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A B S T R A C T   

This work evaluates the feasibility of common adsorbents (carbonaceous materials, zeolites and metal-organic 
frameworks) for the adsorption and further methane upgrading of the ventilation air methane (VAM) emis-
sions from underground coal mining (0.57% CH4). Concentration was achieved by adsorption through two 
different operational procedures based on fixed bed configurations: temperature swing adsorption (TSA) and 
pressure swing adsorption (PSA). All the combinations have been simulated using a rigorous mathematical model 
implemented in a commercial simulation package. The main purpose is to evaluate the performance of the 
different combinations of adsorption technique and adsorbent material, as well as establishing a valid mathe-
matical model able to test a wide range of materials. The comparison has been fulfilled with an economic 
evaluation of the different combinations. Results show that carbonaceous materials provide the highest con-
centration factors (C/C0 = 5), with low total methane recoveries (30%) and the lowest cost per kmol of methane 
recovered (1.5 €/kmol). MOFs can retain substantial amounts of methane, but with lower CH4/N2 selectivities 
than carbonaceous materials and lower methane concentration factors (C/C0 = 2.6). For this type of materials, a 
high recovery of methane is achieved, but at expense of the highest costs (80 €/kmol). Finally, zeolitic materials 
present the lowest methane concentration factor (C/C0 = 2), with intermediate both methane recoveries (58%) 
and costs (25 €/kmol). Concerning the adsorption technique, TSA has shown higher final methane concentrations 
for carbonaceous materials and some MOFs, whereas PSA overperforms for zeolitic materials. In addition, TSA is 
cheaper in all cases than PSA processes. On the other hand, PSA allows higher total methane recoveries and 
adsorption capacities for all materials, highlighting the high dependence on adsorption pressure, especially in 
carbonaceous materials (PSA/TSA = 18.3, in the case of Maxsorb).   

1. Introduction 

In the frame of the European Green Deal, the European Commission 
proposed in September 2020 raising the 2030 greenhouse gas (GHG) 
emission reduction target, including emissions and removals, to at least 
55% compared to 1990 (climate and energy framework, 2030). Among 
the considered sources, the energy sector accounts for around 75% of the 
total GHG emissions (Damassa, 2014). Therefore, minimizing the 
emission of these streams is a requirement for climate neutrality. In this 
way, methane recovery is a major challenge from two points of view: the 
reduction of global warming (methane global warming potential is 
twenty-one times greater than carbon dioxide (Howarth, 2014)) and 
obtaining an efficient and clean fuel source, as well as a basic raw ma-
terial for synthesizing several chemical products (Kilkis et al., 2020). 

Most methane emissions have an anthropogenic origin, being classified 
into biogenic (55%) (Pandey and Harpalani, 2019), thermogenic (22%) 
and pyrogenic (13%), among others (Schoell, 1988; Pieprzyk and Hilje, 
2018). Biogenic methane is generated via microbial methanogenesis, 
under an anaerobic atmosphere at given ambient conditions, e.g., the 
methane generated from underground coal or rice crops (Park and 
Liang, 2016). Thermogenic methane is related to the methane generated 
by geological processes and contained in fossil fuels such as coal, oil, and 
natural gas (Thiagarajan et al., 2020). Finally, pyrogenic methane is 
related to biomass or biofuels incomplete combustions (Sapart et al., 
2012). Most of these methane emissions are hardly recoverable, such as 
those from agriculture, livestock, or transport (Khokhar and Park, 
2017). The same occurs for fugitive methane emissions from oil and 
natural gas industries, which consist mainly of gas leaks in conductions, 
venting, deliberate combustions or even in leaks in the final product 
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storage or transport (Brandt et al., 2014). Therefore, in these cases, it is 
recommended to minimize emissions at the source and, if it is not 
possible, to implement a control operation to meet regulation standards 
(Klein et al., 2018). 

On the other hand, there are easily recoverable methane emissions 
using already available equipment in the facility, such as existing ducts, 
ventilation points and vertical wells: underground coal mining emis-
sions. There are three types of mining emissions: coal bed methane 
(CBM), abandoned mine methane (AMM) and ventilation air methane 
(VAM). CBM comes directly from coal seams in mining, its methane 
content is high (around 30%), and it supposes about 30% of all the 
methane emitted in the exploitations (Ju et al., 2016). Its extraction 
process involves drilling hundreds of wells with extensive infrastructural 
support facilities. From this source, the United States currently produce 
7% of its natural gas (Kumar, 2018). AMM refers to released methane 
once the mining activity stops, for up to 20 years after the closure 
(Kholod et al., 2020; Duda and Krzemien, 2018). Recovered methane 
concentrations typically range from 15 to 90%, with negligible oxygen 
concentrations (UNECE, 2019). Electricity generation or combined heat 
and power (CHP) production (Denysenko et al., 2018) are the main uses 
of these streams. Finally, VAM is a very diluted methane stream (0.1–1% 
CH4) (Warmuzinski, 2008), which is obtained from ventilation systems 
designed to keep methane concentration in working galleries below the 
flammability limit (2% CH4). Although their methane concentrations 

are very low, their huge flowrates become these emissions into the 
largest GHG emissions in the coal mining activity (Yang et al., 2022). In 
addition, the efficient use of these streams is not straightforward, due to 
their low methane content, so they are usually emitted directly into the 
atmosphere or burned with very low energetic efficiency (Yang et al., 
2018). In general terms, concentrated streams (CBM and AMM) are used 
directly for energy production (Karacan et al., 2011), whereas VAM 
requires a previous concentration step for main uses. In fact, an efficient 
VAM recovery would mean a great decrease in methane emissions, in 
addition to generate a resource for energy obtaining or chemical syn-
thesis. For example, it was demonstrated that a previous concentration 
process would allow obtaining adequate streams for working on gas 
turbines (>1% CH4) (Ursueguía et al., 2021a). 

Furthermore, add to methane and air, high relative humidity, and 
carbon dioxide traces (around 0.1% CO2) are also found. Hence, the 
methane purification process involves the methane gas separation from 
the air species, water, and carbon dioxide (Ursueguía et al., 2021b). The 
most common and easy to scale-up processes for performing gas sepa-
rations at high scales are swing adsorption methods. Among them, 
temperature swing adsorption (TSA) and pressure swing adsorption 
(PSA) are the most used (Vogtenhuber et al., 2018; Li et al., 2013), 
which consist of cyclic variations in temperature or pressure of the fixed 
bed, respectively, alternating operation conditions between two or more 
available beds. In recent times, different authors have reported 

Abbreviations 

VAM Ventilation air methane 
TSA Temperature swing adsorption 
PSA Pressure swing adsorption 
MOFs Metal-organic frameworks 
GHG Greenhouse gases 
CBM Coal bed methane 
AMM Abandoned mine methane 
CHP Combined heat and power 
VSA Vacuum swing adsorption 
TVSA Temperature and vacuum swing adsorption 
VPSA Vacuum and pressure swing adsorption 
VTVSA Vacuum and temperature swing adsorption 
USD1 Unparameterized supervised discretization 
LDF Linear driving force 

SYMBOLS 
u0 Surface velocity (m/s) 
dp Particle diameter (m) 
Cb Vessel fixed cost (€) 
S Vessel external surface area (m2) 
t Time (s) 
C Methane concentration in gas phase (mol/m3) 
W Methane concentration in solid phase (mol/kg) 
Q Energy required in heat exchanger (W) 
Cp Specific heat (J/mol⋅K) 
ṅ Molar flow (mol/s) 
A Heat exchanger surface area (m2) 
T2-T1 Heat exchanger temperature increment (K) 
U Overall heat-transfer coefficient (W/m2⋅K) 
ΔTln Logarithmic mean temperature difference (K) 
Wc Compression power (W) 
γ Adiabatic expansion coefficient 
V1 Initial volume (m3) 
V2 Final volume (m3) 
P1 Initial pressure (Pa) 
P2 Final pressure (Pa) 

De Axial dispersion coefficient (m2/s) 
εb Bed void fraction 
z Axial position in the fixed bed (m) 
q Adsorbate concentration equilibrium in gas phase (mol/ 

m3) 
qe Adsorption equilibrium (mol/m3) 
qe* Adsorbate concentration equilibrium in solid phase (mol/ 

kg) 
KL Overall mass transfer coefficient (s− 1) 
rp Particle radius (m) 
kf External film mass transport coefficient (m/s) 
εp Particle porosity 
Dp Diffusivity in macropores (m2/s) 
rc Crystallite radius (m) 
Di Micropores diffusivity term (m2/s) 
C0 Initial adsorption concentration (mol/m3) 
q0 Initial adsorption capacity (mol/m3

solid) 
dP Pressure gradient (Pa) 
μg Gas viscosity (Pa⋅s) 
ρg Gas density (kg/m3) 
ρb Bed density (kg/m3) 
Dm Molecular diffusivity (m2/s) 
T Temperature (K) 
P Pressure (Pa) 
MA Molar mass (mol/kg) 
VA Molar volume (mol/m3) 
hs Heat transfer coefficient (W/m2⋅K) 
Nu Nusselt number 
kg Thermal gas conductivity (W/m⋅K) 
Pr Prandtl number 
ap Adsorbent surface-to-volume ratio (m− 1) 
qm Langmuir isotherm constant (mol/kg) 
b Langmuir exponential factor (m3/mol) 
L Fixed bed length (m) 
D Fixed bed diameter (m) 
YCH4 Methane molar fraction 
C/C0 Methane concentration factor  
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promising results using these techniques. For example, Karimi et al. 
(Karimi and Fatemi, 2021) have doubled the initial methane concen-
tration (10–20%) through a PSA process with Norit R1 activated carbon 
as adsorbent. On the other hand, Wang et al. (2021) have compiled 
several interesting results obtained through two different techniques: 
using TSA, the methane concentration was increased from 5 to 20% with 
more than 99% methane recovery, using silicalite as adsorbent; by 
VPSA, the methane concentration was improved from 5 to 12.6%, with a 

methane recovery of 81.9%, using a carbon molecular sieve (CMS) as 
adsorbent. Finally, Pawlaczyk-Kurek et al. (Yang et al., 2022) have 
presented examples of different methane-enriching processes by swing 
adsorption techniques (PSA, VSA, TVSA, VPSA, VTVSA) with different 
adsorbents (coconut shell, activated carbon and honeycomb monolithic 
carbon). These results seem promising for almost all cases, especially in 
case of VTVSA, even already checked at pilot plant level. Even so, the 
simplicity of TSA and PSA processes makes them an adequate starting 
point to know the validity of a material for the desired separation 
(Vogtenhuber et al., 2018; Karimi and Fatemi, 2021; Yang et al., 2020; 
Bahamon and Vega, 2016; Maring and Webley, 2013; Dantas et al., 
2011; Qu et al., 2020). It should be also noted that these techniques can 
be combined for obtaining optimal results. 

Although methane concentration from nitrogen-rich streams is re-
ported in the literature, these studies do not start from concentrations as 
low as those present in VAM streams (0.1–1%). The scope of these ar-
ticles is studying in detail a technique and adsorbent lacking the com-
parison between techniques (PSA and TSA) and adsorbents. Thus, it is 
difficult to state with the currently available information what config-
uration and what kind adsorbents is better for this purpose. This fact is 
even more critical if the presence of spectator species (as carbon dioxide) 
is considered. 

This work tries to fill this gap, presenting a systematic comparison of 
technologies and materials for accomplishing the purpose of signifi-
cantly increase methane concentration in VAM emissions. For accom-
plishing this purpose, the CH4/N2/CO2 separation performance from 
VAM streams was systematically evaluated by both PSA and TSA pro-
cesses with nine different adsorbents, representative of the three main 
families (carbonaceous materials, zeolites, and MOFs). A rigorous 
mathematical model (validated at lab-scale in previous works (Ursue-
guía et al., 2020a)) was proposed for simulating both techniques, solving 
the corresponding differential equations by Aspen Adsorption software, 
which was also used for the estimation of the associated costs to each 
combination. This procedure will allow to determine the best configu-
ration for the separation, in addition to assess the key properties of the 
material governing its performance for both processes. 

2. Methodology 

2.1. TSA and PSA features 

The fixed bed design and the distribution of the operation times have 
been performed based on the same criteria presented in a previous work 
(Ursueguía et al., 2021a), in which a complete description of the typical 
layout of these processes has been developed. In this work, two different 
operation ways were considered: TSA and PSA. In a common fixed bed 
adsorption process, two or more fixed beds are in series in the same 
stage, thus maintaining one of them always practically fresh in an 
alternating mode (Couper et al., 2005). Here, only the performance of 
one of these fixed beds will be considered, focusing more on the com-
parison of materials and techniques. 

In case of TSA (Fig. 1), the adsorption and desorption steps are 
accomplished by varying the temperature of the fixed bed. First, an 
adsorption stage, in which the temperature is as low as possible, and the 
components of the inlet mixture are selectively adsorbed depending on 
their affinity to the adsorbent material. In this case, the adsorption 
temperature is fixed by the Langmuir isotherm constants of the adsor-
bents, presented in a later section. Consecutively, at the desorption 
stage, a hot rinsing stream is introduced in counterflow direction to 
promote desorption, obtaining a concentrated stream in the most 
strongly adsorbed components. This rinsing stream is one of the opti-
mizable parameters in the process since it is within the limits that meet 
the typical surface velocity interval in a fixed bed (0.2–0.5 m/s). 

In this case, the same flowrate as in the adsorption process is 
considered to simplify the study. This approach was followed in the 
literature for comparing technologies and materials (Ben-Mansour and 

Fig. 1. TSA typical stages distribution for a VAM concentration process. The 
orange gradient indicates the advance of the methane adsorption front in the 
fixed bed. 

Fig. 2. PSA typical stages distribution for a VAM concentration process. The 
orange gradient indicates the advance of the methane adsorption front in the 
fixed bed. 
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Qasem, 2018). In the same way than adsorption, desorption temperature 
is fixed by the temperature of the adsorption isotherm constants selected 
for each case. In fact, the maximum operation temperature depends on 
the material stability and the process cost. Even so, considering the 
material and economic viability of the process, and parametric studies, 
such as Chen et al. (2021), it is desirable not to exceed 383 K for 
desorption. Finally, the cooling stage, which consists of cooling down 
the bed to return to the initial conditions for starting another new cycle. 
Generally, the most expensive stage is related to the heating of the 
streams, so it should be imperatively considered in the economic balance 
of each operation. The required energy (Q) for the desorption step is 
calculated assuming a heat exchange (Eq. (1)) with constant specific 
heat (Cp) value for air (29.17 J/mol⋅K), which is the cleaning gas, and 
the calculated molar flow (ṅ). Once the required energy is known, it is 
possible to design the tubular heat exchangers for the process, 
commonly used in processes with gases at low pressure inside the tubes. 
The cost is directly related to the surface area (A) of the exchanger 
(Equipment costs, 2003), calculated by Eq. (2), whereas the temperature 
increment (T2 – T1) is obtained from adsorption isotherm data reported 
for each material. In addition, the value of the overall heat-transfer 
coefficient (U) is considered as 20 W/m2⋅K (Perry and Green, 1997), 
whereas the logarithmic mean temperature differences (ΔTln) is ob-
tained assuming a heat exchanger where the hot fluid is steam at 373 K. 

Q= ṅ ⋅Cp⋅(T2 − T1) (1)  

Q=U⋅A⋅ΔTln (2) 

In case of PSA (Fig. 2), the concentration step is carried out by 
decreasing the pressure of the fixed bed. The sequence consists of a first 
high-pressure adsorption stage, in which the pressure is highly variable 
and depends on the application of the gas to be treated: for example, 
Canevesi et al. (2019) have applied pressures between 3 and 10 bar for 
upgrading biogas, whereas Luberti et al. (Luberti and Ahn, 2022) have 
applied pressures up to 65 bar for hydrogen purification. 

Afterwards, a pressure reduction step causes the desorption of the 
previously adsorbed components, obtaining a stream concentrated in 
the strongest adsorbed components (Vilardi et al., 2020). In addition, 
some intermediate steps can be added to optimize the systems, such as 
equalizations, either product-end or feed-end, to change the fixed bed 
pressure through connections between different beds working at the 
same time but in different stages of the process (Yavary et al., 2015). 
These steps are very brief, their duration being negligible in comparison 
to the total cycle time (Kim et al., 2015). Finally, the regeneration step, 
needed when several mixture compounds are strongly retained, even at 
low pressures. At this last step, a rinsing gas, generally air at low pres-
sure, is introduced for removing these compounds. In PSA, the pres-
surization is the most expensive stage, so it must be considered in the 
economic balance. In that way, it is supposed an adiabatic compression. 
The required power (Wc) is calculated through Eq. (3), where is known 
the adiabatic expansion coefficient (γ = 1.4, for air), the initial volume 
(V1), and initial and final desired gas pressure (P1 and P2, respectively). 
Additionally, the centrifugal-motor compressor cost can be –calculated 
from the total flow treated and the required power (Equipment costs, 
2003). 

Wc =
P1V1 − P2V2

1 − γ
(3) 

Regarding to the fixed bed, the design variables have been selected 
based on a common operating criterion (Ursueguía et al., 2021a). Thus, 
the usual surface velocity (u0) of gases in a fixed bed is between 0.2 and 
0.5 m/s, the adsorbent particle size (dp) between 0.5 and 10 mm, and the 
maximum possible dimensions of the fixed bed, 14 and 3.5 m of length 
and diameter, respectively (Equipment costs, 2003). Also, the length of 
the fixed bed must be, at least, three times greater than the bed diameter 
(Wilkins et al., 2020). The use efficiency of the fixed bed increases with 
the length of the bed, since the unused part becomes a smaller portion of 

the total bed (Gabelman, 2017), but also increases the fixed bed costs 
and the total pressure drop. In fact, the fixed-bed devices present a fixed 
bed cost, which depends only on the size of the container: Cb =

2310⋅S0.778, where Cb (€) is the total cost and S (m2) the area of the 
external surface of the container (Costs reports and guidance for, 2018). 
Furthermore, the diameter selection must consider the exothermic na-
ture of the process, avoiding large increases in temperature, so a high 
surface-to-volume ratio is desirable (Perego and Peratello, 1999). 

2.2. Mathematical model 

TSA and PSA processes in a fixed bed were simulated using Aspen 
Adsorption software. All the combinations between adsorbent materials 
and adsorption techniques were simulated through a dynamic hetero-
geneous one-dimensional model, also accounting for axial dispersion 
and axial pressure gradients. For the sake of simplicity, the following 
assumptions were considered:  

• Isothermal conditions in the adsorption step, due to the low methane 
and nitrogen adsorption heats (around 20 kJ/mol), which are prac-
tically constant with the total uptake (Niu et al., 2019), and the low 
carbon dioxide concentrations in VAM streams.  

• Negligible both radial dispersion and changes in axial flow velocity, 
due to the limited adsorption capacities and the low methane and 
carbon dioxide concentrations (Ortiz et al., 2019).  

• Adsorbent particles are spherical and homogeneous in size and 
density.  

• Uniform bed void ratio for each material. 

Following the previous assumptions, Eq. (4) and Eq. (5) describe the 
general model of a fixed-bed adsorption for the gas and solid phases, 
respectively. This model considers a gas transport over an axial bed, and 
it includes accumulation, convection, dispersion, and interphase mass 
transfer terms. The discretization method used to solve the equations is 
USD1, with 100 nodes along the axial direction. The solution shows the 
variation of methane concentration with time (t) in the gas (C) and solid 
(W) phases, respectively. The second term in the gas phase balance 
considers the axial dispersion (De) in the process, whereas the third 
term, convective transport, depends on the surface velocity (u0) and on 
the bed void fraction (εb). The initial and boundary conditions used to 
solve the differential equations are presented in Table 1. 

∂C
∂t − De

∂2C
∂z2 +

u0

εb
∂C
∂z = −

(1 − εb)
εb

∂q
∂t (4)  

∂W
∂t = −

∂q
∂t (5) 

The last term in Eq. (4) and Eq. (5), interphase mass transfer, has 
been modelled assuming the existence of a linear driving force (LDF). 
This assumption relates linearly the mass transport and the adsorption 

Table 1 
Initial and boundary conditions used to solve the balance 
differential equations.  

Condition Boundary limit 

t = 0 C = 0 
W = 0 
q = 0 

z = 0 
(C − Cin) =

εb⋅De

u0

(
∂C
∂z

)

(
∂W
∂z

)

= 0 

z = L (
∂C
∂z

)

= 0 
(

∂W
∂z

)

= 0  
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equilibrium (qe), calculated through the adsorption isotherms of each 
material. This model has been used in many gas-solid adsorption cases 
with good accuracy to experimental results (Rupa et al., 2021). There-
fore, Eq. (6) can model the mass transfer kinetics, where qe* (mol/kg) is 
the adsorbate concentration at equilibrium, and KL (s− 1) is the overall 
mass transfer coefficient, accounting for transport resistances in the 
external film, macropores and micropores of each adsorbent. It was 
obtained from reported experimental data of methane and nitrogen 
diffusion on each of the considered families of materials (Chaemwinyoo 
et al., 2022; Xu et al., 2015; Jensen et al., 2012). It can be also expressed 
as shown in Eq. (7), in which the first term of the equation is related to 
the transport resistance in the external film of the particle. It depends on 
the particle radius (rp) and the external film mass transport coefficient 
(kf). The second term is related to the mass transport in the macropores 
of the adsorbent, and it depends on the particle radius, the particle 
porosity (εp) and the diffusivity in macropores (Dp). Finally, the last term 
is related to the diffusivity in the micropores, and it depends on the 
crystallite radius (rc) and the micropores diffusivity term (Di). Depend-
ing on the features of each adsorbent, some terms of resistance could be 
negligible, as in the case of very microporous materials, which present 
much higher values of the last resistance term (Zhu et al., 2020). 

∂q
∂t =KL

(
q*
e − q

)
(6)  

1
KL

=
rp⋅q0

3⋅kf ⋅C0
+

r2
p⋅q0

15⋅εp⋅Dp⋅C0
+

r2
c

15⋅Di
(7) 

In addition, momentum balance is calculated through Ergun equa-
tion (Eq. (8)), which relates surface velocity to pressure gradient (∂P), 
and it depends on the physical properties of the gas (μg, ρg) and of the 
solid bed (ρb). Once convective transport is assumed, the value of the 
axial dispersion coefficient (De) is estimated from the values of the 

calculated molecular diffusivities (Dm) for each case (Sabouni et al., 
2013). 

∂P
∂z =

150μg(1 − εb)2

d2
p⋅ε3

b
u0 +

1.75⋅ρg⋅(1 − εb)
dp⋅ε3

b
u2

0 (8) 

The kinetic model assumption is linear lumped resistance with fixed 
molecular diffusivities (Dm), calculated through Fuller-Schettler- 
Gridding correlation (Eq. (9)), which depends on temperature (T), 
pressure (P), molar mass (MA, MB) and molar volume (VA, VB) of each 
component of the stream. Finally, there are not chemical reactions 
considered in the process. 

Dm =
0.001⋅T1.75⋅

(
1
MA

+ 1
MB

)

P⋅
(
V1/3
A + V1/3

B

)2 (9) 

In addition, in case of TSA, methane desorption occurs by a drag gas 
at increased temperature flowing through the fixed bed. Hence, the 
energy balance to the gas and solid phases (Eq. (10) and Eq. (11), 
respectively) should be considered. The velocity at which thermal 
equilibrium is reached depends on the heat transfer coefficient (hs), 
calculated using correlation for fixed beds based on Nusselt (Nu = hs⋅dp/ 
kg) and Prandtl (Pr = Cp,g⋅μg/kg) dimensionless numbers (Qu et al., 
2020). The adsorbent surface-to-volume ratio (ap) is also calculated for 
each case. The specific heat capacity of the solid (Cps) is studied in 
several works for carbonaceous materials (Querejeta et al., 2019), with 
values between 0.8 and 1.2 J/g⋅K. Further, guided by the previous as-
sumptions, no variation of the temperature in the solid due to the heat of 
adsorption is considered since the concentration of the adsorbate is low 
in the inlet streams. The energy balances are useful for the estimation of 
the time required for cooling the material after desorption in TSA pro-
cesses, as it is not considered instantaneous. 

Table 2 
Main features of the considered materials (activated carbons, dark grey; zeolites, white; and MOFs, light 
grey) (Al-Naddaf et al., 2018; Du et al., 2019; Gao et al., 2012; Han et al., 2002; Hartmann and Fischer, 2012; 
Jadhav et al., 2007; Ursueguía et al., 2020b; Wu et al., 2005). 
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∂Tg

∂t = − u0
∂Tg

∂z + hs
ap

Cpgρg

(
Ts − Tg

)
(10)  

∂Ts

∂t = hs
ap

Cpsρb
(
Tg − Ts

)
(11) 

From this model, previously validated with experimental data 
(Ursueguía et al., 2020a) under similar conditions and for three different 
adsorbent materials, in combination with adsorbent features and inlet 
flow properties, both the breakthrough and desorption curves, and the 
maximum methane concentration obtained at the outlet can be 
determined. 

2.3. Adsorbent selection and adsorption isotherm parameters 

Adsorbents typically used in gas adsorption and separation processes 
can be grouped in three main families: carbonaceous materials, zeolites, 
and MOFs. The activated carbons are the most representative of the first 
group (Zheng et al., 2019; Peredo-Mancilla et al., 2019), with large 
specific surface areas, high pore volumes and good yields in gas 
adsorption processes, in addition to being cheap. In case of zeolites, the 
adsorption and separation process are usually characterized by steric 
effects, depending on pore and molecular sizes (Gholipour and Mofar-
ahi, 2016; Li and Tezel, 2007), and generally are more expensive than 
activated carbons. Finally, MOFs have been extensively studied in recent 
times due to its interesting morphological and surface properties, such as 
its elevated specific surface area and total pore volume (Ghazvini et al., 
2021). At this time, most of the MOFs are synthesized exclusively at 
laboratory or small scales, so it is not possible to obtain a price com-
parable to the other materials. However, Neves et al. (2021) have 
calculated the costs associated to an ideal MOF large-scale production, 
setting 8.2 €/kg in the most favourable situation, which is considered in 
this work. The total associated cost depends on the dimensions of the 
fixed bed, which are directly related to the total inlet flow and the 
correspondent surface velocity. The selected adsorbent materials for the 
process are compiled in Table 2, in addition to some of its most 
important features. 

On the other hand, the adsorption isotherm parameters, supposing 
Langmuir isotherm (Eq. (12)), are included in Table 3. This isotherm 
model has shown to fit the experimental data in practically all the partial 
pressure range, so it is adequate to use it in adsorption, with low partial 
pressures, and in desorption, when the methane concentration can reach 
higher values. In fact, it is one of the most used isotherms in gas 
adsorption available works (Cavenati et al., 2004; Brea et al., 2017). As 

additional advantages, it allows modelling the adsorption behaviour of 
the adsorbent in presence of two or more simultaneous potential ad-
sorbates (Rainone et al., 2021), add to be applied in some fixed bed 
adsorption simulations to obtain the corresponding breakthrough curves 
(Xiu and Li, 2000). 

qe =
qmbC

1 + bC
(12)  

2.4. Properties of the considered stream and comparison parameters 

Each mining exploitation can present very different flowrates and 
concentration values in its emissions, the properties of these streams 
being also variable with time. In addition to methane, nitrogen and 
carbon dioxide, the considered streams may also contain other com-
pounds, such as water, oxygen, and particulate matter, which could be 
harmful for the adsorption operation and subsequent processes. Water 
can be strongly adsorbed over hydrophilic adsorbents and cause struc-
tural damages in certain materials, such as MOFs (Schoenecker et al., 
2012), thus it should be removed previously to the adsorption stage 
(Ryckebosch et al., 2011). Concerning the oxygen, with a behaviour as 
adsorbate similar to nitrogen (Qadir et al., 2021), it is in lower con-
centrations, and it is not usually considered. For example, Bae et al. 
(2014) considered the methane/nitrogen separation to be the most 
important, both in PSA and TSA processes for methane purification. 
Finally, the presence of solid particles could significantly reduce the 
adsorption available surface area of the adsorbent, in addition to be 
adhered on machinery, reducing thus the life cycle, and modifying the 
properties of commodities (Su and Agnew, 2006). To avoid its presence, 
Cheng et al. (2017) have compiled a great variety of techniques that 
could be suitable for that purpose before the adsorption process, so solid 
particles are not considered in the problem streams. Therefore, the 
streams are considered purified before the adsorption process (negli-
gible content of solid particles and humidity), so only methane, air 
(nitrogen) and carbon dioxide are considered at the simulation input. 
VAM stream features have been selected according to the values pre-
sented in the registers of different European mining exploitations, 
partners of the METHENERGY + European Research Project. The 
flowrates of these streams can be large, up to 200 m3/s, with low 
methane concentrations. In this case, a flowrate of 4.4 m3/s, with an 
inlet composition of 0.57% CH4, 0.1% CO2, 99.3% air is considered as 
case study (Ursueguía et al., 2021a). 

For all this, the main comparison parameters among the results of the 
different combinations are: 1) adsorption capacity (mol/kg), calculated 

Table 3 
Suitable materials for gas adsorption processes with its Langmuir isotherm constants at different temperatures.  

Material Temperature 
(K) 

CH4 CO2 N2  

qm (mol/ 
kg) 

b (m3/ 
mol) 

qm (mol/ 
kg) 

b (m3/ 
mol) 

qm (mol/ 
kg) 

b (m3/ 
mol) 

References 

Norit R1 
Extra 

298 0.0381 0.0062 0.0754 0.0067 0.0095 0.0019 (Himeno et al., 2005; Dreisbach et al., 1999) 
323 0.0222 0.0040 0.0412 0.0042 0.0057 0.0013 

BPL 298 0.0260 0.0056 0.0809 0.0101 0.0034 0.0468 (Himeno et al., 2005; Delgado et al., 2014; Sircar et al., 
1996; McEwen et al., 2013) 323 0.0159 0.0041 0.0637 0.0071 0.0023 0.033 

Maxsorb 298 0.0315 0.0021 0.0595 0.0017 0.0266 0.0042 (Himeno et al., 2005; Sheikh et al., 1996; Gómez et al., 
2015) 323 0.0186 0.0013 0.0374 0.0014 0.0166 0.0028 

β-zeolite 298 0.0137 0.0164 0.1299 0.0556 0.0059 0.0216 (Li and Tezel, 2007; Xu et al., 2009) 
323 0.0136 0.0163 0.1298 0.0556 0.0059 0.0216 

Zeolite 13X 298 0.0150 0.0001 2.8301 0.4579 0.0095 0.0066 Cavenati et al. (2004) 
323 0.0075 0.0053 0.8584 0.2282 0.0042 0.0005 

Zeolite 5A 303 0.0208 0.0214 3.9841 1.2537 0.0076 0.0056 (Liu et al., 2011; Bakhtyari and Mofarahi, 2014) 
323 0.0071 0.0135 1.1250 0.3937 0.0038 0.0065 

MIL-101 
(Cr) 

288 0.0159 0.0229 0.2711 0.1176 0.0056 0.0011 Munusamy et al. (2012) 
313 0.0055 0.0122 0.1040 0.0467 0.0023 0.0102 

MOF-508 303 0.0347 0.0202 0.0555 0.0029 0.0468 0.0318 Bastin et al. (2008) 
323 0.0315 0.0183 0.0349 0.0007 0.0406 0.0301 

Basolite 
C300 

298 0.0281 0.0036 0.1662 0.0186 0.0073 0.0009 (Teo et al., 2017; Kloutse et al., 2018; Nobar and Farooq, 
2012) 323 0.0068 0.0036 0.0559 0.0058 0.0026 0.0059  
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through the area integration of the breakthrough curve for each sce-
nario, for a given flow rate and feed methane concentration; 2) satura-
tion time (s), considered as the first time at which the C/C0 in the 
breakthrough curve reaches a value of 1, i.e., when the material is totally 
saturated in the adsorbate compounds; 3) methane recovery (%), 
calculated as the ratio of the methane recovered by adsorption, esti-
mated from the adsorption capacity and the quantity of adsorbent ma-
terial, and the total amount of methane introduced, calculated from the 
inlet flow and the inlet concentration of methane; and, 4) total cost, 
estimated from the individual cost of every device and resource used in 
the process (heaters, compressors, adsorbent material, energy, etc.). 

3. Results and discussion 

Following typical fixed bed design considerations, three identical 
fixed beds, with dimensions of 10 m of length and 2.5 m of diameter, 
would be required to treat a total inlet molar rate of 60 mol/s in each 
one, 180 mol/s total. Two different adsorption techniques are consid-
ered: TSA and PSA. The design begins with the selection of the surface 
velocity, 0.3 m/s, which is an intermediate surface velocity for a fixed 
bed adsorption process. Desorption flowrate remains as in adsorption 
stage, in order to keep constant the recommended surface velocity in 
each fixed bed. The following sections present the design and results 
obtained for the three most common families of adsorbents and the two 
adsorption techniques considered, as well as a subsequent performance 
and economic comparison between all the results obtained. 

3.1. Carbonaceous materials 

Carbonaceous materials are some of the most used materials in gas 
adsorption processes, especially activated carbons, which present good 
values of porosity, specific surface area and adsorption capacity of 
different gases. The performance of three common activated carbons for 
the methane recovery process has been studied: Norit R1, BPL and 
Maxsorb. These three materials present a large contribution of micro-
pores in their porous structure, which influences the adsorption capacity 
and mechanism, and hence, the predominant resistance of the process 
(Himeno et al., 2005). Therefore, the last term of Eq. (7), rc

2/15⋅Di, is the 
prevailing in this case, considering the role of micropores. Table 4 
compiles the required parameters for the three considered carbonaceous 
materials and the simulation conditions in each case. Mass transport 

Table 4 
Simulation parameters for TSA and PSA for the three carbonaceous materials considered.  

TSA (P = 1 bar) 

Material ṅ (mol/s) L (m) D (m) εb ρb (kg/m3) dp (mm) 1/KL (s) Dm (m2/s) (ads/des) T (K) (ads/des) 

Norit R1 60 10 2.5 0.36 440 1 0.0030 2.1⋅10− 5/2.4⋅10− 5 298/323 
BPL 60 10 2.5 0.49 450 1.3 0.0018 2.1⋅10− 5/2.4⋅10− 5 298/323 
Maxsorb 60 10 2.5 0.25 320 1.15 0.0023 2.1⋅10− 5/2.4⋅10− 5 298/323 

PSA (T = 298 K) 
Material ṅ (mol/s) L (m) D (m) εb ρb (kg/m3) dp (mm) 1/KL (s) Dm (m2/s) (ads/des) P (bar) (ads/des) 
Norit R1 60 10 2.5 0.36 440 1 0.0030 7⋅10− 6/2.1⋅10− 5 1/3 
BPL 60 10 2.5 0.49 450 1.3 0.0018 7⋅10− 6/2.1⋅10− 5 1/3 
Maxsorb 60 10 2.5 0.25 320 1.15 0.0023 7⋅10− 6/2.1⋅10− 5 1/3  

Fig. 3. Methane breakthrough curves (A) and methane adsorption capacity (B) 
for the carbonaceous materials studied. TSA processes performed at 298 K and 
1 bar, whereas PSA processes at 298 K and 3 bar. 

Fig. 4. Methane molar fraction in desorption curves for the carbonaceous 
materials studied. TSA processes simulated at 323 K and 1 bar, whereas PSA 
processes simulated at 298 K and 1 bar. 
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coefficients (KL) are obtained from the adsorption experiments reported 
by Xu et al. (2015) on microporous carbonaceous adsorbents, these 
values being like those published by Golden et al. (Golden and Kumar, 
1993) for different low-concentrated gases on activated carbon. The 
simulation is carried out in the Aspen Adsorption simulation software. 
Fig. 3A presents a comparison of the methane breakthrough curves, both 
by TSA and PSA techniques, as well as the total methane adsorption 
capacities for each case (Fig. 3B). 

In case of Norit R1 and BPL, the adsorption capacity follows the same 
trend as the specific surface area, increasing the difference with pres-
sure. Maxsorb activated carbon can be considered as an exception, since 
the adsorption capacity in the TSA process is very low in comparison 
with the other adsorbents despite having larger specific surface area and 
pore volume. It is demonstrated the high influence of pressure, with a 
methane adsorption capacity ratio between PSA and TSA of 18.3. On the 
other hand, Fig. 4 presents the methane concentration step at the 
desorption stage by both TSA and PSA. As seen, the low CH4/N2 selec-
tivity, obtained from the Langmuir isotherm constants, in case of Max-
sorb avoids obtaining high methane concentration values, in addition to 
reduce the methane adsorption capacity in favour to nitrogen at low 
adsorption pressures. The shape of desorption graphs is similar to the 
obtained by Xu et al. (Yang, 2003) in case of air separation. 

High concentrations were observed for Norit R1 and BPL activated 
carbon, both over 1%, the necessary minimum concentration for oper-
ating a gas turbine (Ursueguía et al., 2021a). A maximum concentration 
of 5.1% is obtained for BPL by TSA, which constitutes an enrichment of 
88.9% from the inlet stream. On the other hand, Norit R1 carbon ach-
ieves a maximum concentration of 3%, which constitutes an enrichment 
of 81.1%. Norit R1 and BPL present high CH4/N2 selectivities (5 and 4.1, 
respectively), obtained from the Langmuir adsorption isotherms (Eq. 
(12)). In addition, in case of BPL, its high affinity for carbon dioxide 
induces a final maximum molar concentration of 2.6% CO2, whereas it is 
only 1% for Norit R1, values obtained from the simulation. Thus, it is 
pointed out the convenience of TSA processes to maximize the methane 
concentration at the outlet, in agreement with works that recommend 
TSA in streams with concentrations of the interesting compound lower 
than 2% (Xu et al., 2018; Ghoshal and Manjare, 2002). Table 5 sum-
marizes the total recovery of methane for each case, obtained from 
saturation at 4000 s. The higher adsorption capacities for PSA processes 
lead to higher total methane recoveries. Therefore, in terms of perfor-
mance, the lowest methane concentration at the outlet is obtained by 
PSA, but the total methane recovered is higher than in TSA. Then, a 
compromise must be reached depending on the final application of the 
obtained stream. Concerning cycles, it is possible to elucidate the 
required time to complete each stage of the processes. In case of TSA, a 
complete cycle takes 4.1 h (adsorption stage, 4000 s; heating, 4500 s; 

desorption, 2000 s; back to initial conditions, 4000 s), therefore, 1952 
cycles/year can be reached, considering 8000 working hours. 

These carbonaceous materials have been proposed for VAM con-
centration, Bae et al., 2014, 2020 have used carbon fibre composites for 
the enrichment of 0.54% CH4 VAM streams through a combination of 
PSA and TSA (6% CH4) and through a two-stage combination of vacuum 
and temperature (20% CH4). Although their results are better than the 
reported in our work, they were obtained combining both technologies, 
with subsequent technical complexity and larger operation costs (not 
evaluated by the authors). In addition, Ouyang et al. (2013) have used 
coconut shell VPSA to obtain 1.13% CH4 from 0.42% CH4, with a 
methane recovery of around 88%. 

The costs associated with methane enrichment are evaluated 
supposing a flowrate of 4.4 m3/s for desorption, the same as for 
adsorption. Desorption cycles are considered finished at outlet methane 
molar fractions (YCH4) of 5.7⋅10− 4 and the assumed energy cost is 0.07 
€/kW⋅h (Ursueguía et al., 2021a). Thereby, the associated costs for each 
material and adsorption technique are calculated for one year (8000 
working hours), average period considered for adsorbent replacement 
(Table 6). It is observed that the total cost per year is in all cases lower 
for TSA processes, due to the lower energy requirements associated to 
the heating process than to pressurization ones. The initial investment 
corresponds to vessels and exchanger for TSA; and vessels and 
compressor for PSA. On the other hand, annual costs correspond to 
adsorbent and heating for TSA, whereas in the case of PSA, they corre-
spond to the pressurization step. Differences in cost between both 
techniques are high in all cases, reaching even 71% in case of Norit R1. 

In addition to the costs, potential earnings should also be considered 
in the final economic profitability estimation. For this, all the methane 
recovered in each case is supposed to be burned to obtain energy. 
Simplifying, a complete combustion of each stream is considered, 
assuming a calorific potential of pure methane of 0.8 MJ/mol (NIST’s 
Standard Reference Database Number, 1843). The cost of the energy is 
supposed the same (0.07 €/kW⋅h), and the final result is the difference 

Table 5 
Methane recovery values for each process with carbonaceous materials.  

Material Process CH4 recovery (%) 

Norit R1 TSA 9.2 
PSA 37.4 

BPL TSA 9.1 
PSA 27.1 

Maxsorb TSA 1.2 
PSA 21.9  

Table 6 
Costs associated to the main stages in TSA and PSA processes (Couper et al., 2005).  

Material Adsorbent (k€) Vessels (k€) Heatinga (k€) Exchangera (k€) Pressurizationb (k€) Compressorb (k€) 

Norit R1 16.5 206.5 32.8 15.2 582.5 128.8 
BPL 41.9 206.5 33.2 21.5 567.9 128.8 
Maxsorb 28.4 206.5 21.0 11.4 406.3 128.8  

a Used in TSA processes. 
b Used in PSA processes. 

Fig. 5. Relation for all the carbonaceous materials between cost per kmol of 
methane recovered and the concentration times from the initial methane con-
centration (C0 = 0.57%). Vertical black line points out the minimum concen-
tration factor necessary to use the obtained stream as feed in a gas turbine 
(1% CH4). 
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between the costs associated to one cycle and the energetic profit ob-
tained from the methane recovered in the same cycle. The vessels, 
compressors and heat exchangers costs should be only considered as 
initial investments and not as annual costs. As shown in Fig. 5, the 
process is not economically profitable in any case. The black line in the 
graph points out the minimum concentration factor (C/C0) necessary for 
being able to use the recovered stream as feed in a gas turbine (1% CH4). 
Below the 1%, it is Maxsorb activated carbon, the material with the 
lowest selectivity CH4/N2 (2.7) and the lowest methane adsorption ca-
pacity. Above 1% are both Norit R1 and BPL activated carbons, for 

which the PSA processes are clearly more expensive than TSA ones. In 
fact, Norit R1 material with the TSA process (1.47 €/kmol recovered) is 
near to have a null cost (0 €/kmol), which means that the annual cost of 
the operation would be zero. 

3.2. Zeolitic materials 

Zeolitic materials are very used in gas adsorption processes. Despite 
not presenting so good values of porosity and specific surface area like 
carbonaceous materials, the separation based on steric effects make 
them suitable materials for this purpose. In this case, three zeolitic 
materials were studied: β-zeolite, zeolite 13X and zeolite 5A. In case of 
adsorption processes with β-zeolite, the micropores influence is much 
higher than that of mesopores, with 1/KL values of 0.326 s in case of 
nitrogen (Li and Tezel, 2007). Zeolite 5A is a similar case, with larger 
pores (Silvestre-Albero et al., 2001), and with commercial crystals 
generally very small and practically with no diffusional limitations, as 
Silva et al. (2015) have demonstrated. On the other hand, adsorption on 
zeolite 13X is mainly governed by diffusion both in micropores and 
mesopores. Therefore, mass transfer coefficient values depend on both 
last terms of Eq. (7), dependent on diffusion in micro and macropores, 
obtained from Cavenati et al. (2006) experiments. Thus, the mathe-
matical model equation used for the modelling is different in case of 
zeolite 13X, which should maintain microporous and mesoporous 
resistance terms. Table 7 compiles the simulation parameters of the 
three zeolitic materials considered in the Aspen Adsorption simulation 
software and simulation results are presented in Fig. 6. Fig. 6A presents a 
comparison of the methane breakthrough curves obtained for the stud-
ied materials, both by TSA and PSA, as well as the total methane 

Table 7 
Simulation parameters for TSA and PSA for the three zeolitic materials considered.  

TSA (P = 1 bar) 

Material ṅ (mol/s) L (m) D (m) εb ρb (kg/m3) dp (mm) 1/KL (s) Dm (m2/s) (ads/des) T (K) (ads/des) 

β-zeolite 60 10 2.5 0.40 600 3 0.326 2.1⋅10− 5/2.4⋅10− 5 298/323 
Zeolite 13X 60 10 2.5 0.54 1130 1.6 0.029 2.1⋅10− 5/2.4⋅10− 5 298/323 
Zeolite 5A 60 10 2.5 0.32 730 2.7 0.018 2.16⋅10− 5/2.4⋅10− 5 303/323 

PSA (T = 298 K and 303 K for zeolite 5A) 
Material ṅ (mol/s) L (m) D (m) εb ρb (kg/m3) dp (mm) 1/KL (s) Dm (m2/s) (ads/des) P (bar) (ads/des) 
β-zeolite 60 10 2.5 0.40 600 3 0.326 7⋅10− 6/2.1⋅10− 5 1/3 
Zeolite 13X 60 10 2.5 0.54 1130 1.6 0.029 7⋅10− 6/2.1⋅10− 5 1/3 
Zeolite 5A 60 10 2.5 0.32 730 2.7 0.018 7.2⋅10− 6/2.16⋅10− 5 1/3  

Fig. 6. Methane breakthrough curves (A) and methane adsorption capacity (B) 
for the zeolitic materials considered. TSA processes were performed at 298 K 
and 1 bar, except 303 K for zeolite 5A, whereas PSA processes were performed 
at 298 K and 3 bar, except 303 K for zeolite 5A. 

Fig. 7. Methane desorption curves for the zeolitic materials considered. TSA 
processes performed at 323 K, 1 bar, whereas PSA processes performed at 298 
K, 1 bar. 
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adsorption capacities (Fig. 6B). 
In this case, the total adsorption capacity is lower than for carbo-

naceous materials, being zeolite 5A which presents the higher adsorp-
tion capacity among these materials, attributed to the high specific 
surface area and total pore volume (1.79 cm3/g). The methane 
adsorption capacity ratio (PSA/TSA) is 3.14, 3.08 and 3.32, respectively, 
for β-zeolite, zeolite 13X and zeolite 5A, being the differences between 
materials less significant in this parameter, in contrast to carbonaceous 
materials. Likewise, the effect of pressure is lower in this case. Fig. 7 
presents the methane concentration values at the desorption stage by 
both TSA and PSA. 

In this case, all the materials and techniques can provide the desired 
1% of methane at the outlet. A maximum concentration of 1.9% is ob-
tained by zeolite 5A by TSA, which constitutes an enrichment of 70% 
from the inlet stream, whereas β-zeolite achieves a maximum concen-
tration of 1.6% by TSA, which constitutes an enrichment of 64.3% from 
the inlet stream. Opposite to carbonaceous materials, the maximum 
concentration obtained in each case is higher in PSA processes, staying 
also linger times at higher concentrations. In addition, final concentra-
tions obtained are lower than for carbonaceous materials, as well as the 
CH4/N2 selectivities: 2.76, 1.94 and 1.87, respectively, for β-zeolite, 
zeolite 13X and zeolite 5A. Further, β-zeolite presents high affinity to 
carbon dioxide, with a final concentration of 2.7% CO2. Table 8 shows 
the total recovery of methane for each case, although the saturation time 
depends on both the adsorbent and the technique, Fig. 6. The higher 
adsorption capacities in case of PSA processes lead to higher total 
methane recoveries. In addition, the higher material densities than in 
case of carbonaceous materials provoke the recovery percentages to be 
higher in case of zeolites. 

The costs associated with methane enrichment are evaluated 
supposing a flowrate of 4.4 m3/s for desorption, the same as for 
adsorption. The calculation procedure and the assumptions are the same 
than in case of carbonaceous materials, and the results are presented in 
Table 9. 

It is observed that the annual total cost is in all cases lower for TSA 
processes, as well as in case of carbonaceous materials. Differences in 
cost between both techniques are lower than in case of carbonaceous 
materials, reaching 44.4% as maximum in case of zeolite 5A. Profit-
ability calculations, analogous to carbonaceous materials, show that the 
process is not profitable economically in any case, Fig. 8. The cost per 
kmol of methane recovered is much higher than in case of carbonaceous 
materials. All the materials are above the limit to use the gas in a turbine, 
with zeolite 13X remarkably close to it. Zeolite 13X corresponds to the 
material with the lowest BET specific surface area, the lowest total pore 
volume and low CH4/N2 selectivity. 

3.3. MOF materials 

As noted in the literature, MOFs are the least used materials among 
the three considered, mainly due to their novelty, since they present 
really suitable properties related to adsorption processes. In this work, 
three different MOFs are studied: MIL-101(Cr), MOF-508 and Basolite 
C300. MIL-101(Cr) presents an ordered structure based on two sets of 
mesoporous cages that are accessible through microporous windows of 
5.5 and 8.6 Å (Gómez et al., 2015), and Lewis acid sites, which give it 
remarkable stability towards water (Xu et al., 2009; Bakhtyari and 
Mofarahi, 2014; Kloutse et al., 2018). The three MOFs have shown 
resistance to mass transfer in micropores, the coefficients obtained being 
0.027 s for MIL-101(Cr) (Liu et al., 2021), 0.46 s for MOF-508 (Bárcia 
et al., 2008), and 0.012 s for Basolite C300 (Ursueguía et al., 2020a), a 
commercial MOF homologous to the widely studied HKUST-1. Table 10 
compiles the simulation parameters for the of the three MOF materials 
considered in the Aspen Adsorption software. Fig. 9A presents a com-
parison of the methane breakthrough curves obtained for the studied 
materials, both by TSA and PSA, whereas the total methane adsorption 
capacities in each case is shown in Fig. 9B. 

The methane adsorption capacity of MOFs is similar to the case of 
carbonaceous materials. The methane adsorption capacity ratio (PSA/ 
TSA) is 3.4, 3.02 and 3.03, respectively for MIL-101(Cr), MOF-508 and 
Basolite C300, demonstrating lower pressure influence than in case of 
carbonaceous materials, and similar to zeolites. As in the case of zeolites, 
pore size also greatly influences the adsorption process. On the other 
hand, Fig. 10 presents the methane concentration stage at the desorption 
stream by both techniques. MOF-508 is not able to reach the desired 1% 
of methane at the outlet, with a maximum concentration of 0.53%, 
which is, in fact, lower than the incoming methane, due to its large af-
finity towards nitrogen (CH4/N2 = 1). A maximum concentration of 
2.6% is obtained in case of Basolite C300, which constitutes an enrich-
ment of 78%, and 2% in case of MIL-101(Cr), an enrichment of 71.5%. 
Similarly to zeolitic materials, the maximum concentrations obtained 

Table 8 
Methane recovery values for each process with zeolites.  

Material Process CH4 recovery (%) 

β-zeolite TSA 44.39 
PSA 51.36 

Zeolite 13X TSA 37.87 
PSA 53.43 

Zeolite 5A TSA 50.27 
PSA 58.07  

Table 9 
Costs associated to the main stages in TSA and PSA processes (Couper et al., 2005).  

Material Adsorbent (k€) Vessels (k€) Heatinga (k€) Exchangera (k€) Pressurizationb (k€) Compressorb (k€) 

β-zeolite 450.6 206.5 16.9 15.4 163.5 128.8 
Zeolite 13X 299.5 206.5 12.5 15.2 319.7 128.8 
Zeolite 5A 183.7 206.5 11.9 15.4 232.2 128.8  

a Used in TSA processes. 
b Used in PSA processes. 

Fig. 8. Relation for all the zeolitic materials between cost per kmol of methane 
recovered and the concentration times from the initial methane concentration 
(C0 = 0.57%). Vertical black line points out the minimum concentration factor 
necessary to use the obtained stream as feed in a gas turbine (1% CH4). 
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are in case of PSA processes, but the difference between PSA and TSA is 
lower. The selectivities CH4/N2 are 2.2, 1 and 1.2, respectively for MIL- 
101(Cr), MOF-508 and Basolite C300. Basolite C300 demonstrates also 
large selectivity towards carbon dioxide, with a maximum concentration 
obtained of 2.7% CO2. Table 11 indicates the total recovery of methane 
for each case at saturation conditions. The higher adsorption capacities 
in case of PSA processes lead to higher total methane recoveries. The 
high recovery of methane in case of MOF-508 is surprising, indicating 
that it is a material with a high adsorption capacity, but that sacrifices 
selectivity, without final increase in concentration. 

Table 12 exhibits the associated costs for each material and 
adsorption technique calculated analogous to the previous cases. 

It is observed that the total cost per year is in all cases lower for TSA 
processes, with higher differences than in zeolitic and carbonaceous 
materials (around 85%). Economic profitability estimation reveals that 
the process is not profitable economically, as shown in Fig. 11. The cost 
per kmol of methane recovered is much higher than in case of carbo-
naceous materials and zeolites, mainly related to the high cost of ad-
sorbents. As it can be observed, MOF-508 is below the limit to use the 
recovered stream as feed in a gas turbine (1% CH4). 

3.4. Key properties of adsorbents 

Once all the combinations between adsorbent material and adsorp-
tion technique have been simulated for the same process, conclusions 
can be drawn about the key parameters. The adsorption capacity is one 
of the main parameters to be considered. It can be related to high spe-
cific surface areas, high pore volume or even the presence of preferential 
adsorption sites along the structure. In addition, the adsorption capacity 

Fig. 9. Methane breakthrough curves (A) and methane adsorption capacity (B) 
for the MOFs considered. TSA processes were performed at 288 K for MIL-101, 
303 K for MOF-508 and 298 K for Basolite C300, 1 bar, whereas PSA processes 
were performed at 288 K for MIL-101, 303 K for MOF-508 and 298 K for 
Basolite C300, 3 bar. 

Fig. 10. Methane desorption curves for MIL-101(Cr) (blue), MOF-508 (orange) 
and Basolite C300 (grey). Continuous lines correspond to TSA processes, and 
discontinuous lines correspond to PSA processes. 

Table 11 
Methane recovery values for each process with MOFs.  

Material Process CH4 recovery (%) 

MIL-101(Cr) TSA 28.2 
PSA 44.4 

MOF-508 TSA 99.8 
PSA 100 

Basolite C300 TSA 21.6 
PSA 56.9  

Table 10 
Simulation parameters for TSA and PSA for the three MOF materials considered.  

TSA (P = 1 bar) 

Material ṅ (mol/s) L (m) D (m) εb ρb (kg/m3) dp (mm) 1/KL (s) Dm (m2/s) (ads/des) T (K) (ads/des) 

MIL-101(Cr) 60 10 2.5 0.4 390 1.5 0.027 2.1⋅10− 5/2.2⋅10− 5 288/313 
MOF-508 60 10 2.5 0.74 430 4.6 0.46 2.16⋅10− 5/2.4⋅10− 5 303/323 
Basolite C300 60 10 2.5 0.62 220 2 0.012 2.1⋅10− 5/2.4⋅10− 5 298/323 

PSA (T = 288, 303 and 298 K, respectively for MIL-101, MOF-508 and Basolite C300) 
Material ṅ (mol/s) L (m) D (m) εb ρb (kg/m3) dp (mm) 1/KL (s) Dm (m2/s) (ads/des) P (bar) (ads/des) 
MIL-101(Cr) 60 10 2.5 0.4 390 1.5 0.027 7⋅10− 6/2.1⋅10− 5 1/3 
MOF-508 60 10 2.5 0.74 430 4.6 0.46 7.2⋅10− 6/2.16⋅10− 5 1/3 
Basolite C300 60 10 2.5 0.62 220 2 0.012 7⋅10− 6/2.1⋅10− 5 1/3  
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in each technique can be related to the parameters of the Langmuir 
isotherm (qm and b) and to the mass transfer resistance (1/KL). Fig. 12 
plots the relationship between qm and the adsorption capacity for both 
techniques, PSA and TSA, demonstrating an almost linear trend, with 
larger influence in case of PSA. Therefore, it is more convenient to use 
materials with high qm values, obtaining better results in case of PSA. 
Other parameters, such as the resistance parameter, 1/KL, and the af-
finity parameter, b, which can be related to the adsorption enthalpy, 
show no clear influence on the methane adsorption capacity. 

Further, the breakthrough curve shape and time are also important 
parameters: as it was deduced, the shape depends mainly on the 
adsorbate mass transfer across the adsorbent structure, whereas the 
breakthrough time is more related to the adsorption capacity. The 

highest diffusivities are associated to carbonaceous materials, with re-
sistances based mainly in the micropore transport, which results in a 
more pronounced shape of the rupture curve at low times. Besides, there 
are also differences between PSA and TSA, the former with higher 
adsorption capacities, requires longer time to reach saturation. Although 
the adsorption capacity plays a key role in the methane recovery, it is 
remarkable that the best recovery values were obtained for zeolites and 
MOFs, highlighting the importance of the adsorbent densities, with 
more methane recovered for the same fixed bed volume. Concerning the 
concentration factor (C/C0), it depends mainly on the CH4/N2 and CH4/ 
CO2 selectivities of each material. An elevated selectivity towards 
methane increases the final concentration factor, especially in the case 
of activated carbons. It is also worth mentioning that the selectivity 
towards CO2 is of interest to be as low as possible, to avoid possible 
impurity for later applications. This is a key point at which zeolites 
usually fail. Finally, the total cost associated to the process which de-
pends directly on the material and the technique used. It was demon-
strated that PSA processes are more expensive than TSA in all cases, as 
well as MOFs, with the highest costs per kmol of methane recovered, 
followed by zeolites, and activated carbons. 

4. Conclusions and future perspectives 

This work studied the diverse ways of harnessing VAM methane 
emissions generated in the shafts of the underground coal mining ex-
ploitations through fixed-bed adsorption. Two variable parameters have 
been considered: adsorbent material (Norit R1, BPL, Maxsorb, β-zeolite, 
zeolite 5A, zeolite 13X, Basolite C300, MIL-101(Cr) and MOF-508), and 
adsorption technique (TSA and PSA). After a design of the operation 
following the heuristic rules, all possible combinations were simulated, 
according to a rigorous mathematical model, by Aspen Adsorption 
software. Carbonaceous materials, especially Norit R1, obtained the 
highest concentrations in outlet streams, due to their high CH4/N2 se-
lectivities. These materials also present the lowest methane recoveries 
(around 30%), mainly related to their low density, and the lowest costs 
per kmol of methane recovered. Desorption at maximum concentration 
spends a brief time in all the cases. In addition, MOFs, especially Basolite 
C300 and MOF-508, can retain a large amount of methane, due to the 
presence of open metal sites and high specific surface areas. The CH4/N2 
selectivities are lower than in carbonaceous materials and, therefore, the 
final methane concentrations obtained are lower. The methane re-
coveries are really high in these materials, reaching even a 100% in case 
of MOF-508, but sacrificing certain selectivity towards methane. The 
costs per kmol of methane recovered are the highest among the mate-
rials studied, due mainly to the elevated cost associated to the synthesis 
of these new materials. Finally, zeolitic materials present the lowest final 
methane concentration obtained, with intermediate methane recoveries. 
The costs per kmol of methane recovered are high, due to the low 
methane adsorption capacity demonstrated and certain affinity to ni-
trogen and carbon dioxide. Concerning the adsorption technique, TSA 
has shown higher final methane concentrations in case of carbonaceous 
materials and some MOFs. On the other hand, PSA allows obtaining 
higher total methane adsorbed on all the materials, remarking the high 
dependence of adsorption on the applied pressure, especially on 
carbonaceous materials. Finally, the economic comparison shows that 
TSA is, in all cases, more convenient than PSA. Therefore, based on these 

Table 12 
Costs associated to the main stages in TSA and PSA processes (Couper et al., 2005).  

Material Adsorbent (k€) Vessels (k€) Heatinga (k€) Exchangera (k€) Pressurizationb (k€) Compressorb (k€) 

MIL-101(Cr) 530.1 206.5 22.8 15.4 5918.2 128.8 
MOF-508 470.9 206.5 8.04 13.1 4800.8 128.8 
Basolite C300 265.6 206.5 21.3 15.2 2262.9 128.8  

a Used in TSA processes. 
b Used in PSA processes. 

Fig. 11. Relation for all the MOF materials between cost per kmol of methane 
recovered and the concentration times from the initial methane concentration 
(C0 = 0.57%). Vertical black line points out the minimum concentration factor 
necessary to use the obtained stream as feed in a gas turbine (1% CH4). 

Fig. 12. Relationship between methane adsorption capacity and maximum 
capacity parameter (qm) of Langmuir equation for TSA and PSA based on the 
different materials studied. 
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results, the most competitive combinations include TSA and materials 
with either high specific surface area or presence of open metal sites, 
high CH4/N2 and CH4/CO2 selectivity, high material density and with 
the lowest cost per kg as possible. In case of low selectivities or low 
material density, the application of PSA processes with good working 
capacities in the pressure working range, can improve the yield of the 
process. 

Finally, concerning the limitations of the work, the most important is 
the applicability of the mathematical model. The assumptions made 
allow its application only to low concentration inlet methane streams, as 
the case of VAM emissions. Therefore, one of the ways of potential future 
research that opens is to improve and expand the mathematical model to 
be able to cover a wider range of conditions (CBM and AMM streams), 
for which a greater record of experimental results at higher concentra-
tions of methane is needed and nowadays not available. 
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