
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Hu, G;Xiao, G;Guo, Y;Manning, M;Chen, L;Yu, L;Li, KG;May, EF

Title:
Separation of methane and nitrogen using ionic liquidic zeolites by pressure vacuum
swing adsorption

Date:
--

Citation:
Hu, G., Xiao, G., Guo, Y., Manning, M., Chen, L., Yu, L., Li, K. G. & May, E. F. ().
Separation of methane and nitrogen using ionic liquidic zeolites by pressure vacuum
swing adsorption. Aiche Journal,  (), https://doi.org/./aic..

Persistent Link:
https://hdl.handle.net//

License:
CC BY-NC

CC%20BY-NC


R E S E A R CH A R T I C L E

S e p a r a t i o n s : M a t e r i a l s , D e v i c e s a n d P r o c e s s e s

Separation of methane and nitrogen using ionic liquidic
zeolites by pressure vacuum swing adsorption

Guoping Hu1,2 | Gongkui Xiao1 | Yalou Guo2 | Mitch Manning3 |

Li Chen4 | Lanjin Yu4 | Kevin Gang Li2 | Eric F. May1

1Fluid Science & Resources Division,

Department of Chemical Engineering, The

University of Western Australia, Crawley,

Western Australia, Australia

2Department of Chemical Engineering, The

University of Melbourne, Parkville, Victoria,

Australia

3Gas Capture Technologies Pty., Ltd,

Cockburn, Western Australia, Australia

4DKT Energy Technology Co., Ltd, Chengdu,

Sichuan, China

Correspondence

Kevin Gang Li, Department of Chemical

Engineering, The University of Melbourne,

Victoria 3010, Australia.

Email: li.g@unimelb.edu.au

Eric F. May, The University of Western

Australia, 35 Stirling Highway, Perth,

Western Australia 6009, Australia.

Email: eric.may@uwa.edu.au

Funding information

Australian Research Council, Grant/Award

Number: DP190100983; Department of

Industry, Innovation and Science, Australian

Government; University of Melbourne

Abstract

The separation of methane (CH4) and nitrogen (N2) is a significant challenge to the

enrichment and utilization of low concentration CH4 due to the similarity in the physi-

cal and chemical properties of the two molecules. In this work, we investigated the sep-

aration of CH4 from N2 using 100 kg of a new ionic liquidic zeolite (ILZ) material in a

6-bed pilot-scale pressure swing adsorption process. Feed gases with CH4 concentra-

tions of 5.0% and 16.1% were upgraded to 11.5% and 34.6%, respectively, with CH4

recoveries higher than 80%. The pilot test results were used to anchor a numerical

model that then allowed the efficient investigation of multiple operational parameters

including desorption pressure and feed gas flow rates. The numerical model produced

CH4 concentrations for both product streams consistent with those measured in the

pilot experiments, with root mean square deviations below 2%. The modeling results

revealed that sufficiently low desorption pressures can unexpectedly lead to lower

heavy product purities under limited feed gas flow conditions. Furthermore, the opti-

mum feed gas flow rate under which maximum heavy product purity is achieved

increases with lower desorption pressure. The maximum CH4 concentrations increased

from 31.8% to 41.5%, as desorption pressures decreased from 22.8 to 12.2 kPa for

optimum feed flow rates between 78.2 and 105.5 mol/h. We also demonstrate a

method of process optimization based on the bed capacity ratio, C, which provides a

scale-independent measure of the degree to which the column is being used effec-

tively. By varying feed flow rate and/or desorption pressure, C values between 0.2 and

0.8 were explored, with maxima in the combined separation performance metric (meth-

ane recovery) � (methane purity) occurring for values of C in the range 0.29–0.36. This

separation performance optimization by adjusting C provides an effective strategy for

integrating and understanding the impact of multiple operating parameters.
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1 | INTRODUCTION

Methane (CH4) is an important energy carrier with the lowest carbon

intensity among fossil fuels. More importantly for those with limited

access to energy, for the same power output, the combustion of

methane produces less than half the CO2 compared with coal, and

nearly no particulate matter. Methane is also the second largest

anthropological greenhouse gas1 and is emitted principally by the nat-

ural gas industry, coal mining operations and agriculture.2–5 Therefore,

the capture of CH4 from these sources is essential to global initiatives

aimed at reducing greenhouse gas emissions. Additionally, methane

capture has the potential to provide a source of useful low-cost

energy and deliver significant social benefits6 with comparatively few

emissions if it can be recovered and purified at sufficiently low cost.

However, nitrogen (N2) is a key impurity often present in low grade

sources of natural gas, and the separation of N2/CH4 represents a sig-

nificant challenge to the efficient upgrade of methane from such

sources due to the similarities in the volatility, kinetic diameter, dipole

moment, and polarizability of these two molecules.7

The need for N2/CH4 separations occurs in a wide variety of

industrial applications such as natural gas processing, coal seam gas

(CSG) upgrading, landfill gas production and biogas enrichment. The

gas compositions in these applications vary significantly depending on

the gas source produced by the application. Nitrogen rejection can be

used in the treatment of boil off gas (BOG) generated by liquefied nat-

ural gas (LNG) production, where the initial N2 concentration can

range from 7% to 22% with balance being CH4.
8,9 Methane upgrading

of biogases, which usually includes both CO2 removal10 and N2

rejection,11 mainly focuses on feed nitrogen concentrations between

0% and 33%.12,13 CSG is another major methane source, and with gas

compositions varying substantially from 0.5% to 99% CH4. However,

for two thirds of coal mines emitting gas, the methane concentration

is below 25%, balanced with nitrogen or air.14

A range of chemical separation technologies have been explored

to overcome the N2/CH4 separation challenge such as solvent

absorption,15 adsorption,16–18 membrane separation,19 and cryogen-

ics.20 Among these technologies, adsorption has been widely used to

process gas flows at scales from 10 to 100,000 Sm3�h�1 (20�C and

1.01 bar), using pressure-vacuum swing adsorption (PVSA) processes

with various adsorbents such as carbon molecular sieve (CMS),21,22

Engelhard titanosilicate type 4 (ETS-4)23,24 and activated carbon.25,26

The separation of CH4/N2 using CMS is often achieved by exploiting

differences in adsorption kinetics,27 while ETS-4 is a N2 selective

adsorbent that can be favorably applied to treat in gas sources with

low N2 concentrations.24 Activated carbon is the cheapest adsorbent

and has high CH4 uptake (approximately 1 mol CH4/kg at 1 bar and

25�C); however, its separation performance is limited by the a rela-

tively modest CH4/N2 selectivity (around 3–4 at equimolar concentra-

tions, 25–30�C, and pressures of 1–10 bar).17,26

Li et al.28 developed a new porous material, named ionic liquidic

zeolite (ILZ), which has relatively high CH4/N2 selectivity (6–8 at equi-

molar concentrations and pressure of 1–10 bar) and moderate CH4

adsorption capacity (approximately 0.5 mol/kg at 1 bar and 25�C).

The performance of this material in separating various feeds of CH4/

N2 mixtures has been explored in the context of dual-reflux pressure

swing adsorption (DR-PSA) processes via both numerical modeling

and laboratory-scale experiments.28–31 The results presented clearly

show that, when used in the same process to treat the same feed gas,

ILZ had a better N2/CH4 separation performance than either activated

carbon or ETS-4, achieving both higher CH4 purity and recovery. Anal-

ysis of the associated process duties also showed that the use of ILZ

required 11% less energy per cycle than activated carbon. However,

these analyses were mainly on laboratory scale experiments and

corresponding process simulations, and the performance of ILZ when

applied in an industrial separation process still required empirical

demonstration.

The primary target of this research is to better understand the

capture and upgrade of methane from low grade CSG sources con-

taining 5%–15% CH4 balanced with N2 and to establish a robust

numerical model for process optimization. In this work, we tested the

performance of 112 kg of ILZ for the separation of CH4 and N2 using

a commercial pilot scale PVSA facility consisting of six columns. The

PVSA system allows three pressure equalization steps and delivers a

continuous product flow with the ability to maximize CH4 recovery

and concentration. To investigate cycle parameter sensitivities, we

also established a robust numerical model using the Aspen Adsorption

software platform, which revealed some unexpected insights and

enabled further process optimization. The objective of this article is to

convey these insights: the numerical simulations reported are

anchored and validated by the pilot-scale results but necessarily go far

beyond them in order to understand the experimental outcomes and

guide the design of future PSA cycles.

2 | METHODS

2.1 | Pilot plant tests

The pilot experiments were conducted using a 6-column PVSA facility,

the details of which been described in our previous work, so only a

brief summary is given here.32 The dimensions of the adsorption col-

umns and the packing details of adsorbents are provided in Table 2.

The 6-column system allows continuous flow of the feed gas, light,

and heavy products to ensure stable operation. The packed volume of

the PVSA facility is 210 L with each column having a volume of 35 L.

Each column is packed with three layers of adsorbents: a guard layer

of alumina (approximately 0.19 m) at the bottom of the column to

remove any moisture; a protection layer of activated carbon (0.27 m)

to remove any heavy hydrocarbons; and an adsorption layer of ILZ for

the separation of CH4 and N2. This layout is commonly employed to

separate different components, protect the adsorbent layer, extend

the life span of adsorbents while maintaining similar separation per-

formance. The methane concentrations of the feed (cfed), light (clight),

and heavy (cheavy) streams were measured using infrared gas analysers

(QGS-084, 0%–100%, ±1 mol% full scale). The recovery (R) and pro-

ductivity (Y) of CH4 are calculated using Equations (1) and (2),

2 of 13 HU ET AL.



respectively, where Ffed denotes the flow rate of feed gas, and m is

the total mass of adsorbents.

R¼ cheavy cfed� clight
� �

cfed cheavy� clight
� ��100, ð1Þ

Y¼ Ffed �R
m

: ð2Þ

The ILZ adsorbent was obtained from Gas Capture Technologies

(GCT) Pty. Ltd. and preferentially adsorbs methane over nitrogen via

physisorption. Adsorption isotherms of nitrogen and methane on ILZ

are provided in Figure S3. The ILZ consists of spherical beads, with

white or light-yellow color and a diameter of 1.6–2.5 mm. It has high

chemical and mechanical stability and an average particle compression

strength of 30 N.

The PVSA process employed in this study consists of 12 steps

including adsorption (Ads), pressure equalization (PE), desorption

(Des), and repressurization (Rep). The objective of this cycle is to

achieve a high CH4 concentration in the heavy product and a high

recovery of methane. The detailed sequence of the process is shown

in Table 1 and Figure 1. In the Ads step, feed gas flows into the bot-

tom of the column during which time methane is preferably adsorbed

and a nitrogen rich exhaust (light product) is released from the top of

the column. The column then undergoes three PE# steps, during

which time gas in the void space transfers to other columns to

increase methane purity and recovery and reduce the energy require-

ments of the cycle. Thereafter, the column is connected to a vacuum

pump for desorption or adsorbent regeneration. The regenerated col-

umn is then connected to other columns for PE", which enables its

pressure to increase. Last, the top of the column is connected to the

light product tank for repressurization. This final step further raises

TABLE 2 The details of adsorption columns and model parameters

Parameter Unit Values

Column height m 2.0

Column diameter m 0.15

Column number � 6

Column wall thickness m 0.005

Wall specific heat capacity J/g/K 0.5

Wall thermal conductivity W/m/K 45

Wall density kg/m3 7850

Parameter ILZ Activated carbon Alumina

Adsorbent diameter m 0.00205 0.004 0.0035

Inter-particle voidage m3/m3 0.340 0.550 0.325

Intra-particle voidage m3/m3 0.356 0.370 0.693

Bulk density kg/m3 700 540 800

Adsorbent specific heat capacity J/g/K 1.50 1.00 0.45

Heat of adsorption (CH4) kJ/mol �20.24 �20.09 �19.05

Heat of adsorption (N2) kJ/mol �16.61 �17.84 �24.61

Layer height m 1.52 0.28 0.19

Heat transfer coefficient between gas and wall (both sides) W/m2/K 10 10 10

Mass transfer coefficient CH4 s�1 1 1 1

N2 s�1 5 3 5

Isotherm parameter CH4 Qmax mmol/g 3.02 2.87 1.03

B 10�6, 1/kPa 0.54 1.94 0.19

ΔH kJ/mol 20.24 20.09 19.04

N2 Qmax mmol/g 1.96 1.97 1.54

B 10�6, 1/kPa 0.77 1.52 0.0038

ΔH kJ/mol 16.61 17.84 24.61

TABLE 1 The step sequence of the PVSA process

Step 1 2 3 4 5 6 7 8 9 10 11 12

Description Ads Ads PE1# PE2# PE3# Idle Des Des PE3" PE2" PE1" Rep

Note: PE" denotes pressure increasing via the pressure equalization step, PE# denotes pressure decreasing through the pressure equalization step.
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the column pressure close to the feed gas pressure, which is crucial

for avoiding the fluidization of the adsorbents. This step also improves

methane recovery by moving the adsorption front downwards before

any light product is produced from the top of the bed.

2.2 | Simulation

A 6-column PVSA process model was established (Figure 2) on the

Aspen Adsorption platform to simulate the performance of the afore-

mentioned pilot tests, and the dimensions of these columns (Table 2)

are identical to the experimental facility (Section 2.1). The basic

assumptions and governing equations used by the model are largely

the same as those described by Zhang et al.33 Only convectional gas

flow was considered, and axial dispersion was neglected. The Ergun

equation (Equation 3) was used to calculate the momentum balance,

∂p
∂x

¼� 150�10�5μg 1�εið Þ2
2rpψð Þ2ε3i

vgþ
1:75�10�5Mwρg 1�εið Þ

2rpψð Þε3i
v2g

 !
, ð3Þ

where Mw is the molecular weight of gaseous mixture, P is the gas pres-

sure, rp is the particle radius, vg is the superficial gas velocity, x is the

axial distance coordinate, εi is the bed (interparticle) voidage, μg is the

gas mixture viscosity, ρg is the gas density, ψ is the particle shape factor.

The kinetics were assumed to follow the lumped (linear) resis-

tance model (Equation 4),

∂wi

∂t
¼MTC w�

i �wi

� �
, ð4Þ

where wi is the adsorbent loading of component i per unit mass of

adsorbent, w�
i is adsorbent loading of component i per unit mass of

adsorbent in equilibrium with its partial pressure in gas phase, MTC is

the mass transfer coefficient.

F IGURE 1 Schematic representation of the PVSA process

F IGURE 2 A snapshot of the 6-column PVSA model built in the Aspen Adsorption platform
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The adsorption isotherms were described using the Langmuir

model (Equation 5).

Q¼QmaxBpeΔH=RT

1þBpeΔH=RT
, ð5Þ

where Q is the adsorption capacity, Qmax is the saturated adsorpt-

ion uptake, B is a constant, p is adsorption pressure, ΔH is the isosteric

heat of adsorption, R is the gas constant, T is adsorption temperature.

Binary mixture adsorption isotherms were predicted using the

extended Langmuir model (Equations 6 and 7),

QCH4
¼ Qmax,CH4

BCH4pCH4
eΔHCH4

=RT

1þBCH4pCH4
eΔHCH4

=RT þBN2pN2
eΔHN2

=RT
, ð6Þ

QN2
¼ Qmax,N2

BN2pN2
eΔHN2

=RT

1þBCH4pCH4
eΔHCH4

=RT þBN2pN2
eΔHN2

=RT
, ð7Þ

where Q is the adsorption capacity, Qmax is the saturated adsorption

uptake, B is a constant, p is adsorption pressure, ΔH is the isosteric

heat of adsorption, R is the gas constant, T is adsorption temperature.

No reactions were considered, and the energy balance was treated

rigorously (i.e., non-isothermal). The heat transfer between the column

and environment was estimated using a constant heat transfer coeffi-

cient and the axial thermal conduction was ignored for the gas and solid

phases. The values for mass transfer coefficients (MTCs) were the same

as those used by Weh et al.29 and are based on the rapid adsorption

kinetics reported by Li et al.28 for the uptake of both CH4 and N2 on

ILZ. Additionally, as demonstrated by Zhang et al.,33 the results of such

simulations are relatively insensitive to adsorption kinetics if the MTCs

are equal to or greater than 1 s�1. Numerical values for the key param-

eters used by the model are also listed in Table 2.

A cycle organizer is used to control the cyclic operation of this

model, while the integration method used across the discretized bed

was Implicit Euler.33,34 The solution was considered to have converged

when the maximum change in a variable was less than or equal to the

specified absolute tolerance (10�5) and the specified relative tolerance

(10�5) � variable value. The time step size was set as variable between

1 and 5 s to allow for both fast and high calculation accuracy. The par-

tial differential equations of the model were solved using the finite dif-

ference method (FDM). The column was divided into 60 nodes for

calculation. Gaussian elimination MA48 and mixed Newton method

were used as the linear and nonlinear solvers, respectively. The Gauss-

ian elimination MA48 solver features a good choice of pivot order, the

ability to factorize a matrix with a given pivot order, and solution of the

system of equations using the factorized matrix, while the Newton

method is used for initialization and steady state steps and the Fast

Newton method for dynamic steps.33,34

2.3 | Process and energy analysis

In practical PVSA systems, the time needed to achieve a target vac-

uum pressure (Ptarget) in the desorption step is often limited by the

flow capacity of the vacuum pump (Figure S1). In our pilot plant, it

took the vacuum pump 160 s to achieve Ptarget in each column, there-

fore, the time for the vacuum step in the simulations were specified

as 160 s to match the experimental reality.

The primary objective of the CH4/N2 separations is to achieve

simultaneously high CH4 product purity, recovery while maximizing pro-

ductivity and minimizing the energy consumption. As the demonstration

experiments were conducted using an established PVSA pilot plant, the

adsorption time was forced to be identical with the minimum desorp-

tion time (160 s) required by the vacuum pump to achieve the target

vacuum pressure. Hence, optimization of the process was investigated

under the constraint of fixed adsorption time while other operational

parameters could be varied (i.e., feed concentration, desorption pres-

sure and feed gas flow rate) to further explore and improve the CH4/N2

separation performance of this process.

The energy consumption of the vacuum pump (W) per mole of

methane produced is estimated using Equation (8),16

W¼ γRT
η γ�1ð Þ

PDis
PVac

γ�1
γ

�1

 !
, ð8Þ

where γ is the ratio of specific heats, R is the gas constant, T is the

temperature, PDis is the discharge pressure of the pump (1 bar), PVac is

the average vacuum pressure and η, the pump efficiency, is set to

0.7.17,18,35,36

2.4 | Bed working capacity

The working capacity of the adsorbent, nads is defined here as the

maximum change in the quantity of adsorbate (i) that the packed bed

can treat in single cycle, and is calculated by the following equation,

nadsA ¼
X
i

mi,ads Qi,A pH,T,yHð Þ�Qi,A pL,T
0,y0H

� �� �
, ð9Þ

where Q is the methane uptake by adsorbents under the adsorption

(pH, T, yH) and desorption (pL, T0, y0H) conditions (Figure S2),

respectively.

The bed capacity ratio, C, is a dimensionless quantity intro-

duced by Bhatt et al.37 and adapted by May and co-workers,29,38 to

quantify the ratio of the adsorbate fed to the bed during a cycle

step and the total amount it can store relative to its initial condition.

The bed capacity ratio is defined for the cycles considered in this

work as:

C¼ F �yF � tFE
ngasA þnadsA

, ð10Þ

ngas ¼ yF �
pHVbedε

RT
, ð11Þ

where ngasA is the amount of methane that could be added to the gas

phase (void space), F is the feed gas flow rate, yF is the methane
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concentration in the feed gas, tFE is the feed gas injection time, pH is

the high pressure of the adsorption step, Vbed is the volume of the

bed, ε is the void fraction, mads is the mass of adsorbents. As demon-

strated by May and co-workers, C can be a useful parameter when

optimizing the performance of a given cycle and for analyzing the feed

flow rate relative to a given adsorbent bed size.

3 | RESULTS AND DISCUSSION

3.1 | Pilot demonstration and process validation

The CH4/N2 separation performance was first investigated using the

6-column pilot plant as given in Section 2, with various feed gas con-

centrations and operational conditions. The detailed operation param-

eters and results are shown in Table 3. The pilot tests were conducted

at an ambient temperature around 18�C which remained within ±3�C

during operation. The adsorption and desorption (absolute) pressures

were approximately 120 and 22 kPa, respectively. The CH4 productiv-

ity of the cycle increased with higher concentrations of methane in

the feed because the higher CH4 partial pressures increase the

amount of adsorption occurring, consistent with the observations

recently reported by Hu et al.32 Trial 2 was an exception and delivered

a higher productivity than Trial 3 despite having a lower methane feed

concentration because it had a 51% larger feed flow rate, which

increased the amount of product generated in the same period of

time. However, the larger feed flow also caused breakthrough to

occur in the column, which resulted in a higher exhaust concentration

(5.0%) and a lower methane recovery (74%).

Figure 3 shows a comparison of the CH4 concentrations in both

the light and heavy streams for the five experimental pilot tests and

the corresponding simulations. The CH4 concentrations of both prod-

uct streams measured in the pilot demonstrations are consistent with

the modeling results, with root mean square deviations (RMSD) below

2 mol%. The comparison further demonstrated the validity of the

numerical model on scale. The CH4 concentration in the light product

was always below 5 mol%, and the CH4 concentration in the heavy

product increased proportionally with feed CH4 concentration. Meth-

ane enrichment ratios were between 2.14 and 2.30 when the feed

concentration ranged from 5.0% to 16.1%. For CH4 feed concentra-

tions above 14%, the enriched CH4 product concentration was above

30%, which is sufficient for use in power generation.39 It should be

noted though, that feed gas impurities such as water, CO2 and

hydrocarbons are commonly present in most sources of natural gas,

biogas or coal mine vent streams. These impurities are generally

removed to sales gas specifications by various unit operations that

would be located upstream of the nitrogen rejection unit. Additionally,

to protect the media used to separate N2 and CH4 from degradation

that may be caused by interactions with such impurities, guard layers

of different adsorbents with high affinities for these impurities are

often located in the same bed; in this work, the alumina and activated

carbon layers served as guard beds for the ILZ. Clearly, the presence

and effects of the impurities (while not studied directly in this work)

must be taken into consideration while employing ILZ for industrial

applications.

Table 4 shows a comparison of the CH4 enrichment performance

achieved in this work with relevant comparable studies on feed gas

concentrations below 50% (CH4%) reported in literature, that uses dif-

ferent adsorbents and/or PSA cycles. The CH4 enrichment achieved

in this study was slightly improved relative to our previous tests with

the same material and cycle,32 which is likely due to the increase in

ILZ packing density, that is, 0.66 g/cm3 for cylindrical ILZ32 and

0.78 g/cm3 for the spherical ILZ beads used in this work. The methane

enrichment ratio achieved here is 2.2–2.4, which is slightly higher than

those reported in the literature using activated carbon or silicate-1

adsorbent.41,42 The simulation results using novel processes such as

TABLE 3 Operational parameters and results from the pilot demonstration tests

No.
Room
temperature, oC

Pressure, kPa.a Concentration, CH4%
Feed flow,
mol/h

Recovery,
CH4%

Productivity,
CH4 mol/kg/hAdsorption Desorption Feed Product Exhaust

1 17 118 23 5.0 11.5 1.4 47.0 82 0.013

2 19 119 21 12.5 27.3 5.0 88.9 74 0.057

3 19 117 21 14.0 30.7 2.3 58.8 90 0.051

4 19 117 22 15.2 32.3 0.5 56.0 98 0.058

5 19 122 21 16.1 34.6 3.1 85.8 89 0.084

F IGURE 3 A comparison of the experimental and simulation
results. Filled symbols denote results from the pilot tests and while
hollow symbols connected by the dashed line denote results from the
simulation at equivalent conditions
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the concentration thermal swing adsorption and the PSA with simu-

lated moving bed operation mode reported a much higher CH4 enrich-

ment ratio; these are, however, mostly simulations and/or involve

much more complex cycle operations.

3.2 | Process optimization

3.2.1 | Effects of desorption pressure

Desorption is the major step for the regeneration of adsorbents in

PVSA cycles. The degree of regeneration determines (i) the working

capacity of the adsorbent bed, (ii) the compositions of the product

streams, and (iii) the energy consumption of the cycle. The working

capacity of the adsorbent bed in this context quantifies the difference

between the maximum methane uptake at the end of the adsorption

step and the minimum methane uptake at the end of the desorption

step, averaged over the bed length.

Figure 4 shows the effects of desorption pressure on the CH4/N2

separation performance at constant feed gas concentration, flow rate,

and environment temperature. As the desorption pressure decreases,

the minimum partial pressure and uptake of CH4 at that condition also

decrease. Hence, the working capacity of the adsorbent bed increases.

However, an optimum desorption pressure exists for a given PVSA

system. The recovery of CH4 exceeds 97% when the desorption pres-

sure is 23.5 kPa. Further decreasing the desorption pressure has very

little impact on the methane concentration in the light product (0%–

1%), or the cycle's methane recovery (97%–100%) and productivity

(0.16 mol/cycle/kg), as demonstration in Figure 4A,B.

The concentration of methane in the heavy product drops from

29.1% to 25.0% as desorption pressure decreases from 23.5 to 3 kPa.

This is contradictory to overly simplistic expectations that lower

desorption pressure will result in higher heavy product concentrations

TABLE 4 A comparison of methane enrichment results from this work and literature

No. Feed CH4% Method Product CH4% Recovery CH4% Adsorbent Process Reference

1 5 Experiment 10 87 ILZ PSA 32

2 5 Experiment and simulation 12 82 ILZ PSA This work

3 5–20 Simulation 99 99 Silicalite CTSAa 40

4 15 Experiment 28 97 ILZ PSA 32

5 14 Experiment and simulation 31 90 ILZ PSA This work

6 17 Experiment 42 �75 ACb PSA 17

7 20 Experiment 40 85 Silicalite-1 PSA 41

8 20 Simulation 40 83 Norit RB1 AC PSA 42

9 30 Simulation 99 92 AC PSA-SMBc 43

10 44 Experiment 77 98 ILZ PSA 32

11 50 Simulation 96 99 [Ni3(HCOO)6] PSA 35

aCTSA, concentration thermal swing adsorption.
bAC, activated carbon.
cPSA with simulated moving bed operation mode.

F IGURE 4 Effects of desorption pressure (vacuum) on the
performance of CH4/N2 separation. The CH4 concentration in the
feed gas and the feed gas flow rate are 15.2% and 56.0 mol/h,
respectively. The environment temperature is 20�C

HU ET AL. 7 of 13



(CH4) due to a higher driving force. Indeed, the study shown in

Figure 4 indicates that the maximum amount of methane desorbed

becomes constant at pressures below around 23.5 kPa as methane

recovery reaches more than 97%. Rather, the top section of the col-

umn uptakes more nitrogen due to insufficient methane supply

(Figure 5C), and this nitrogen is evacuated from the column during the

desorption step, causing the methane concentration in the heavy

product to decline. Therefore, practical operations should aim at opti-

mum desorption pressures, not lower desorption pressures, under

operational conditions.

The filled and hollow star symbols represented the results from

pilot-scale experiment (No. 4, Table 1). The desorption pressure used

in experiment was quite close to the optimum desorption pressure

(23.5 kPa) shown in the simulation. The CH4 concentration in the

heavy product from the experiment (filled star symbol in Figure 4A)

was slightly higher than the simulated results, while the light CH4 con-

centration, CH4 recovery and productivity were all in good consis-

tency with the simulations.

The decline in heavy product methane concentration when

desorption pressures are decreased below 23.5 kPa is related to the

extent to which the methane composition front propagates into the

bed. Figure 5A–C shows, respectively, the gas phase methane concen-

tration, the adsorbent's methane loading, and its nitrogen loading as a

function of axial position in the column at the end of the adsorption

step for three different desorption pressures. While the bed pressure

at the end of the adsorption step is around 120 kPa, the three axial

profiles shown correspond to the consequences of having applied dif-

ferent desorption pressures during the cycle.

Three layers containing different adsorbents are present in the

bed: a protective bottom layer of alumina at fractional column lengths

from 0 to 0.1, a second guard layer of activated carbon at fractional

column lengths from 0.1 to 0.24, and the main bed of ILZ at fractional

column lengths from 0.24 to 1. The alumina has little effect on the

separation given its negligible methane and nitrogen adsorption

capacities relative to those of the other layers. However, it does serve

as an inert barrier for the gas phase methane front to pass through

once the adsorption step begins: for the case of the lowest desorption

pressure, the front does not extend past the alumina layer by the end

of the adsorption step. Most of the bed is thus not being used to

adsorb methane when a desorption pressure of 3 kPa is applied and,

instead, the relatively large amount of N2 adsorbed during the preced-

ing repressurization steps remains loaded on the ILZ. When the vac-

uum is applied uniformly across the entire extent of the column this

N2 desorbs and the methane concentration in the heavy product

declines.

Figure 6 shows that the energy consumption per mole CH4 pro-

duced increased by 166% when the desorption pressure was reduced

from 23.5 to 3 kPa. This energy consumption increase reflects the fact

that virtually all the methane is recovered into the heavy product

stream for a desorption pressure of 23.5 kPa, and that applying a

stronger vacuum simply causes work to be done as N2 is extracted

(unnecessarily) into the heavy product stream.

F IGURE 5 Column profiles at the end of the adsorption step
(same feed as Figure 4): (A) methane concentration in the gas phase,
(B) methane loading on the adsorbents, and (C) nitrogen loading on
the adsorbents. The desorption pressures used in the 3 cycles are 3.0,
23.5, and 40.0 kPa, respectively. Layer I, II, and III denotes alumina,
activated carbon, and ILZ, respectively
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When the desorption pressure was increased from 30 to 60 kPa,

the separation performance also decreased significantly due to the

reduced working capacity of the adsorbent bed from 1.0 to 0.5 mol.

This is due to the increase in Qi,A pL,T
0,y0H

� �
associated with the larger

pL rather than the limited use of the bed's top fraction to adsorb

methane. As shown in Figure 4, the result is a decrease in CH4 recov-

ery and, hence, cycle productivity. This is illustrated by the break-

through of the gas phase methane front into the top of the adsorption

column shown in Figure 5B (Des@40.0 kPa), which results in a large

increase of CH4 concentration in the light product. The heavy product

purity also decreases because the N2 concentration in the gas phase

across bed is relatively uniform at the end of the adsorption step; for

a desorption pressure of 40 kPa, no distinct front separating the N2-

rich and CH4-rich zones in the gas phase develops in contrast to the

profile observed for a desorption pressure of 23.5 kPa. Consequently,

increasing amounts of N2 breakthrough into the heavy product stream

when the desorption pressure is increased. The cycle's energy con-

sumption per mole of methane produced drops from 13 to 8 kJ/mol

CH4 because the loss of methane to the light stream is smaller than

the reduction in work associated with changing the desorption from

30 to 60 kPa.

The unexpected observation that lowering the desorption pres-

sure beyond a certain 23.5 kPa leads to a worse separation perfor-

mance reflects the fact that this modest vacuum produces an optimal

methane profile through the bed at the end of the adsorption step.

Another cycle parameter that will influence the nature of this gas

phase profile is the feed gas flow rate.

3.2.2 | Effects of feed gas flow rate

Figure 7 shows the results of heavy product CH4 concentration and

overall methane recovery as a function of feed flow rates ranging

from 50 to 165 mol/h for a range of desorption pressures from 12.2

to 22.8 kPa. At low feed gas flow rates, the recovery of methane is

over 99% but the methane concentration in the heavy product is lim-

ited. Increasing the feed gas flow results in a proportional rise in heavy

product methane concentration, the slope of which depends on desorp-

tion pressure, with a corresponding decrease in methane recovery.

Eventually, further feed gas injection does not result in any further

increase in heavy product purity and then causes a breakthrough of the

methane front into the (N2-rich) waste product, causing further reduc-

tions in methane recovery. However, the increase in the amount of feed

being means that the cycle's CH4 productivity remains stable despite

the reductions in recovery.

Figure 7 is useful for determining the necessary operational con-

ditions needed to achieve a given separation performance. Taking a

methane recovery requirement (80%) as an example, the maximum

feed flow rate can be determined for certain desorption pressures

(and vice versa) using the dashed line in Figure 7B. A similar approach

can also be applied to determine conditions required to achieve a

maximum methane product concentration using Figure 7A. The data

shown in Figure 8 were extracted from Figure 7A and indicate the

feed gas flow rates at which maximum product concentrations are

achieved for several different desorption pressures. As desorption

pressure increases, both the optimum feed flow rate and the maxi-

mum heavy product methane concentration decrease. Methane

F IGURE 6 Simulated energy consumption (of the vacuum pump)
for different desorption pressure conditions at constant feed pressure
(120 kPa) and methane concentration (15%)

F IGURE 7 Effects of desorption pressure on the performance of
the CH4/N2 separation for various feed gas flow rates. The methane
concentration in the feed gas is 15.2% and the environment
temperature is 20�C. In panel (B), the dashed line corresponds to a
methane recovery of 80% (see text)
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recovery, however, drops monotonically with decreasing desorption

pressure and increasing feed flow.

Figure 9 compares the quantity of the two gas components

remaining in the column at the end of the third pressure equalization

step PE3 to that at the end of the desorption step for a feed flow rate

near the optimum methane recovery condition for a desorption pres-

sure of 22.8 kPa (data shown in Table S1). Two pairs of pressures are

compared, with the second pair roughly half of the first. In both cases,

the amounts of each component in the void space and adsorbed on

the adsorbents are shown. More than 85% of the methane recovered

from the column is from the adsorbed phase, that is, nadsA =1.13mol

and ngasA =0.20mol for a desorption pressure of 22.8 kPa, and

nadsA =1.43mol and ngasA =0.22mol for a desorption pressure of

12.2 kPa. The quantity of CH4 recovered from the solid phase is 61%

higher when the desorption pressure is lowered to 12.2 kPa, reflecting

the fact that methane recovery increases monotonically with decreas-

ing desorption pressure.

3.3 | Bed capacity ratio analysis

The bed capacity ratio defined by Equation (10) provides a metric by

which the effects of desorption pressure and feed flow rate can be

placed on a common basis. Additionally, C is useful because it pro-

vides a general measure of the degree to which the adsorption bed is

being utilized that is independent of the column dimensions and feed

flow rate. Figure 10 shows how the bed capacity ratio can be used to

investigate how the separation performance achieved with PVSA

cycles simulated in this work varies with different feed flow rate and

desorption pressure.

In Figure 10A, changes in desorption pressure pL from 12 to

23 kPa are converted to values of C for three fixed feed flow rates, F,

with the resulting methane concentration in the heavy product shown

on the vertical axis. The three F values dominate the heavy product

purity achieved, with the lowest feed flow generating methane con-

centrations of 26–29 mol% relative to a feed concentration of

15 mol%, while the highest F produces methane concentrations

between 46.2 and 48.6 mol%. This reflects the fact that at the lower

feed flow rates, the bed is not being adequately utilized as reflected in

the relative values of C: 0.2–0.36 for the lowest flow compared with

0.35–0.44 for the highest. Nevertheless, changing the value of C
values by varying pL while holding F constant results in the heavy

product purity passing through a maximum in all cases. The value of C
at which this optimum occurs increases with feed flow: this result is a

generalization of the one shown in Figure 4 and reveals how the more

the bed is used the lower the desorption pressure can be before the

optimum purity condition is reached.

F IGURE 8 The maximum heavy product concentration achieved
and corresponding feed flow rates for several different desorption
pressures

F IGURE 9 Component quantities in the solid (A) and gas (B)
phases at the end of the third pressure equalization (PE3) and
desorption steps. The methane concentration in the feed gas, feed
gas flow rate and environment temperature are 15.2%, 88.2 mol/h,
and 20�C, respectively
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Figure 10B shows the impact of changing feed flow from 54 to

163 mol/h on C at four fixed values of the desorption pressure. How-

ever, if heavy product methane concentration were the only metric of

separation performance considered, the figure would look similar to

Figure 5A. To go beyond this, Figure 10B captures the inherent trade-

off between methane product purity and methane recovery by plot-

ting their product as a function of the bed capacity ratio. The informa-

tion about the dependence of recovery on F and pL contained in

Figure 5B is combined with that in Figure 5A to produce a set of cur-

ves each with a clear maximum for a value of C in the range 0.29–

0.36. This maximum occurs because while using more the bed leads

to an increase in purity until an asymptotic limit is reached, it also

reads to an increasing loss of methane to the light product with break-

through of the composition front. Lower desorption pressures pro-

duce larger maximum value for the product of purity and recovery

because more work per cycle is done.

While product purity and methane recovery are not necessarily of

equal value, depending on the context of the particular separation,

identifying the value of C at which their product is a maximum pro-

vides a useful starting point for process optimization. The relatively

narrow range of optimal C values for the four values of pL can be used

to infer an appropriate bed volume given a particular feed flow rate.

From this starting point, further optimization can be conducted to

achieved target values of product purity, methane recovery or cycle

duty. Interestingly, optimum values of C obtained for methane-

nitrogen separations of feeds containing either 10 mol%38 or

40 mol%29 methane, using either activated carbon or ILZ within a

variety of dual-reflux pressure swing adsorption (DR PSA) cycles were

usually in the range (0.20–0.30), which is slightly smaller than those

found in this work. While C was calculated using a slightly different

formula to account for the use of reflux and a mid-bed feed in the DR

PSA cycles, the similarity in the optimum values of C is noteworthy

given the very different sizes of the adsorption columns (0.95 L

vs. 35 L) and feed flows (3.3 mol/h vs. 50–160 mol/h).

4 | CONCLUSIONS

The recovery and enrichment of methane from nitrogen were investi-

gated using a new ionic liquidic (ILZ) material and a pressure swing

adsorption process with both pilot tests and simulations on the Aspen

Adsorption platform. The 6-column PVSA model was able to reliably

predict the experimental results with root mean square deviations in

the concentrations in the heavy and light streams below 2%. Once the

PVSA simulations were validated, further parametric studies explored

separation performance and cycle duty as a function of desorption

pressure and feed flow rate. Counter-intuitively, decreasing the

desorption pressure below a certain threshold led to reductions in

heavy product methane purity if the feed flow rate was too small. The

bed capacity ratio, C, was shown to provide a useful metric for quanti-

fying utilization of the bed, independent of the particular column

dimensions and feed flow rate. Maxima in the combined separation

performance metric (methane recovery) � (methane purity) occurred

for values of C in the range 0.29–0.36 across the four different

desorption pressures considered, and are similar to the optimum bed

capacity ratios reported for similar methane–nitrogen separations

conducted with DR PSA cycles using much smaller columns.
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