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A B S T R A C T   

A laboratory-scale fixed-bed column is employed to study the dynamic behavior of the carbon molecular sieve 
MSC CT-350 for CO2/CH4 separation. Breakthrough adsorption tests in single-component systems are carried out 
at different pressures (1, 3, 5, 6.5 and 8 bar) and constant temperature (20 ◦C). Moreover, an additional test is 
conducted with a 40% CO2/60% CH4 binary mixture at 3 bar. Desorption tests are performed by varying the 
purge-to-feed ratio (P/F) at 50%, 30% and 20%, optionally using a vacuum pump. Experimental results show 
that MSC CT-350 has a good CO2 adsorption capacity for each pressure, considerably higher than CH4. In the 
binary test, very slight differences are experimentally found in the adsorption kinetics and equilibrium 
adsorption capacity with respect to single-compound tests, which results equal to 2.16 mol kg− 1 for CO2 and 
0.302 mol kg− 1 for CH4 at 3 bar, compared with 2.29 mol kg− 1 for CO2 and 0.262 mol kg− 1 for CH4 for the single- 
compoound counterparts. The time required for a complete regeneration decreases with the increase in purge 
flowrate and with the simultaneous use of the vacuum pump. Finally, CO2 adsorption is a reversible process as 
the CO2 adsorption capacity of the adsorbent is not significantly reduced when utilized in subsequent adsorption- 
desorption cycles.   

1. Introduction 

The continue development of society and increasing energy demands 
have resulted in the over-exploitation of fossil fuels, which has deter-
mined a huge growth of greenhouse gas (GHG) emissions. In turn, this 
has contributed to global warming, highlighting the urgent need to 
explore new and sustainable energy sources. The current worldwide 
share of renewable energy is only approximately 16% of the total [1]. 
This highlights the necessity for creating plans to improve energy effi-
ciency, lower net CO2 emissions, and enhance renewable energy sour-
ces. Biogas derived from anaerobic digestion has the potential to be a 
viable and sustainable alternative, as it allows generating energy from 
waste and reducing the need for fossil fuels. Furthermore, biomethane 
produced from biogas by purification and upgrading processes (i.e. 
through CO2 removal) can replace natural gas in existing infrastructure, 
such as pipelines and vehicles, without needing any modifications [2]. 

The revised Renewable Energy Directive has set a new binding target for 
the EU for 2030, which should reach at least 42.5% of renewable energy, 
higher than the previous 32% target [3]. The obvious environmental and 
economic benefits of biomethane have led to a significant increase in the 
number of biogas upgrading plants in Europe, from 483 to 729 in the 
period 2018 to 2020 [4]. 

Currently, among the available biogas upgrading technologies, 
adsorption processes are frequently preferred due to their efficiency, 
separation performance, and versatility [5]. 

During adsorption operations, the raw biogas stream to be purified 
flows through a column containing a fixed bed of porous material, which 
selectively retains the CO2 molecules, enriching the methane content of 
the gaseous outlet stream. When the adsorbent material becomes satu-
rated, to favor the desorption process, techniques such as Pressure Swing 
Adsorption (PSA) or Vacuum Swing Adsorption (VSA) can be used. PSA 
uses higher than atmospheric pressure during the adsorption step and 
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maintains atmospheric pressure during the desorption step, whereas 
VSA uses atmospheric pressure for adsorption and sub-atmospheric 
pressure for desorption. These two technologies can be combined in 
the Vacuum Pressure Swing Adsorption (VPSA) cycle. In this case, 
adsorption usually takes place at a pressure of 4–10 bar, while desorp-
tion is done with a vacuum pump at a pressure of 0.1–0.2 bar [6]. 

The PSA separation process involves alternating adsorption and 
desorption steps in the column (swing adsorption). After proper condi-
tioning, the final result is a stream that is significantly higher in CH4 
concentration (> 97% v/v) and may be comparable to the natural gas 
(NG) supply stream [7]. The PSA processes are cyclic in nature 
(adsorption-desorption) and typically require the use of multiple col-
umns for a continuous production, accomplished through a series of 
interacting steps [8]. 

The choice of the adsorbent is crucial to ensure a high process effi-
ciency and requires appropriate characteristics in terms of adsorption 
capacity and selectivity [9]. 

Most of the commercially available adsorbents used for CO2 sepa-
ration are physical adsorbents, primarily due to the low energy penalty 
for regeneration. Carbon-based materials have significant advantages, 
such as low cost, versatility, and the possibility to be produced and 
synthesized from a wide range of natural carbon-based materials. In 
particular, carbon molecular sieves (CMS) have played a pivotal role in 
the successful development and commercialization of gas separation 
units using PSA technology. These sieves feature uniform micropore 
diameters that allow the penetration of carbon dioxide while restricting 
the diffusion of methane molecules, thereby achieving a high selectivity 
toward CO2 compared with CH4 [10–12]. 

Preliminary dynamic experiments can help in selecting an appro-
priate adsorbent material and generating accurate and reliable process 
simulations [13]. In particular, breakthrough experiments can be used 
to extract both equilibrium and kinetic information about the adsorbate- 
adsorbent pair’s behavior, such as CO2/CH4 adsorption capacities at 
equilibrium and selectivity, breakpoint times and adsorption capacity at 
various times during a dynamic test. An effective PSA process engi-
neering starts with the selection of the adsorbent material and includes 
the definition of adsorption time and designing a regeneration protocol 
for the adsorbent that consumes the least amount of energy (to lower the 
associated energetic penalty) and can be completed in the shortest 
amount of time (to increase productivity) [14]. Nevertheless, due to the 
complexity of the PSA process’ design and implementation, these studies 
often rely on mathematical models or simulation software rather than 
specific experimental studies [15–17]. Indeed, the literature on the dy-
namic performance of adsorbent beds for CO2/CH4 separation is limited 
[18]. Punpee et al. [19] claim that understanding the characteristics of 
CO2 adsorption and desorption on the adsorbent material is essential for 
the application of biogas upgrading. However, this study utilized 
mathematical models and simulation software instead of experimental 
investigations. Detailed binary data is crucial for validating models 
describing PSA performances. For this reason, Álvarez-Gutiérrez and co- 
workers [20] studied biogas upgrading utilizing a single-column PSA 
unit, focusing on the dynamic behavior of three adsorbent materials (CS- 
CO2, CS-H2O and Calgon BPL) in CO2/CH4 separation. In this study, it is 
shown that the separation performance of the adsorbent material is 
strongly influenced by the adsorption pressure. As the adsorption pres-
sure increases, the CO2 working capacity increases; however, at 10 bar 
the CO2/CH4 separation efficiency decreases dramatically for all the 
three adsorbents studied [20]. Using Aspen software, Abd et al. [21] 
developed a one-dimensional binary mixture model for CO2 adsorption, 
energy, and mass transfer, finding good agreement between simulated 
and experimental data from breakthrough curves conducted for the 
simulated 45% CO2/55% CH4 biogas mixture at 4 bar. Möller et al. [22] 
investigated the performance of three commercial adsorbent materials 
in CH4/CO2 separation, concluding that simple models based on pure 
component equilibrium data are unreliable for predicting realistic con-
ditions, and that dynamic experiments are essential for an accurate 

assessment of fixed-bed behavior. The latter study emphasizes the sig-
nificance of binary (CO2/CH4) dynamic tests, pointing out that a pre-
liminary evaluation of single-compound performances and a fair 
comparison with retrieved binary data can provide important in-
dications about potential competitive effects and for a thorough use of 
adsorbent potentiality in the investigated system. The complexity of PSA 
processes design arises from the numerous variables involved, such as 
adsorbent material, adsorption pressure, purge ratio and desorption 
pressure [23]. However, some of these parameters can be defined from a 
detailed analysis of the chosen adsorbent material. Optimal operating 
pressure can be determined by considering the adsorbent’s adsorption 
capacity and selectivity (CO2/CH4) and the competitive effects can be 
verified by analyzing the isotherms of pure components and studying the 
dynamic behavior of the multicomponent system during the adsorption 
step. The desorption step is critical, involving purging the column with 
the product flow (CH4) obtained during the adsorption step. An efficient 
column regeneration requires optimizing the methane flow rate, with 
the purge-to-feed ratio (P/F) being pivotal for the process’s overall ef-
ficiency and effectiveness, especially in biomethane recovery [24]. A 
high P/F ratio improves methane purity due to a better CO2 desorption 
but decreases methane recovery. Achieving high purity and methane 
recovery, which are generally discordant parameters, necessitates the 
careful fixing of all the variables [25–29]. Some studies focused on 
analyzing the adsorbent material to understand the dynamics of CO2/ 
CH4 separation during adsorption and, more rarely, desorption. For 
example, Álvarez-Gutiérrez et al. [30] developed a method for the rapid 
selection of the most suitable adsorbent material for the PSA operation 
by comparing the performances in CO2 separation from biogas of three 
commercial activated carbons only using CO2 and CH4 adsorption data 
at equilibrium at different pressure (up to 7 bar), but not considering the 
dynamic behavior of the mixture [30]. With the same objective, Ferella 
and co-workers [31] compared different synthesized and commercial 
adsorbent materials by conducting continuous dynamic tests to assess 
adsorption capacity and CO2/CH4 selectivity under relevant industrial 
conditions. Among commercial adsorbents, in the pressure range from 2 
to 6 bar, the material that showed the best selectivity was silica gel, 
which reported approximately zero methane adsorption at 2 bar, mak-
ing it a very promising material for CO2/CH4 separation with high CH4 
recovery [31]. From the measurement of adsorption isotherms at 
different temperatures and breakthrough tests, it was shown that an 
efficient kinetic separation of CH4 from CO2 at low pressure can be made 
with the amino-MIL-53 as the 60%CH4–40%CO2 mixture at 1 bar, which 
exhibits infinite breakthrough selectivity [32]. In the same work, 
desorption kinetics was studied, calculating the percentages of CO2 
desorbed by purging the adsorbent with He at different temperatures, so 
to define the optimal time required for desorption [32]. Bacsik et al. [33] 
compared different adsorbent materials in terms of CO2 working ca-
pacity and selectivity for use in a VSA process, individuating the 4A and 
13X zeolites as the most promising ones, thanks to selectivity values 
above 100. However, the SAPO-56 zeolite, despite having a lower 
selectivity (20 at 1 bar), has the highest CO2 working capacity value 
(2.07 mol kg− 1 in the 0.1 and 1 bar pressure range), making it a good 
candidate for the biogas upgrading process [33]. The use of carbon 
molecular sieves for CO2/CH4 separation is scarcely detailed, in term of 
both adsorption and desorption performances. In a former work [18], 
we investigated different carbon-based adsorbents, limiting the inves-
tigation to atmospheric pressure. Moreover, very few studies in the 
literature have explored the regenerability of these specific adsorbents 
during consecutive adsorption-desorption cycles, typical of biogas 
upgrading with PSA technology [18,19]. 

This work investigated a commercial carbon molecular sieve, Shir-
asagi MSC CT-350 (CarboTech), as a selective CO2 adsorbent in a fixed- 
bed column-based lab-scale plant. The dynamic adsorption and 
desorption of CO2 and CH4 on the carbon molecular sieve are investi-
gated using breakthrough tests at constant temperature (20 ◦C) to pro-
vide useful information on the material’s behavior to be exploited for a 
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targeted definition of the PSA cycle. Adsorption tests in single- 
compound systems were conducted at five different pressures of 1, 3, 
5, 6.5 and 8 bar to investigate the equilibrium and dynamic fixed-bed 
behavior, as well as the bed temperature profiles of 40% CO2/60% He 
and 60% CH4/40% He mixtures, with a constant feed flow rate of 2.5 
NL/min. To further understand the separation behavior of CH4 from 
CO2, a breakthrough test was conducted using a 40% CO2/60% CH4 
mixture at an adsorption pressure of 3 bar, under the same partial 
pressure conditions as the single-compound tests. 

Desorption tests were performed to investigate the effect of the purge 
methane flow rate on bed regeneration time, with variable P/F ratios of 
50%, 30%, and 20%, as well as the effect of using a vacuum pump. 
Finally, the optimal times of the single phases constituting the PSA steps 
were defined. 

2. Materials and methods 

2.1. Materials 

The adsorbent selected is the commercial carbon molecular sieve 
(CMS) Shirasagi MSC CT-350, provided by CarboTech (Germany), and 
commonly applied for CO2-removal from gas mixtures such as biogas. 
The main textural properties of the investigated adsorbent are listed in 
Table 1 [18]. Pure CO2, CH4 and Helium tanks gas were supplied by SOL 
S.P.A. (Italy).  

1.1 Lab-scale plant description 

The experimental campaign was conducted in a laboratory-scale 
plant provided by Amnis Pura Ltd. A simplified scheme of the unit is 
reported in Fig. 1. The plant used for adsorption/desorption experiments 
consists of one cylindrical stainless-steel column with a height of 440 
mm and a diameter of 32 mm. The column is equipped with a thermal 
jacket, connected to a circulating thermostatic bath, and a thermocouple 
(TI) inserted in the adsorbent bed, to monitor its temperature. Four 
solenoid valves (V1 to V4) are associated with the column, which can be 
set in open or closed position depending on the specific operation to be 
performed. The adsorption step is conducted by opening valves V1 and 
V2, allowing the feed to flow into the column from the bottom. In 
contrast, the desorption step is conducted by opening valves V3 and V4, 
feeding the column from the top in a countercurrent direction to the 
adsorption step. In addition, a vacuum pump (Vacuumbrand MZ 2 NT) 
allows the column to be regenerated at sub-atmospheric pressures. The 
feed current can be simulated using three mass flow controllers (MFCs) 
for helium, methane, and carbon dioxide. Moreover, a mass flow meter 
(MFM) is put at the outlet of the adsorption column to measure the 
output gas flow. To control the column pressure at the desired level a 
Pressure Controller (PC) linked to a proportional valve is used, while a 
Pressure Transmitter (PT) is located at the top of the column for pressure 
reading and monitoring. The communication between the PC and the 

MFCs for remote management is run with the programmable logic 
controller (PLC) through a graphic Excel interface. The gas streams 
flowing out of the adsorption column were analyzed using a gas analyzer 
NDIR AO2020 Uras 26 (non-dispersive infrared) model, interfaced to the 
PC by LabVIEW software. 

2.2. Experimental protocols 

A set-up of the experimental apparatus is required to ensure the 
quality and reliability of the results obtained. A fundamental step in the 
protocol is instrument calibration. The mass flow controllers (MFC) and 
the mass flow meter (MFM) were calibrated to account for the actual 
experimental conditions in the laboratory device. While each MFCs can 
be calibrated for their respective pure gas, the MFM operates with flows 
of variable composition, hence its lecture changes. Therefore, the MFM 
was calibrated at different gas compositions to match the output flow 
rate read by the MFM and the actual flow rate. 

All the experiments were conducted in the previously described 
single fixed-bed column, packed with 75 g of adsorbent material, 
achieving a bed height of 15 cm with a bed porosity of 0.37. The rest of 
the column volume was filled with glass pellets, with an average 
diameter similar to that of the adsorbent, to minimise the dead volume 
of the measurement system, and simultaneously minimise the impact on 
fluid dynamic characteristics of the gas flow. 

Before the start of the experimental campaign, the adsorbent mate-
rial was subjected to heat treatment at 100 ◦C overnight. 

2.3. Breakthrough tests 

Experimental tests were conducted with either 40% CO2/60% He or 
60% CH4/40% He gas mixtures with a constant flow rate of 2.5 NL 
min− 1 to fully understand the single-compound adsorption behavior of 
the CMS. In fact, Helium can be considered a bare gas carrier, as it 
ideally does not adsorb onto the adsorbent material [34,35]. These tests 
were conducted at five different adsorption pressures of 1, 3, 5, 6.5 and 
8 bar to investigate the effect on adsorption capacities and selectivity. 
Following that, a breakthrough test was performed using a 60% CO2/ 
40% CH4 mixture to simulate a typical biogas composition, with a total 
flow rate of 2.5 NL min− 1 and total pressure of 3 bar, to have the same 
partial pressure conditions to compare with the pure components tests. 

The breakthrough experimental runs involved the initial pressuri-
zation of the fixed-bed column with He, reaching the desired pressure 
value. Following the pressurization, the gas mixture containing CO2 
and/or CH4 was fed into the system. The data of all the gas composition 
at the outlet of the adsorber, its flow rate and the temperature of the 
adsorbent bed were recorded. 

During the adsorption step, the response at the column exit was 
monitored until saturation conditions were reached (the bed tempera-
ture returning to the initial value, the mole fraction of the adsorbate in 
the outlet gas becoming equal to the inlet fraction, and the total outlet 
flow becoming equal to the inlet flow). In particular, the saturation 
condition specifically refers to the condition in which the adsorbate 
reaches the thermodynamic equilibrium in the gas and adsorbed phases. 

From these breakthrough experiments, the temporal evolution of the 
partial CO2 and CH4 flowrates exiting the column was determined 
(breakthrough curves), which can be obtained by appropriately 
matching the volumetric concentrations (% vol.) data at the column 
outlet (cOUT

i (t)), provided by the NDIR analyzer, with the total outlet 
flowrate data, provided by the MFM (QOUT

TOT ). 
Moreover, from the same tests, important thermodynamic informa-

tion can be retrieved. By applying a mass balance equation on the single 
adsorbed species in the fixed-bed and correcting for the corresponding 
dead times, dynamic tests were used to obtain the CO2 and CH4 equi-
librium adsorption capacities, ωeq

i [mol kg− 1] (i = CO2, CH4). The dead 
volume of the column increases the residence time of a breakthrough 

Table 1 
MSC CT-350 microstructural properties. 
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response and leads to an overestimation of the equilibrium capacity 
based on the uncorrected column breakthrough response. The dead 
time, which measures the time interval between the start of the test, the 
exit of the gas from column and the analyzer detection, rises as the 
column pressurization level does, due to the increase in the amount of 
gas used for pre-pressurization. To obtain the proper response of the 
breakthrough column, which can be subsequently analyzed to obtain 
accurate equilibrium and kinetic data, the measured breakthrough re-
sponses must first be corrected from the blank response. The experi-
ment’s blank test response was determined by feeding the gas through 
the adsorption column filled with inert glass beads at the same flow rate, 
concentration, pressure, and temperature as the breakthrough 
experiment. 

The Equation defined to calculate the correct adsorption capacity, 
derived from a mass balance on the column, is then as follows: 

ωeq
i =

QIN
i ρi

m

[∫ ts

0

(

1 −
QOUT

i (t)
QIN

i

)

dt − τads

]

(1)  

where:  

• QIN
i [L s− 1] is the input volumetric rate of the i-th gas (i = CO2 or CH4) 

(calculated 20 ◦C and 1 atm);  
• ρi [mol L− 1] is the molar density of the i-th gas at the operating 

temperature and pressure;  
• m [kg] is the mass of the adsorbent;  
• QOUT

i [L s− 1] is the output volumetric rate of the i-th gas, obtained 
from the product of the volumetric fraction of the adsorbate in the 
outlet flowrate cOUT

i (t) [% vol.] and the total outlet flowrate QOUT
TOT (t)

[L s− 1], as determined by MFM.  
• ts [s] is the saturation time;  
• τads [s] is the dead time, defined as the time necessary for the CO2 (or 

CH4) molecules fed as 40% CO2/60% He (or 60% CH4/40% He) gas 

mixtures to a previously He-pressurized bed, filled of inert material 
(blank test), to arrive to the analyzer and be detected, expressed as: 

τads =

∫ t*s

0

(

1 −
Q*OUT

i (t)
Q*IN

i

)

dt (2)  

where:  

• Q*IN
i [L s− 1] is the input volumetric rate of the i-th gas of the blank 

test;  
• Q*OUT

i [L s− 1] is the output volumetric rate of the i-th gas of the blank 
test,  

• t*
s [s] is the time for which the molecules fed in the inert column 

reach the analyzer and be detected. 

The mass balance can be also employed to evaluate the adsorption 
capacity up to a specific time, by replacing the upper bound of the in-
tegral (Eq.(1)). This is especially useful for calculating the breakpoint 
adsorption capacity (ωBP

i ), which is the amount of gas captured up to the 
breakpoint time (tBP), i.e. the time for which cOUT

i reaches the maximum 
allowable values (e.g. 3% v/v for CO2 in biomethane). This characteristic 
time is particularly relevant for industrial applications since the 
adsorption process is stopped at tBP for the target adsorbate to ensure 
that the output flow gas quality requirements are preserved. 

Breakthrough tests at different partial pressure were employed for 
the evaluation of single-compound adsorption isotherms on the studied 
adsorbent material. 

The selectivity of the adsorbent for CO2 with respect to CH4 was 
evaluated by the following equation [8,17,18]: 

SCO2/CH4
=

ωeq
CO2

/

cIN
CO2

ωeq
CH4

/
cIN

CH4

(3) 

Fig. 1. Simplified schematic diagram of experimental apparatus.  
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Eq. (3) estimates the “Pure Component Selectivity CO2/CH4” which 
is calculated using the equilibrium adsorption capacity defined by a 
single-compound adsorption test to get an initial selectivity estimate to 
compare later with binary tests. Using the relative equilibrium adsorp-
tion capacity defined by the binary adsorption test, the same Eq. (3) was 
used to calculate the CO2/CH4 selectivity for the binary system. 

2.4. Desorption tests 

In order to design a PSA cycle, countercurrent desorption tests were 
conducted to examine the effectiveness of using methane as a purging 
agent to remove CO2 during the regeneration phase of the adsorbent 
bed. Adsorption steps up to the CO2 tBP were followed by CO2 desorption 
steps in the tests. Desorption tests were performed at P/F ratios of 50%, 
30%, and 20%, either at atmospheric pressure or under vacuum (using 
the vacuum pump), to investigate the effect of methane flow rate on 
adsorbent bed regeneration time. 

The adsorption steps up to tBP were carried out at 3 bars with a flow 
rate of 2.5 NL min− 1 of the 40% CO2/60% CH4 gas mixture. Following 
atmospheric pressure venting, CO2 desorption experiments were per-
formed by fluxing pure CH4 as a desorbing agent and monitoring the CO2 
outlet concentration with an NDIR analyzer until a complete 
regeneration. 

The desorption profiles were elaborated to obtain the total specific 
amount of CO2 desorbed from the carbon molecular sieve, ωdes

CO2 
[mol 

kg− 1], through a material balance. The time for complete desorption 
(t0.1) was assumed as the time in which CO2 outflow concentration is 
equal to the analyzer’s low detection limit (i.e., 0.1% CO2 by vol.). The 
following mass balance on CO2 over the column can be used to derive 
the volumetric output flows (QOUT

CO2 
[L s− 1]) using the output concen-

tration data retrieved from the gas analyzer: 

QOUT
CO2

(t) =
Qdes

CH4
(t)cOUT

CO2
(t)

1 − cOUT
CO2

(t)
(4) 

To confirm the same data obtained by adsorption up to BP time, it is 
possible to calculate the BP adsorption capacity from desorption ωdes

CO2
by 

integrating the volumetric output gas flow across the total desorption 
time t0.1 [s]: 

ωdes
CO2

=
ρCO2

m

[ ∫ t0.1

0
QOUT

CO2
(t) dt − τdes

]

(5)  

where:  

• τdes [s] is the dead time, defined as the time required for the methane 
flow rate to replace the CO2 molecules contained in the column 
voids. This time is determined by a blank test that was performed in 
the glass bead-filled column at the same flow rate, pressure, and 
temperature as the actual experiment, and expressed as: 

τdes =

∫ t*0.1

0
Q*OUT

CO2
(t) dt (6) 

By varying the integration interval in Eq. (5), it is possible to 
determine when a specific amount of adsorbed CO2 is desorbed. 

Because the adsorbents were fully regenerated between tests, the 
repeatability of breakthrough curves could be evaluated for six 
consecutive cycles. 

3. Results and discussion 

3.1. Breakthrough tests in single-component systems 

Figs. 2(a) and 3(a) show the dynamic behaviors of outlet CO2 and 
CH4 concentrations obtained from breakthrough tests conducted with 
CO2/He and CH4/He mixtures at total variable pressure, respectively. 
The breakthrough curves are expressed in terms of the ratio of the 
volumetric flow rates of the component at the bed outlet relative to that 
in the feed QOUT

i (t)/QIN
i (t). Figs. 2(b) and 3(b) show the temperature 

profiles inside the adsorbent bed, normalized for the initial test tem-
perature T(t)/TIN(t) from the dynamic experiments conducted for CO2/ 
He and CH4/He mixtures, respectively. 

The tBP are taken at a volumetric concentration of the adsorbate in 
the outlet flowrate cOUT

i (t) [% vol.] equal to 3%. It can be observed that 
methane has an almost instantaneous breakpoint for any value of 
adsorption pressure, which is a maximum of 5 s at 8 bar. This result is 
correlated with the low adsorption capacity and also indicates the slow 
adsorption of CH4 on the adsorbent. On the contrary, for CO2, a signif-
icant adsorption magnitude can be observed as indicated by far higher 
breakpoint times, which for pressures of 1, 3, 5, 6.5 and 8 bar equal 50, 
120, 170, 200 and 230 s, respectively. As a further confirmation, the 
temperature profiles of the CO2 single-compound tests showed a single 
peak, with a temperature increase proportional to the amount of CO2 
adsorbed as the pressure increased. On the contrary, a flat temperature 
profile was observed for CH4, in line with the low adsorption capacity 
and slow adsorption kinetics. These results are consistent with those 
retrieved by Cavenati et al. [27] using a 55% CH4–45% CO2 mixture on 
CMS 3K, which emphasized that the temperature rise from CO2 

Fig. 2. Experimental a) breakthrough curves and b) temperature profiles along the adsorber column of 40% CO2/60% He gas mixture on MSC CT-350 at 1, 3, 5, 6.5, 
8 bar and 20 ◦C, feed flow rate 2.5 NL min-1. 
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adsorption is significant (over 20 ◦C) and cannot be ignored, whereas the 
rise from methane adsorption is minimal, showing that the speed of the 
thermal wave aligns more with the CO2 concentration wave than with 
methane’s. Indeed, the magnitude of the temperature increase in the 
profile can be directly correlated with the number of molecules adsorbed 
over time onto the surface of the adsorbent material. As the partial 
pressure of CO2 increases, so does the number of molecules adsorbed, 
causing a corresponding increase in the temperature peak (Fig. 2b). 
However, in the case of methane, the number of molecules adsorbed is 
significantly lower, resulting in a minimal impact on the bed tempera-
ture (Fig. 3b). Besides the quantity, another aspect that could affect the 
magnitude of the temperature increase is the adsorption rate relative to 
the current feed rate. Suppose the adsorption kinetics is slow relative to 
the feed rate; in that case, the released adsorption heat is carried away 
by the gas flow, resulting in a flat temperature profile, as in the case of 
methane. The shape of the breakthrough curve is affected by pressure, 
and this is particularly evident for CO2 breakthrough curves, which have 
a steeper slope as the pressure increases. The mass-transfer zone (be-
tween the breakpoint and saturation), where most of the change in gas 
concentration occurs, for CO2 decreases with increasing pressure, 
resulting in more efficient use of the adsorbent bed. In fact, the mass 
transfer zone, which depends on both the mass transfer resistance and 
the shape of the adsorption isotherm [20], affects the bed utilization 
efficiency expressed as utilized bed fraction, FUSB, and defined as the 
ratio of the adsorption capacity of the adsorbent material at breakpoint 
ωBP

i to the adsorption capacity at equilibrium ωeq
i . Table 2 shows the FUSB 

for both CO2 and CH4 as a function of pressure. For CO2, a significant 
increase can be observed, ascribable to the increase in the driving force. 
On the other hand, for CH4, the MTZ almost keeps constant, as testified 
by slight and non-monotonous variations in the FUSB values as pressure 
increases. 

The equilibrium adsorption isotherms, as derived from CO2/He and 
CH4/He breakthrough tests at 20 ◦C for the MSC CT-350 are plotted in 

Fig. 4, while Table 3 summarizes the equilibrium adsorption capacity of 
pure CO2 and pure CH4 calculated from the breakthrough experiments. 

The uptakes obtained from the breakthrough experiments indicate 
that, as expected, both CO2 and CH4 adsorption capacity increase along 
with pressure, and CH4 adsorption capacities are considerably lower 
when compared with the corresponding values of CO2, although 
retrieved at higher partial pressure (60% vs. 40%). For instance, the CO2 
adsorption capacity at 20 ◦C increased from 1.39 to 2.87 mol kg− 1 as the 
partial pressure increased from 0.4 to 3.2 bar, while for CH4, the 
adsorption capacity increased from 0.147 to 0.375 mol kg− 1 as the 
partial pressure increased from 0.6 to 4.8 bar. Comparing the values 
obtained with those retrievable in the literature, for the separation of 
CO2 from CH4 at pressures exceeding atmospheric, equilibrium data for 
the MSC CT-350 are quite rare. Only one point for CO2 and methane at 
partial pressures of 0.4 and 0.6 bar, respectively, could be compared 
with the data provided by Rainone et al. [18] using the same measuring 
technique, which resulted in perfect agreement. The CO2 adsorption 
isotherm at 20 ◦C also showed good agreement with the data provided 
by Möller et al. [36], despite using a different gravimetric measurement 
technique. On the other hand, the methane adsorption isotherm is only 
mentioned for temperatures above 40 ◦C because of the methane’s 
extremely slow adsorption rate. However, CH4’s larger adsorption ca-
pacities than those retrieved in the present work were obtained by Song 
et al. [37] for three commercial CMS, determined by gravimetric anal-
ysis, while the values for CO2 adsorption resulted in the same order of 
magnitude as the present work. A CO2 adsorption capacity from 0.50 to 
1.80 mol kg− 1 at 25 ◦C and partial pressure from 0.5 to 3 bar was found 
for the CMS that most closely matched the properties of the material 
under investigation in terms of BET surface area, total pore volume, and 
micropores; in comparison, a CH4 adsorption capacity from 0.30 to 1.50 
mol kg− 1 at 25 ◦C and partial pressure from 0.5 to 5 bar was found [37]. 
The same finding was obtained when comparing CMS CT-350 with 
commercial CMS KP-407, for which Rocha et al. [38] verified a CO2 
adsorption capacity from 0.50 to 2.70 mol kg− 1 at 25 ◦C at partial 
pressure from 0.5 to 3 bar and CH4 adsorption capacity from 0.40 to 
1.75 mol kg− 1 at 25 ◦C at partial pressure from 0.5 to 5 bar. 

This can be ascribed partially to the different measuring techniques 
employed and the challenge of analyzing the methane adsorption ca-
pacity due to its slow adsorption. Beside, it may also be due to the 
different pore size characteristics of the investigated materials. Ac-
cording to Song et al. [37], the amounts of CH4 and CO2 adsorbed are 
less dependent on the volume of the mesopores and macropores, which 
nevertheless play a positive role in gas diffusion within the CMS. The 

Fig. 3. Experimental a) breakthrough curves and b) temperature profiles along the adsorber column of 60% CH4/40% He gas mixture on MSC CT-350 at 1, 3, 5, 6.5, 
8 bar and 20 ◦C, feed flow rate 2.5 NL min− 1. 

Table 2 
Ratio between ωBP

i and ωeq
i (FUSB) for CO2 and CH4 as a function of pressure.  

Total Pressure [bar] ωBP
CO2

/ωeq
CO2 

[− ] ωBP
CH4

/ωeq
CH4 

[− ] 

1 0.25 0.084 
3 0.51 0.049 
5 0.57 0.050 
6.5 0.62 0.072 
8 0.70 0.071  
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CMS CT-350 is characterized by a micropore/ultramicropore volume 
that constitutes 90% of the total pore volume, and this may have 
contributed to a high adsorption capacity of CO2 at the expense of the 
adsorption capacity of CH4, which also has a larger kinetic diameter 
than that of CO2. For these reasons, it is likely to encounter a higher 
resistance for diffusion into the micropores. These aspects complicate 
the measurement of methane adsorption capacity even more, which may 
have led to an underestimation of the values obtained at equilibrium 
because of the extreme difficulty in achieving a condition of real ther-
modynamic equilibrium. 

A pure component selectivity was calculated from pure component 
equilibrium adsorption capacity data, as shown in Eq. (3), to get a first 
estimate of the CO2/CH4 selectivity of the molecular sieve. The results 
indicate that the carbon molecular sieve has a high selectivity toward 
CO2. In particular, selectivity shows an almost monotonic evolution, 
with a decreasing trend from 14.22 to 11.48 for pressure ranging from 1 
bar to 8 bar, with slight oscillations likely ascribable to experimental 
errors in the calculation of methane and CO2 adsorption capacity values. 
The obtained selectivities are substantially higher than those reported 
by Song et al. [37], for CMSs ranging from 1.28 to 1.67 at 10 bar, who 
calculate the selectivity from single-component isotherms for a 50%/ 
50% CO2/CH4 mixture. This could be likely ascribed to the different 
CMS and to the significantly lower methane adsorption capacity esti-
mates, caused by the mentioned difficulties in measurement due to very 
slow diffusion in micropores. In agreement with Shen et al. [39], the 
trend of equilibrium selectivity decreases with increasing pressure; 
however, at an adsorption pressure of 1 bar and temperature of 30 ◦C 
they report an equilibrium selectivity of approximately 2.4. The selec-
tivities reported in the present study are also higher than those retrieved 
by Álvarez-Gutiérrez et al. [40], with a value of 4.35 on activated carbon 
(CS-CO2) and 4.39 on activated carbon (CS-H2O) for a 50% CO2 mixture 
at 303 K and 10 bar. However, the selectivity obtained is lower than the 
CO2/N2 selectivity of 22.84 at 273 K and 1 bar reported by Morali et al. 

[41], who studied the effects of chemical vapor deposition of methane 
on activated carbon for the synthesis of CMSs for CO2 adsorption, 
emphasizing the importance of a large volume of narrow micropores 
centered on a size of ca. 0.56 nm to have high CO2 adsorption capacity 
and selectivity. 

3.2. Breakthrough test in CO2/CH4 binary system 

For a deeper understanding of binary adsorption dynamics, Fig. 5 
shows the CH4 and CO2 breakthrough curves (a) and temperature profile 
(b) obtained from the dynamic experiment conducted with the 60% 
CH4/40% CO2 mixture at 3 bar and with a total flow rate of 2.5 NL 
min− 1. A comparison between single-compound and binary tests was 
conducted to discern any significant differences in adsorption capacity 
when both components are present, allowing for a more comprehensive 
understanding of how the presence of two components might influence 
the separation process. To this aim, the same partial pressures of the 
mixture components were ensured compared to the partial pressures of 
the pure components in He. 

Fig. 5(a) shows a rapid breakthrough of CH4, which correlates with 
both the low adsorption capacity and capture rate of CH4. This is a 
desirable result because it reduces the CH4 loss during adsorption and its 
content in the off-gas during the regeneration step. Moreover, in the 
experimental set-up conditions, this effect ensures a time for methane 
production of up to 2 min. This time corresponds to the difference be-
tween the CH4 and the CO2 breakpoints. It reveals how effectively the 
solids bed separates the two adsorbates: the greater the difference in 
breakpoint times between the two adsorbates, the more efficient is the 
separation. This breakpoint time difference greatly influences the con-
struction of adsorption/desorption cycles and the related time steps in a 
PSA process, thus affecting the amount of pure CH4 produced per cycle. 

Concerning the breakpoint times, no significant variations were 
observed when comparing the test with the corresponding carried out 
using pure components in helium. For CO2, a typical sigmoidal break-
through curve can be observed. On the other hand, a thermal effect, i.e. 
the partial desorption of CH4 due to the exothermic adsorption of CO2, 
might be responsible for the roll-up on the breakthrough curve of CH4. 

The temperature profile reveals a single peak, and the highest 
reached value is more than double the initial figure. As stated by Möller 
et al. [22], the single peak suggests that CO2, which is not kinetically 
hindered, is rapidly adsorbed and releases heat, while methane 
adsorption is extremely low and slow and therefore does not signifi-
cantly contribute to the temperature rise in the fixed bed, in agreement 
with the temperature profiles recorded in the single-compound tests. In 

Fig. 4. Adsorption isotherms at 20 ◦C of a) CO2 and b) CH4 on MSC CT-350.  

Table 3 
CO2 and CH4 equilibrium adsorption capacity.  

Total 
Pressure 
[bar] 

CO2 adsorption 
capacity [mol kg− 1] 

CH4 adsorption 
capacity [mol kg− 1] 

Pure Component 
Selectivity CO2/CH4 

1 1.39 0.147 14.22 
3 2.29 0.262 13.12 
5 2.64 0.275 14.40 
6.5 2.68 0.354 11.36 
8 2.87 0.375 11.48  
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this case, the experimentally measured adsorption capacity up to the 
saturation time from the binary mixture’s breakthrough curves was 
2.16 mol kg− 1 for CO2 and 0.302 mol kg− 1 for CH4. Compared with the 
single-compound counterparts, a slight decrease was found in CO2 
adsorption capacity and an equally slight increase in methane’s (2.29 
mol kg− 1 for CO2 and 0.262 mol kg-1 for CH4). However, these differ-
ences appear partly related to experimental uncertainty in the recovered 
values. For this case, the binary selectivity, calculated as in Eq. (3), is 
10.73, lower than the calculation made with the single-component data. 
In conclusion, it can be stated that a very slight competitive effect be-
tween CO2 and CH4 can be envisaged. 

3.3. Desorption tests 

In Fig. 6, the time ti% [s] required to reach a specified CO2 recovery 
percentage of the total adsorbed amount (e.g., t95% corresponds to 95% 
of total CO2 recovered by desorption) is reported as a function of the P/F 
ratio (flow rate of methane to purge related to the feed) and either with 
or without the use of the vacuum pump. Without the use of the vacuum 
pump, the pressure in the column during the desorption step was equal 
to 1 bar, while with the use of the vacuum pump for P/F of 50%, 30%, 

and 20%, a pressure of 0.16 bar, 0.11 bar, and 0.08 bar was achieved, 
respectively. 

Table 4 summarizes the desorption times needed to achieve 100%, 
95%, 90%, 75% and 50% (ti% [s]) of the CO2 adsorbed amount in the 
adsorption phase until the tBP. 

As the purge flow rate used for desorption increases, the time 
required for a complete regeneration decreases. Moreover, the complete 
regeneration without the vacuum pump takes between 4300 and 2600 s, 
while using the vacuum pump the time significantly reduces, taking 
between 3700 and 1700 s. 

Fig. 5. Experimental a) breakthrough curves and b) temperature profiles along the adsorber column of 40% CO2 and 60% CH4 on MSC CT-350 at 3 bar and 20 ◦C, 
feed flow rate 2.5 NL min− 1. 

Fig. 6. Time to reach a fixed CO2 recovery percentage (i.e., ti% desorption time) as a function of P/F ratio and either with the use of the vacuum pump or without.  

Table 4 
Desorption time of a percentage of the amount of CO2 adsorbed, depending on 
the P/F ratio and the use of vacuum pump.  

Pressure [bar] P/F [%] t100% [s] t95% [s] t90% [s] t75% [s] t50% [s] 

1.00 20 4300 1960 1460 780 310 
1.00 30 3700 1800 1300 650 250 
1.00 50 2600 1100 700 360 145 
0.08 20 3700 900 600 300 125 
0.11 30 2100 700 500 250 100 
0.16 50 1700 650 470 240 95  
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In an actual PSA process, the feed step usually ends before the 
component with the strongest adsorbed force breaks through the bed 
(hence, the solid is not saturated with CO2). In contrast, the regeneration 
step is generally terminated before the bed is fully regenerated because 
the last part of the regeneration process is usually prolonged and con-
sumes a large amount of purge gas. In light of these observations, times 
corresponding to lower regeneration rates were also investigated. In 
particular, without the vacuum pump, a 50% bed regeneration from CO2 
takes between 310 and 145 s, while using the vacuum pump the time 
reduces significantly, taking between 125 and 95 s. Punpee et al. [19], 
from desorption curves simulated with Aspen Adsorption for three 
adsorbent materials, estimated that after 40 s the amount of CO2 des-
orbed with the vacuum pump at 0.1 bar was 18%, 43% and 37% for 
zeolite, CMS and AC, respectively. 

In general, due to a slow kinetics, the time for a complete regener-
ation (t100%) of the adsorbent is very long. In addition, during desorp-
tion, most of the adsorbed CO2 is rapidly removed, but subsequently the 
rate of desorption decreases significantly over time. For instance, for the 
desorption of 95% of the amount of CO2 adsorbed, a reduction in 
desorption time > 50%, compared to the figure needed for a complete 
regeneration, is retrieved. This is due to the peculiar characteristics of 
the adsorbent material, most of whose total volume consists of micro-
pores. This, on the one hand allows strong CO2 adsorption capacity and 
selectivity, but on the other hand makes regeneration of the material 
very hard. In fact, to have desorption step times comparable with 
adsorption step times very low vacuum pressure and high purge flow 
rates are required. 

As can be observed, a higher purge flow rate results in a shorter 
desorption time. However, it is also essential to consider the total 
amount of methane required during the desorption process. During a 
hypothetical PSA cycle, the amount of methane employed for desorption 
significantly impacts the slip of methane in the off-gas stream, making it 
a crucial factor to evaluate. The results show that, on average, as the 
purge flow rate increases, so does the amount of methane consumed for 
desorption. For instance, with a 90% regeneration rate and using the 
vacuum pump, the total amount of methane consumed for a P/F ratio of 
50%, 30%, and 20% is 10 L, 6 L and 5 L, respectively. Therefore, a 
balance between minimizing the methane losses and achieving an 
acceptable desorption degree in a reasonable desorption time is 
essential. 

3.4. Adsorption-desorption cyclic tests 

Finally, to evaluate the regenerative capability of the CMS, CO2 
adsorption and desorption tests were carried out in consecutive cycles. 
In the column, the adsorption step was conducted at 3 bar with the 40% 
CO2/60% CH4 (vol.) mixture of 2.5 NL/min for a time equal to the 
breakpoint time of CO2 at 3 bar (120 s), and the desorption step was 
conducted until complete regeneration of the adsorbent with a P/F ratio 
of 50% and pressure of 0.16 bar (1700 s), alternated sequentially. The 
aim was to determine if the adsorbent could be reused after regenera-
tion, and to assess any potential loss of CO2 adsorption capacity due to 
an iterative use. The experimental results in Fig. 7 indicate that the ωBP

CO2 

remains consistently stable across the number of cycles, with minimal 
variations likely attributed to experimental uncertainty. In details, the 
CO2 adsorption capacity of MSC CT-350 remained almost constant at 
1.07 mol kg− 1 throughout all consecutive adsorption/desorption cycles. 
This suggests that adsorption is reversible, confirming the complete 
regenerability of the adsorbent. 

4. Conclusions 

Carbon molecular sieves can be proficiently used in processes to 
separate CO2 from CH4, such as in PSA technology for upgrading biogas 
to biomethane. However, only some studies base the design of 

separation processes on the specific characteristics of such sorbents. To 
provide essential data for the design of a PSA process, the carbon mo-
lecular sieve MCS CT-350 was experimentally evaluated for the dynamic 
adsorption and desorption of CO2 and CH4. The main results are listed 
below:  

1) In single-compound systems, methane showed an instantaneous 
breakpoint of a maximum of 5 s at 8 bar, indicating the low 
magnitude and slow kinetics of CH4 adsorption on the adsorbent bed, 
consistent with the retrieved isothermal temperature profile. On the 
contrary, CO2 showed an increasing breakpoint time with pressure, 
ranging from 50 s to 230 s at 1 to 8 bar pressures.  

2) CO2 has a significantly higher adsorption capacity at equilibrium 
than CH4. The figures obtained for different pressures and constant 
temperature of 20 ◦C for CO2 increased from 1.39 to 2.87 mol kg− 1, 
while for CH4 increased from 0.147 to 0.375 mol kg− 1.  

3) From a dynamic experiment conducted with a 60% CH4/40% CO2 
mixture to better understand the binary adsorption dynamics, no 
significant differences were observed in terms of both equilibrium 
and kinetic properties with respect to pure compounds data.  

4) Desorption tests purging methane after CO2/CH4 adsorption 
revealed that as the P/F ratio increases, the time required for 
regeneration decreases, and this time is significantly reduced with 
the use of the vacuum pump. Full regeneration times ranged from 
4300 s to 1700 s, but partial regeneration at 95% adsorbed amount 
showed > 50% reduction, ranging from 1460 s to 470 s.  

5) Finally, it was shown that the adsorbent is regenerable and may be 
used repeatedly in subsequent adsorption-desorption cycles at 
breakpoint without significantly losing its ability to absorb CO2. 

In conclusion, the high CO2 adsorption capacity of MSC CT-350 as 
compared to CH4, and the excellent regeneration capabilities confirmed 
the applicability to CO2/CH4 separation processes. Furthermore, the 
adsorption and desorption kinetics results provide valuable indications 
for designing a PSA process, particularly for defining the time required 
for the adsorption and desorption steps. 
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