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Abstract
Fugitive methane  (CH4) is a typical by-product of mining processes, which is commonly known as coal bed methane (CBM) 
or coal mine gas (CMG). The capture of these  CH4 gases can simultaneously avoid greenhouse gas emissions and provide 
extra energy benefits. However, the explosion risk of low-concentration CBM  (CH4 molar fraction ≤ 30%) requires strictly 
safe operating protocols to conduct the capture process. Dual reflux vacuum swing adsorption (DR-VSA) is a promising 
candidate with a vacuum operating condition which can lower the explosion risk and simultaneously reach  CH4 enrichment 
and  O2 removal targets in product and effluent streams. Herein, a low-concentration oxygen-bearing CBM (20%  CH4, 16% 
 O2 and 64%  N2) can be upgraded to 69.7 mol% in the product gas while ensuring an effluent concentration of 2.5 mol% 
by the DR-VSA cycle using ionic liquidic zeolites (ILZ) as the adsorbents. A rigorous safety analysis has been conducted 
to investigate the explosion risk in the adsorption column and product tank, suggesting that the DR-VSA process is a safe 
technology for upgrading low-concentration oxygen-bearing methane.

1 Introduction

Coal bed methane (CBM) is a typical unconventional natural 
gas, which has been regarded as an attractive resource to the 
energy market in recent decades. High-quality CBM  (CH4 con-
centration > 95%) is generally extracted from the coal seam and 
can be used or transported by pipeline after the dehydration 
process [1]. The sub-quality  (CH4 molar fraction is between 
30 and 95%) and low-concentration CBM  (CH4 content < 30%) 
are generally extracted during the coal mining process from the 
underground coal mine, also known as coal mining methane 

(CMM), for safety (avoid methane-related accidents) and envi-
ronmental reasons (reduce the fugitive methane emissions) [2]. 
The transportation and utilization of low-concentration CBM 
(LCCBM) is often restricted or even forbidden in many coun-
tries and regions due to its explosion risk. Dilution followed by 
venting is then the only choice, resulting in significant green-
house gas emissions [3] and huge waste of energy. When the 
LCCBM is oxygen-bearing, the relevant safety regulations will 
be even stricter. The triangular flammability diagram, as shown 
in Fig. 1, can be used to evaluate the safety of methane/air 
mixture gases, which is widely used as a reference in studies 
on oxygen-bearing methane enrichment.

Adsorption-based separation process is a promising 
method for gas separation and has been extensively studied 
in the capture of LCCBM. Li et al. [5] reported a propor-
tion pressure swing adsorption (PPSA) using a mixture of 
activated carbon (AC) and carbon molecular sieves (CMS) 
as adsorbents to upgrade 20% methane from 80% air. This 
PPSA process can obtain 30%  CH4 product by modifying the 
bed length and the mass ratio of AC/CMS, while ensuring 
that the composition of both product and exhausted gases 
do not fall into the explosion range. Yang et al. [6] dem-
onstrated a pilot-scale vacuum pressure swing adsorption 
(VPSA) with a vacuum exhaust step to enrich the dilute 
ventilation air methane (VAM,  CH4 concentration is 0.2%) 
up to 1.2% in the product. The introduction of vacuum 
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exhaust step can lead to 2–3.45 times increase in the prod-
uct purity while maintaining the same adsorption/desorption 
pressure ratio. Bae et al. [7] conducted site trials of a two-
stage vacuum, temperature and vacuum swing adsorption 
(TVSA) process using carbon fiber composites to enrich the 
VAM (concentration range is 0.54–0.73 vol%) and obtain 
the final product with a purity of 27.62–35.89 vol%. Qadir 
et al. used a [Cu(INA)2] metal organic frameworks (MOF) 
as adsorbents and a 4-bed 6-step VPSA process to enrich 
15% oxygen-bearing  CH4 gas up to 50% with a recovery of 
90% [8]. Our previous pilot-scale demonstration [9] at a coal 
mine site shows that a VPSA process using layered adsorp-
tion column packed with alumina, activated carbon and ionic 
liquidic zeolites [10] can be used to separate various  CH4/
N2 mixtures. The feed mixture with  CH4 from 5.6 to 25.1% 
can be enriched to 27.4–85.5% by introducing a heavy purge 
step. Yang et al. [11] introduced a  CO2 displacement strategy 
for regeneration in the adsorption process for the recovery 
of ventilation air methane, concentrating 10%  CH4 to 89% 
using activated carbon beads. Qu et al. [12] combined the 
 CO2-displacement step with VPSA, achieving 75.4%  CH4 
purity and 89% recovery from a 10%  CH4 feed gas. Olajossy 
[13] demonstrated a pilot-scale VPSA with a re-circulated 
 CH4 rinsing step, which can upgrade raw CMM gas with 
53 vol%  CH4 to 96 vol%  CH4. Zhou et al. [2] conducted the 
performance study and safety analysis of the oxygen-bearing 
LCCBM enrichment by using a VPSA process in which 25% 
 CH4 can be enriched to 50.4% with 86.3% recovery. May and 

co-workers [14–16] developed a lab-scale dual reflux PSA 
(DR-PSA) apparatus and its corresponding numerical model 
to investigate the capture of  CH4 (molar fraction between 
2.4% and 49.6%) from  N2 gas. Results show that feed gas 
with 10.4%  CH4 can be enriched to 49.8% in the product 
and be stripped to 0.7% in the effluent gas. In our previously 
published work, we introduced a dynamic-feed strategy to 
solve the so-called mixing problem caused by the lateral feed 
of DR-PSA, and the new process can achieve a 53.5%  CH4 
product from a 2.4% feed gas [17].

From the safety perspective, rising pressure or tempera-
ture always results in a wider flammability range, thereby 
aggravating the explosion risk [18]. Therefore, pressure 
swing adsorption (PSA) or temperature swing adsorption 
(TSA) which requires feed gas to be compressed or heated 
may lead to potential hazards in the enrichment of oxygen-
bearing LCCBM. In contrast, vacuum swing adsorption 
(VSA) operating under vacuum pressure conditions and 
at ambient temperature can provide a relatively narrower 
flammable range during the  CH4 enrichment process. Wang 
et al. [19] demonstrated a kinetic-separation VSA process 
using CMS to enrich 4.3%  CH4 up to purity of 24.7%. They 
concluded that the explosion ranges within the adsorption 
column are narrower during both the adsorption and desorp-
tion steps compared with those reported in the previously 
studied equilibrium-separation VPSA process [2].  N2 exhib-
its a weaker interaction with the solid surface compared than 
 CH4; therefore, common commercial adsorbents, such as 
activated carbon and zeolites, usually show equilibrium 
selectivity for  CH4 over  N2 [10, 20–22]. However, some 
adsorbents show kinetic selectivity for  N2 over  CH4 due to 
the higher diffusion rate of  N2 than  CH4, such as Engelhard 
Titanosilicate-4 (ETS-4) [23, 24] and carbon molecular sieve 
(CMS) [25, 26]. In adsorption, it is more effective to reject 
the minor components rather than to capture the dominant 
components from gas mixture. The kinetic process which 
preferably adsorbs  N2 is more suitable for rejecting  N2 
from the  CH4-dominated feed mixture [27, 28], e.g. sub-
quality or high-quality CBM gases. For the enrichment of 
dilute or low-grade  CH4, capturing  CH4 rather than  N2 and 
 O2 may require less adsorbent loading mass for processing 
the same amount of feed gas and can be more energy effi-
cient for the VSA process. Thus, it is necessary to develop a 
 CH4-adsorbing VSA process aimed at the recovery of low-
grade  CH4 with great separation performance and a high 
safety level.

This work aims to investigate the process performance and 
safety level of a dual-reflux VSA cycle for enriching oxygen-
bearing LCCBM using pelletized ionic liquidic zeolites as 
adsorbents. We examine a case study of a ternary gas mixture 
consisting of 20%  CH4, 16%  O2 and 64%  N2 on a molar basis, 
using the DR-VSA process with pressure varying between 0.2 
and 1 bar. A detailed safety analysis of external gas circulation 
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Fig. 1  Methane explosion triangle under normal pressure 
(101.325  kPa) and temperature (293.15  K). UFL (upper flammabil-
ity limit in air, 14.9%) and LFL (lower flammability limit in air, 5%) 
are interactions between two flammable zone boundaries and air/
fuel line, and LOC (lowest oxygen concentration for flammability) is 
12 mol% [4]
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(feed gas and two product gas streams) from initial state to 
the cyclic steady state (CSS) and internal gas circulation (gas 
composition along the adsorption column) at different steps 
when CSS is achieved are conducted based on modified  CH4 
explosion triangles under corresponding pressure and tempera-
ture conditions.

2  Process modelling

In this study, we have considered the capture of  CH4 
from oxygen-bearing LCCBM using a fixed-bed DR-VSA 
adsorber packed with the pellet ionic liquidic zeolite (ILZ) 
adsorbent. The LCCBM gas mixture comprises 20 mol% 
 CH4, 16 mol%  O2 and 64 mol%  N2. We have assumed that 
the ternary gas mixture is available at normal pressure and 
temperature. The two primary objectives of this study are 
enriching the low-grade  CH4 to a purity which meets the 
safe transportation requirements (restricted to be ≥ 30%) and 
removing the  CH4 content in the effluent gas to guarantee 
safe emissions (strictly ≤ 2.5%).

2.1  Adsorption isotherms

The adsorption isotherms of  CH4,  N2 and  O2 obtained from 
experiments as well as fitted results based on the Langmuir 
isotherm equation (Eq. 1) are shown in Fig. 2,

where, q is the gas uptake amount, qm is the saturated 
adsorption capacity, b0 is equilibrium constant, p is the pres-
sure, ΔH is the adsorption enthalpy, ℜ is the universal gas 
constant and T is the temperature.

The pelletized ILZ adsorbents are provided by Gas Cap-
ture Technology Pty Ltd. The adsorption isotherms of ILZ 
are measured using a Micromeritics 3Flex surface charac-
terization setup. The numerical results of the adsorption iso-
therms are provided in the supplementary information. The 
Langmuir parameters can be found in Table 1. As shown in 
Fig. 2,  CH4 is preferably adsorbed (refer to as heavy com-
ponent) on the ILZ, 5 times that of  N2 and  O2 (refer to as 
light components) in the vacuum swing pressure window 
(0.2–1 bar); therefore,  CH4 can be enriched in the heavy 
gas (product gas) while  N2 and  O2 are collected in the light 
gas (effluent gas). The excellent selectivity of 5.4 and 5.7 of 
heavy component  (CH4) against light component  (N2 and  O2, 
respectively) is determined by Eq. 2 and is also summarized 
in Table 1,

(1)q =
qm ⋅ b0 ⋅ p ⋅ e
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Fig. 2  Adsorption equilibrium isotherms of  N2 (a),  O2 (b) and  CH4 
(c) on ILZ
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where, αi, j denotes the selectivity of component i to compo-
nent j, qi and qj denote the adsorption amount of component 
i and j and ci and cj denote the molar fraction of component 
i and j in the gas mixture.

2.2  Mathematical model

Several assumptions [16, 29] used to build the numerical 
model are summarized as follows:

 i. Gas-phase properties are described by Peng-Robinson 
equation.

 ii. The mass, velocity and temperature gradients in the 
bed radial direction are negligible.

 iii. The axial pressure drop along bed is calculated using 
Ergun equation.

 iv. The linear driving force (LDF) model with a single 
lumped mass transfer coefficient is applied.

 v. Competitive adsorption behaviors are described by 
extended Langmuir equation.

 vi. Uniform void fraction and adsorbent particles along 
the bed.

The competitive adsorption between components in gas 
mixture is described by Extended Langmuir equation, as 
shown in Eq. 3, using regression parameters calculated by 
single-component adsorption isotherms,

where qi is the adsorbed loading of component i, qm,i, b0,i and 
ΔHi are saturated adsorption amount, equilibrium constant 
and adsorption enthalpy of component i.

The adsorption column is regarded as one dimension and 
neglects the radial diffusion of temperature, pressure and 
concentration in the gas-solid phase. The material balance 
in the gas phase is described by convection only ignoring the 
axial dispersion, as shown in Eq. 4,

(3)qi =
qm,i ⋅ b0,i ⋅ pi ⋅ e

(−ΔHi∕ℜT)

1 +
∑

j

b0,j ⋅ pj ⋅ e
(−ΔHj∕ℜT)

(4)
�(vgci)

�z
+ [�i + (1 − �i)�p]

�ci

�t
+ �b

�qi

�t
= 0

where, vg is the superficial gas velocity, z is the axial distance 
coordinate, εi is the bed voidage, εp is the particle voidage, 
ρb is the packing density of adsorbent and t is the time.

The momentum balance and pressure drop were calcu-
lated by Ergun equation (Eq. 5),

where µg is the viscosity of gas mixture, rp is the particle 
radius, ψ is the particle shape factor, MW is the molecular 
weight of gas mixture and ρg is the gas density.

The linear driving force equation (Eq. 6) with constant 
mass transfer coefficient is used to calculate the flux between 
gaseous and adsorbed molecules,

where, ki is the mass transfer coefficient, qi is the adsorbed 
loading in equilibrium with bulk gas of component i.

The energy balance is assumed as non-isothermal. Hence, both 
gas and solid phase conduction are considered and the heat trans-
fer to the environment is set as rigorous. The governing equation 
of energy balance can be classified into three parts: solid phase, 
gas phase and column wall, as described in Eqs. 7–9, respectively,

where ks is the thermal conductivity of the adsorbents, Ts 
is the temperature of adsorbent, Cps is the specific heat 
capacity of adsorbent, Cpai is the specific heat capacity of 
the adsorbed gas, hgs is the heat transfer coefficient between 
gas and solid phase, αp is the specific particle surface area 
per unit length of bed, kg is the heat conductivity of gas 
phase, Cvg is the specific gas phase heat capacity at constant 
volume, hw is the heat transfer coefficient between gas and 
wall, DB is the internal diameter of column, Tw is the column 
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Table 1  Langmuir isotherm fitting parameters and selectivity at 
293.15 K

Compo-
nent

  qm (mol/
kg)

  b0 (bar −1) ΔH (kJ/
mol)

 αCH4,N2  αCH4,O2

CH4 3.15 3.66 ×  10−5 21.32 5.38 5.73
N2 2.54 4.59 ×  10−5 17.19
O2 2.72 8.92 ×  10−5 15.25
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wall temperature, kw is the heat conductivity of wall, ρw is 
the column wall density, Cpw is the specific heat capacity 
of the wall, Wr is the wall thickness, hb is the heat transfer 
coefficient between column and ambient and Tenv is the envi-
ronmental temperature.

The gas-phase properties are determined using the Peng-
Robinson equation (Eq. 10),

where a and b are coefficients for Peng-Robinson equa-
tion, Vi is the volume of component i, ℜ is the universal 
gas constant.

The mathematical models are built on the Aspen Adsorp-
tion platform. Parameters used to construct the DR-VSA 
model are summarized in Table 2. Each adsorption column 
is divided into 100 nodes as two separate sections to simu-
late the lateral feed inlet of DR-VSA cycles. In this research, 
the dimensionless feed position is constant at 0.5. The gov-
erning equations of this model are discretized with Quad-
ratic Upwind Differencing Scheme (QDS) method as partial 
discretized equations (PDEs), which are solved by implicit 
Euler iteration with variable step size from 1 to 5 s.

2.3  Process description

The DR-VSA process can be deployed with or without a 
pressure equalization (PE) step. Figure 3a illustrates a DR-
VSA unit without the PE step, which consists of four steps: 
feed (FE), blowdown (BD), purge (PU) and pressurization 

(10)P =
ℜT

Vi − b
−

a

Vi

(

Vi + b
)

+ b
(

Vi − b
)

Table 2  Adsorption bed parameters

Parameter Value Unit

Column height (Hc) 1 m
Internal diameter (DB) 0.035 m
Wall thickness (Wr) 0.0016 m
Wall specific heat capacity (Cpw) 0.5 kJ·kg−1·K−1

Wall-ambient heat transfer coefficient (hb) 10 W·m−2·K−1

Wall thermal conductivity (kw) 16 W·m−1·K−1

Inter-particle voidage (εp) 0.34 m3/m3

Intra-particle voidage (εi) 0.36 m3/m3

Bulk density (ρb) 700 kg·m3

Particle radius (rp) 0.00205 m
Adsorbent specific heat capacity (Cps) 0.96 kJ·kg−1·K−1

Adsorbent thermal conductivity (ks) 0.8 W·m−1·K−1

CH4 mass transfer coefficient(kCH4) 1 s−1

N2 mass transfer coefficient (kN2) 5 s−1

O2 mass transfer coefficient (kO2) 5 s−1

Fig. 3  Schematic diagram of 
DR-VSA cycle without (a) and 
with (b) the pressure equaliza-
tion (PE) step. RL: light reflux 
stream, RH: heavy reflux stream, 
FE: feed to high-pressure 
column, PU: purge in the low-
pressure column, RPE: pressure 
increase during the PE step, 
DPE: pressure decrease during 
the PE step, PR: pressurization 
and BD: blowdown
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(PR). The feed gas which is at the atmospheric pressure 
flows into the high-pressure column (1 bar) at an interme-
diate position. The two reflux streams comprising mainly 
heavy or light product are directed to high-pressure column 
and low-pressure column, respectively. The pressure inver-
sion between two columns is achieved by a vacuum pump at 
the heavy end. The DR-VSA cycle with PE step is shown in 
Fig. 3b, containing six steps: FE, DPE (pressure decrease in 
the PE step), BD, PU, RPE and PR. The major aim of intro-
ducing the PE step is to decrease the energy cost of pressure 
reversal between two adsorption columns. The PE step is 
simply completed by connecting two columns at the heavy 
end. The pressure history curves for 6-step DR-VSA cycle at 
the cyclic steady state (CSS) are presented in (Fig. 4).

2.4  Performance indicators

There are three main performance indicators, i.e., product 
purity,  CH4 recovery rate, and specific energy consump-
tion, to evaluate the separation results of DR-VSA process 
and two rigorous  CH4 concentration limits for product 
(≥ 30.0 mol%) and effluent gas streams (≤ 2.5 mol%) accord-
ing to safety regulations.

The product purity is the average concentration of  CH4 
collected from the heavy gas per cycle, which calculated as:

Here, H is the molar flowrate of heavy gas and is constant 
in each case, cH,i is the transient concentration of component 
i in the heavy product flow, tF is the feed step duration.

(11)yH =
∫ tF
0

�

cH,CH4
⋅ H

�

dt

n
∑

i=1

∫ tF
0

�

cH,i ⋅ H
�

dt

The recovery describes the percentage of captured  CH4 by 
the DR-VSA system, which is determined by the inlet flow 
and methane lost in the light gas, as described in the follows,

where cF,CH4 and cL,CH4 is the transient concentration of 
methane in the feed (F) and light (L) gas flow, respectively.

The specific energy consumption (Sp.E) describes the 
energy cost for capturing per mole  CH4 in the product gas, 
as shown in Eq. 13.

Here, tcycle is the cycle duration, Ṅinlet is the molar flow-
rate of gas flowing through the pump, γ is the specific heat 
ratio of the gas, Tin is the temperature of gas before the 
pump, Pin is the pump inlet pressure while Pout is the pump 
outlet pressure.

The separation results of DR-VSA are assessed using our 
previously reported method, based on a multiplicative assess-
ment score (σ) [30]. In this research, the energy factor has also 
been considered in the calculation of σ, as shown in Eq. 14,

where “880” is the heating value of  CH4 (kJ/mol), which is 
used to regulate the specific energy consumption to gener-
ate a dimensionless parameter. Here, purity and recovery 
are defined as beneficial criteria with separation targets to 
obtain higher values whereas the Sp.E is the cost criterion 
which is aimed to achieve low energy duty. As one of the 
main aims of upgrading low-concentration  CH4 is to pro-
duce fuel gases as a supplementary to the energy market, the 
energy requirement should be a crucial indicator for evaluat-
ing the process performance. The optimization can be biased 
towards enhancing purity or recovery or reducing energy 
cost by giving more weight in the calculation of σ. Detailed 
analysis will be included in the following section.

3  Results and discussion

3.1  Effects of pressure equalization step

Pressure equalization step has been well studied and adopted 
in PVSA [9, 31, 32] for reducing energy consumption and 
enhancing recovery of light product, particularly for process 
with high pressure ratio. The DR-PSA processes reported in 

(12)R =
∫ tF
0

�
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⋅ L
�

dt

n
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open literature usually consists of only four basic steps based 
on our best knowledge. Herein, a basic comparison between 
two cycles is conducted to provide some insights on the 
impact of a PE step on DR-PSA cycles. As shown in Fig. 5, 
introducing an extra PE step can significantly decrease the 
energy cost (roughly 40%) with neglectable reduction in 
the purity and recovery of methane (both < 3%) and oxygen 
(both < 0.5%) in the range of investigated operating condi-
tions. For separation performance at H/F ratio of 0.3, intro-
ducing the PE step will only result in a slight decrease in the 
 CH4 purity (66.3% versus 64.5%),  CH4 recovery (99.5% ver-
sus 97.3%),  O2 purity (20.1% versus 20.0%) and  O2 recovery 
(88.7% versus 88.2%), accompanied by a 37% decrease in 
the specific energy duty for per mole captured  CH4.

At the start of PE or pressure-inversion step, there is a 
0.8 bar pressure drop between two columns, leading to a gas 
stream transferring from the high-pressure column to the 
low-pressure through the heavy end, which inevitably carries 
high-concentration  CH4 and imposes a pressure/concentra-
tion shock to the adsorbent. For basic 4-step DR-VSA, the 
concentration shock happens during the pressure variation 
steps (i.e., the pressurization and blowdown steps) and is 
buffered by product tank which has a larger volume of 1.5 L 
than that of the adsorption column (~ 0.95 L). However, the 
PE step is usually accomplished by simply connecting two 
adsorption columns through a pipe with limited volume 

(5 cc in this work), consequently leading to remarkable flow 
shock which is faster than mass transfer zone, as shown in 
Fig. S1 in supplementary information. The detailed pressure 
profiles and column concentration profiles are provided in 
Appendix B.

3.2  Parametric study

Operating parameters, such as feed step time (tF) and light 
reflux flowrate (RL) also have a significant impact on the sep-
aration performance of the DR-VSA process. Since PE step 
shows negligible penalty to purity and recovery but apparent 
benefit on reducing energy consumption, we only use cycles 
with PE step for the following discussions and analysis.

The  CH4 and  O2 molar fraction in heavy and light gas, 
as a function of tF, is displayed in Fig. 6. When feed step is 
5 s, it is too short for the adsorption front to reach the end of 
the adsorption column, so the column is not entirely satu-
rated with the  CH4. During the desorption step, the residual 
 N2 within the bed will limit the  CH4 product purity. The 
highest  CH4 purity achieved is 84.1% at tF = 10 s, and fur-
ther extending the feed step time will result in  CH4 break-
through, leading to an increase in the  CH4 molar fraction 
in the effluent gas. The  O2 concentration in light gas shows 
minimal decrease with longer feed time, aligning with the 
slightly increasing trend of  CH4 molar fraction in light gas. 

Fig. 5  A comparison of the 
separation performance in 
terms of (a)  CH4, (b)  O2 and 
(c) energy penalty between two 
DR-VSA processes with and 
without a PE step as a function 
of various H/F ratios (tF = 30 s 
and RL = 1 slpm)
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Extending the feed step time also results in more light com-
ponents passing through the heavy end, as illustrated by the 
hollow square in Fig. 6, which adversely affects the purity 
of the  CH4 product.

Figure 7 show effects of RL on the  CH4 and  O2 content in 
two outlet gases and specific energy consumption. The opti-
mum RL value, aimed at increasing the  CH4 concentration in 
the product gas and reducing its escape, is determined to be 
0.75 slpm, as illustrated in Fig. 7a. The RL exhibits negligible 

effects on the  O2 concentration in both gas streams. Fig-
ure 7b depicts a proportional correlation between specific 
energy consumption and RL. It should be noted that when 
RL exceeds 0.5 slpm, additional increments only marginally 
enhance product purity and negligibly reduce fugitive  CH4, 
while significantly increasing energy penalty. This reveals 
the importance of integrating energy considerations into the 
optimization process.

3.3  Optimization

The optimization approach in this study uses the dual-con-
vergence integration algorithm [30] with the modification of 
three operating parameters, i.e., H/F ratio, feed step dura-
tion and light reflux flowrate. The separation performance 
of each case is evaluated based on the assessment score σ 
with three indicators (KPIs): product purity,  CH4 recovery 
and energy duty. The introduction of assessment score (σ) 
can dramatically improve the optimization efficiency. How-
ever, giving the weight of three KPIs is arbitrary and chal-
lenging due to the extensively reported trade-offs between 
different indicators, especially the trade-off between purity 
and recovery. These weights have significant impacts on 
the optimization of DR-VSA cycle. Various optimal results 
based on different weights for three KPIs are summarized 
in Table 3 to provide a basic understanding about how σ 
affects the final optimal results. The numbers in the first col-
umn indicate weight of purity, recovery and specific energy 
consumption, respectively. The second column shows the 
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Fig. 6  Effects of feed step time (tF) on the  CH4 and  O2 molar fraction 
in heavy (solid) and light (hollow) gases (H/F = 0.2 and RL = 1 slpm)

Fig. 7  Effects of light reflux 
flowrate (RL) on the separa-
tion performance: a  CH4 and 
 O2 molar fraction in heavy and 
light gases; and (b) specific 
energy consumption for per 
mole captured  CH4 ((H/F = 0.3 
and tF = 65 s)
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Table 3  Determination of 
optimal separation performance 
under different assessment 
scores (σ)

No. Weight of KPIs Operating parameters   yH (%) R (%)  Sp.E (kJ/
mol  CH4)

1 [0.5, 0.5, 0] [0.21, 10 s, 1.50 slpm] 83.9 90.0 474.4
2 [0.45, 0.45, 0.1] [0.26, 55 s, 0.60 slpm] 69.7 90.6 79.9
3 [0.4, 0.5, 0.1] [0.28, 60 s, 0.55 slpm] 65.9 92.2 68.0
4 [0.4, 0.4, 0.2] [0.37, 135 s, 0.30 slpm] 49.9 92.2 27.8
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optimal operating conditions with the sequence of H/F ratio, 
feed step time and light reflux flowrate.

As shown in Table 3, the optimization can be biased 
towards targeting any higher results of these three indica-
tors. For case 1, separation process is adjusted to obtain high 
purity and recovery without consideration of energy duty. 
Although satisfactory purity (83.9%) and recovery (90.0%) 
is achieved, the extremely high energy demand (474.4 kJ/
mol  CH4 captured) leave neglectable energy benefits for the 
captured  CH4. In contrast, the energy duty can be lowered 
to 27.8 kJ for per mole captured  CH4 when its weight is 
elevated to 0.2 whilst  CH4 purity declines to 49.4%. All 
separation results and corresponding operational conditions 
relevant to this section are summarized in Appendix A.

The detailed optimization route of case 2 is shown in 
Fig. 8. The optimized separation performance is 69.7% 
 CH4 purity with 90.6% recovery and the specific energy 
consumption of 79.9 kJ per mole captured  CH4 under the 
following operational parameters: H/F = 0.26, tF=55 s and 
RL=0.60 slpm. The following safety analysis is conducted 
using the column’s profiles and results collected from bound-
ary streams in this case.

3.4  Safety analysis

Methane explosion triangle is usually used to evaluate the 
possibility of flammable gas mixtures [1, 4, 33, 34]. As 
shown in Fig. 9, the black dot indicates the feed gas with a 
constant composition whereas the red and green dots rep-
resent compositions in the product and effluent gas tank, 
respectively, and each dot shows the gas composition after 
each cycle. The feed gas is assumed as a mixture of  CH4 and 
air, and the ratio of nitrogen and oxygen is equal to that of 
the air. All of these results are located close to the so-called 
“air/fuel line” due to the similar adsorption properties of 
nitrogen and oxygen on the ILZ adsorbent. This analysis is 
from the initial run to the operation at the cyclic steady state 
(CSS). As shown in Fig. 9, there is one green dot falling into 
the explosive range, which represents the composition in 

the effluent gas tank after the first cycle with a duration only 
lasting for approximately 3 min. Once the system reaches the 
CSS, the feed, product and effluent gas are always out of the 
explosion range, indicating that there is no explosion risk.

The safety analysis of adsorption columns is more chal-
lenging due to its dynamic nature during a single cycle. The 
pressure, temperature and composition profiles as well as 
the corresponding calculated UFL, LFL and LOC at each 
position during a cycle under CCS are summarized in the 
Appendix B. The flammable zone is determined where  CH4 
concentration falls between range of UFL and LFL while 
 O2 concentration is higher than the LOC. Herein, we only 
depict the widest flammable zone of each step, as shown 
in Fig. 10. During the purge step, the  CH4-dilute gas flows 

Fig. 8  Optimization of DR-VSA 
process for 20%  CH4 gas enrich-
ment: a purity versus recovery 
and (b) purity versus specific 
energy consumption
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from the light end to the heavy end while explosive range 
expands during this step. The widest flammable zone, as 
indicated in Fig. 10a, happens at the end of this step (55 s) 
when the explosive range located between Z of 0.18–0.32 m, 
accounts roughly 15% of the total adsorption column. Gas 

flow direction is reversed during the following RPE and pres-
surization steps. Due to the remarkable concentration shock 
during the RPE step, the flammable zone firstly moves to 
the light end at start and then back forward to the heavy end. 
At 58 s (the 3 s of the PER step), the explosion zone takes 
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up 15% of the whole bed (Fig. 10b). The flammable zone 
remains stable (accounts around 16% of the column) during 
the pressurization step. The screenshot at 76 s, i.e., the 16 s of 
the PR step, was selected to be exhibited in Fig. 10c. During 
the feed step, the flammable zone moves forward the light 
end and starts to shrink since 130 s. The widest flammable 
zone of FE, DPE and BD step is determined at 87, 141 and 
146 s of the whole cycle and takes up 17%, 10% and 7% of 
the column, respectively, as shown in Fig. 10d-f. At the end 
of BD step, there is no explosion zone within the column at 
all. The column safety analysis validates the high safety level 
of this DR-PSA process for enriching 20%  CH4 and air mix-
ture. The widest flammable zone (17% of the whole column 
during feed step) in this research is comparable to what is 
reported in the kinetic-separation VSA process (21% of the 
total bed length during adsorption) [19] and much shorter 
than that determined in the equilibrium-separation VPSA 
cycles (nearly 75% at the start of the pressurization step) [2].

3.5  Comparison with reported work

A comparison with other processes for low-grade  CH4 cap-
ture reported in the literature is summarized in Table 4. The 
specific energy consumption is found to be deeply associated 
with the feed concentration as more gases are needed to be 
processed for per mole captured  CH4 and the correspond-
ing working capacity of adsorbents is small when feed con-
centration is low. The most like-for-like case to this work is 
case 1 in Table 4 which employs a PVSA step to enrich 25% 
 CH4 feed gas [2]. This DR-VSA process can deliver better 
 CH4 purity and recovery with comparable energy duty while 
ensuring a much narrower flammable zone within the column 
at the CSS. DR-VSA also requires lower power duty (~ 10 kJ) 
than DR-PSA (~ 20 kJ) from the perspective of processing per 
mole feed gas due to its lower requirement of reflux flowrate 
[15]. According to the reported studies [14, 15], the optimal 
RL typically ranges between 2 and 4 slpm for DR-PSA cycles 
to provide adequate gas to push the adsorption/purge front 
forward close to the heavy/light end. However, this value is 
often lower than 1 slpm for DR-VSA cycles.

4  Conclusions

In this work, a DR-VSA process for capture methane from 
oxygen-bearing LCCBM was numerically investigated with 
a comprehensive safety analysis. Simulation results show 
that the 6-step DR-PSA process can enrich the  CH4 up to 
69.7% in the product gas with a recovery of 90.6% from 
feed gas consisting of 20%  CH4 and 80% air. The column 
history profiles at the CSS and composition of boundary 
gases from initial run to the CSS are collected to determine 
the flammable zone within the bed and evaluate the safety 
level of product tanks. The tank safety analysis determines 
an extremely short period (3 min) when flammability is pos-
sible in the light product tank during the operation from 
start-up to steady run, suggesting high safety level from the 
perspective of system boundary. The column safety analy-
sis shows that the explosion zone in the adsorption bed of 
this equilibrium-separation DR-VSA is comparable to that 
of the kinetic-separation VSA and much smaller than that 
of the PVSA in both feed (adsorption) and purge (desorp-
tion) steps.
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