA: Cycle with sub atmospheric depressurization.
167
§ g 14 Empty ¢ "3
Og Oy, @
14 @ g v 014 S
: 2]

" ! G0, § Z Oorp 8
PO @ g0 Full 7]

0,010 g ,3- 5 symbols [},010 §

0,00 = =3 0., g

Empty 89 2 6 g S

symbols 0‘006 2 e 4 [},[}0& Ey

0, g 'p.'a- 0, s

g S = ty g

0 -

O g- = 0, %

% XL = ‘Et

~ A

'\.Qp ‘%’ _\c}\'l) -

Figure 7. Purity, recovery, productivity and energy consumption plots for CO,/CH,4
separation by EVSA and VSA: a) EVSA cycle, b) VSA cycle — Full symbols represent
productivity and empty symbols represent energy consumption - ®: 2-bed Zeolite** >
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