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Abstract 

Adsorption materials play a key role in determining the efficiency of the pressure swing adsorption 

process. The selectivity of CO2 over CH4 on most zeolite adsorbents drops dramatically with 

increasing pressure and few adsorbents work for CO2/CH4 separation at high pressures. Here we 

show the high selectivity (81) can be retained with our “molecular trapdoor” adsorbent – a 

potassium exchanged chabazite with Si/Al ratio of 1, which can selectively admit gas molecules 

by regulating its cation-kept eight-membered ring (8MR) doorways. Analysis of equilibrium 

adsorption of CO2 and CH4 showed exceptionally high selectivity (81) of CO2 over CH4; when the 

temperature is lower than a threshold value, CH4 molecules cannot access the interior structure of 

chabazite via K+ blocked 8MRs. We confirmed this characteristic experimentally by adsorption 

equilibria of CO2 and CH4 up to 10 bar. We investigated the behavior of this adsorbent in a five-

step pressure-vacuum swing adsorption (PVSA) cycle to separate CO2 and CH4 from a natural gas 

stream (15 vol% CO2 balanced with CH4) at a temperature of approximately 293 K and at a feed 

pressure of 20 bar. The effect of adsorption time on the separation performance was investigated 

since the adsorbent is known to have kinetic limitations. Our experiments show that CH4 product 

with 100% purity and over 90 % recovery can be obtained by using the cyclic adsorption process 

with our novel molecular trapdoor chabazite. 

Keywords: Separation; natural gas; PSA process; molecular trapdoor; chabazite zeolite 

1. Introduction 

Natural gas is an important resource, which is not only utilised as an energy source for heating, 

power generation, and vehicles, but also employed as a feedstock in the chemical industry. 
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Depending on the location of the source, natural gas may contain more than 80% methane (CH4), 

various concentrations of carbon dioxide (CO2), small amounts of nitrogen (N2), and other 

hydrocarbons, as well as trace hydrogen sulphide and mercury.1 As the major impurity, CO2 must 

be removed to the satisfaction of natural gas pipeline specification (< 2 vol%) and the production 

of LNG (< 50 ppmv).2 Several technologies are used for CO2 removal from natural gas, including 

solvent absorption,3 membrane separation,4,5 and adsorption.6–9 Among them, pressure swing 

adsorption (PSA) is an promising option owing to its simplicity and ease of operation, low 

operation and capital costs, and high energy efficiency (no heating needed for regeneration), 

particularly advantageous in the cases of medium and small sized processes.2  

In a PSA process, the adsorbent is the key to achieving high separation performance. A desirable 

adsorbent for natural gas purification should provide large CO2-over-CH4 selectivity and high CO2 

adsorption capacity throughout the whole range of working pressure. However, for most 

commercial adsorbents, including activated carbons and zeolites,10–15 it is challenging to maintain 

a high CO2/CH4 selectivity at high pressures, due to the continual uptake of the weak component 

CH4 at higher pressures in contrast to the early saturation of the strong component CO2 (the major 

impurity) at much lower pressures. Hence, it is very difficult to obtain a highly pure CH4 product 

by PSA technology from high pressure raw natural gas. Recently, a novel material discovered in 

our laboratory, namely, molecular trapdoor potassium chabazite (r1KCHA),16,17 provides a new 

way of discriminative molecular separation. Within an appropriate temperature range only 

“strong” molecules such as CO2 and CO are able to pay the energy toll to move the door-keeping 

cation and thus get admitted whereas “weak” ones such as CH4 and N2 are excluded. Accordingly, 

this trapdoor adsorbent can achieve exceptionally high selectivity and decent capacity toward CO2 
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even at high pressures (10 bar). Therefore, trapdoor chabazite could be a promising adsorbent for 

CO2 removal from natural gas. 

In this study, a simple pressure-vacuum swing adsorption (PVSA) cycle experiment was 

designed to understand and verify the adsorption characteristics and behaviour of our highly 

selective trapdoor material in CO2/CH4 separation (15 vol% CO2 balanced with CH4). Around 70 

grams of zeolite r1KCHA was prepared and then filled in our PVSA unit for conducting the 

separation process. The performance of separating CO2 from synthesized natural gas with our 

designed PVSA cycle was investigated under different operating conditions. An optimized 5-step 

PVSA cycle operated at 293 K led to a methane purity of nearly 100 % along with more than 95 

% recovery.  

2 Theoretical work 

2.1 Isotherm models for CO2 and CH4 adsorption in trapdoor chabazites 

Recently, we reported a novel “molecular trapdoor” mechanism for exclusive gas discrimination 

demonstrated in chabazite (CHA), where the ability of one gas specie to pass through a pore 

aperture kept by a door-keeping cation, rather than gas molecular size (in the conventional 

molecular sieving mechanism), dictates the separation.16,18 Under vacuum below a threshold 

temperature (TS), it is energetically favourable for a cation to occupy the center of the 8MR pore 

aperture, blocking the doorway for gas molecule access. For admission of any gas molecule, the 

“door-keeping” cation has to move or deviate away from this site, at least temporarily. “Strong” 

gas molecules such as CO2 – having sufficient interaction ability with the cation – can lower the 

energy barrier and flatten the energy potential well for the cation sitting in the center of the pore 

aperture. Together with thermal vibration (at sufficiently high temperatures), the “door-keeping” 

cation will deviate from the center of the pore aperture temporarily and reversibly and thus the 
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“strong” gas molecules can be admitted. On the other hand, the “weak” ones such as N2 or CH4 

(in the sense of having a weaker interaction with the cation), however, have limited ability to lower 

the potential energy barrier experienced by the cation. Accordingly, the deviation of the 

doorkeeping cation is negligible and “weak” molecules are thereby excluded. 

The minimum thermal energy that enables the deviation of the door-keeping cation and allows 

for a 100% adsorption site accessibility for a certain gas molecule corresponds to a critical gas 

admission temperature TC. For CO2, TC (CO2) << TS applies 16 (TS is around ambient temperature 

for r1KCHA);  CO2 can access 100% of the adsorption sites inside the zeolite cage structure around 

ambient temperature and thus the adsorption characteristics can be described by a conventional 

isotherm model. On the other hand, for weak molecules such as CH4, TC (CH4) ≈ TS applies; CH4 

can only access 100% of the adsorption sites above TC (CH4) but access a decreasing proportion 

of adsorption sites below TC (CH4), which can be deemed equivalent to that a certain percentage 

of cavities are accessible at a certain temperature. In other words, the adsorption charcteristics of 

CH4 on this adsorbent strongly rely on the temperature beyond the conventional Langmuir type 

behaviour. To describe the characteristics of CH4 adsorption on the trapdoor adsorbent at different 

temperatures, in this paper we introduced a factor related to temperature into a dual-site Langmuir 

model (termed modified dual-site Langmuir model). 

The adsorption of CO2 on r1KCHA, following the open-pore structure adsorption behaviour, 

can be described with the conventional dual-site Langmuir model: 

pd

pdm

pb

pbm
n

++
+=

11

21         (1) 

where n is the actual adsorbed amount, mol/(kg.ads); m1 and m2 are saturated adsorption 

capacity, mol/(kg.ads), which are independent of temperature, for site 1 and site 2, respectively; p 

is the pressure of the gas component. Here, equation (1) describes the adsorption amount when the 
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pores of the adsorbent are fully open. And parameters – b and d in equation (1) are related to 

temperature T and can be described as follows: 
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where b0 and d0 are pre-exponential terms for Van’t Hoff relationship (1/kPa), both of which are 

constants and independent of the temperature. Q1 and Q2 represent the heat of adsorption (J/mol) 

for the corresponding adsorption sites. 

Based on this mathematical model (1), a modified model, featuring a factor () related to pore 

opening percentage for CH4 or N2 molecules, referred to as pore opening factor, is proposed to 

describe the adsorption capacity of the weak molecules in trapdoor materials as shown in equation 

(3). 
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Where  is related with the temperature T by the experimentally determined empirical equation 

as shown below   

))(exp(1

1
  

CTTkA −−+
=                     (4) 

where A and k are constants and TC represents the threshold temperature (K). 

Therefore, n (adsorption amount) varies with the site coverage on the trapdoor material. It is 

affected by temperature from two parts: opened pore percentage  and the adsorption heat exp(-

Q/RT). Therefore,  is a special characteristic of the CO2 or CH4 component on the adsorbent. 

When the temperature is equal to or higher than TC,  becomes 1/(1+A). The A value is negligibly 
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small and so that  approximately equals to 1 and eq (3) reduces to the conventional dual-site 

Langmuir equation. On the other hand, when T < TC,  <1 and n is smaller than that in the 

conventional dual-site Langmuir equation; when T << TC,  ≈ 0 and n is close to 0. The goodness 

of model fit for the isotherms was determined by calculating standard deviation (Sx) of model 

values predicted by DSL and modified DSL from the experimental values using following 

equation. 

𝑆𝑥 = √
∑ (𝑛𝑒−𝑛𝑝)2
𝑁
𝑖=1

𝑁−1
                    (5) 

Where N is total number of observables, ne is experimentally observed values, np is model 

predicted value. We will discuss this model further with our experimental results in this paper. 

3. Experimental Work 

3.1 Preparation of r1KCHA pellets 

Potassium exchanged chabazite zeolite with a Si:Al ratio of 1 (r1KCHA) was synthesized by the 

same procedure reported in our earlier article.16 Zeolite adsorbent pellets were made from powder 

according to the following procedure: ~ 2 g of r1KCHA powder was filled into a carbon steel die 

set of the press pelletiser (50T, XRF Scientific) and a mechanical pressure of 1000 bar was applied 

and held for 3 min prior to releasing the pressure and collecting the sample. Then the “pelleted” 

adsorbent was crushed and sieved to be uniform pellets of approximately 2 mm in diameter. 

The key parameters for the PVSA process work are listed in Table 1. 
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Table 1. Adsorbent and Apparatus Properties. 

Item Value Unit 

Adsorbent Mass 70 G 

Adsorbent pellets dimension 2 mm (in equivalent diameter) 

Adsorbent shape Irregular pellet - 

Adsorbent packing density 891.7 kg/m3 

Column material Stainless steel - 

Column inner diameter 10 Mm 

Column length 1000 Mm 

Column wall thickness 3.5 mm 

 
 

3.2 Adsorption characteristic measurements 

Prior to isotherm measurements, the samples were thoroughly dehydrated and degassed on a 

Micromeritics ASAP2050 accelerated surface area and porosity analyzer by heating stepwise at 2 

K/min up to 623 K and held at this temperature for 18 h under high vacuo and cooled to 295 K 

followed by backfill with helium. Single-component CO2 (99.995%; Coregas) and CH4 (99.95%; 

Coregas) adsorption isotherm measurements (up to 1000 kPa) at different temperatures were 

performed volumetrically using a Micromeritics ASAP2050 analyzer. The adsorption isotherms 

were used to measure the working capacity and selectivity of the adsorbents using the equations 

below: 

)()(
222

DesNAdNW COCOCO −=                   (6) 

)()(
444

DesNAdNW CHCHCH −=                   (7) 
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CHCO
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S =                     (8) 

where 
2COW and 

4CHW are working capacities of CO2 and CH4, respectively, )(
2

AdNCO and )(
4

AdNCH are 

adsorption capacities of CO2 and CH4, respectively, at their adsorption pressures, )(
2

DesNCO and 

)(
4

DesNCH are adsorption capacities of CO2 and CH4, respectively, at their desorption pressures, and 

42 /CHCOS is the working selectivity of CO2 over CH4. 

 

3.3 Kinetic coefficient measurement from breakthrough experiments 

Binary breakthrough curves using the chabazite adsorbent (4.96 g) was examined by our 

previous experiments using CO2/CH4 (15:85 v/v) gas mixtures.16 The experiment was conducted 

at 293 K with dosing the gas mixture (116 kPa) at a flow rate of 40 mL/min. Diffusion coefficients 

for CO2 and CH4 on zeolite r1KCHA obtained from these experiments were determined to be 

1.2E-6 cm2/s and 1.33E-8 cm2/s, respectively. 

3.4 Process cyclic design 

We designed a 5-step single-bed Pressure-Vacuum Swing Adsorption process for separation of 

CO2 from CH4 with our trapdoor chabazite adsorbent, as illustrated in Figure 1. 

Ad Dep Des Rep1 Rep2  

Figure 1. Five-step PVSA cyclic processing design. 

Step 1: adsorption (Ad): a feed gas passed through the adsorption bed, where CO2 was adsorbed 

and the CH4 rich gas stream was vented from the top of the adsorption bed at a pressure of 20 bar. 
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Step 2: de-pressurisation (Dep): the adsorption bed was depressurised to 1 bar by releasing gas 

from the bed. 

Step 3: desorption (Des): the molecules adsorbed in the bed was released into the gas phase 

under a vacuum pressure (4 kPa) so that a rich CO2 flow can be obtained. 

Step 4: re-pressurisation 1 (Rep1): the adsorption bed was re-pressurized with a CH4 rich gas 

(simulated as CH4 product gas). A counter-current re-pressurisation was not possible with the 

existing rig; so the concurrent re-pressurisation was applied to fill the bed from a vacuum pressure 

to 10 bar. 

Step 5: re-pressurisation 2 (Rep2): the adsorption bed was continuously re-pressurized with a 

feed gas until the pressure of the bed reached 20 bar. A large amount of gas was required if the 

bed was re-pressurised directly from vacuum pressure to 20 bar. Without step 4 (re-pressurised 

with light gas), CO2 contained in the feed gas from step 5 would be beyond the limitation of the 

adsorption capacity of the bed so that pure CH4 product would not be obtained in the following 

adsorption step. Therefore, two steps of re-pressurisation were used. 

3.5 Process work 

We constructed a single-bed PVSA apparatus to test our trapdoor material for CO2/CH4 

separation. As shown in Figure 2, five pneumatic valves are used in the system to perform the 

designed cyclic PVSA processes by switching on/off the corresponding gas lines. A backpressure 

controller is located in the exhaust line to maintain the pressure in the system during adsorption 

and de-pressurisation steps. A vacuum pump is located in the vacuum line to desorb the gas 

adsorbed in the bed during desorption steps. 



 11 

             Adsorption bed

CO2 CH4

         MFC1     MFC2

V1 V2

           V3
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P
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          P2

P1        

   V4
 

            CO2 analyser1

 

Go to vent
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Figure 2. Schematic representation of a single bed PVSA apparatus. MFC – mass flow controller; 

V – pneumatic valve; P – pressure transducer; BP – backpressure regulator; MFM – mass flow 

meter. 

Both a mixture gas and pure CH4 gas (simulated as a rich CH4 product gas) entered the system 

via mass flow controllers – MFC1 and MFC2. The light product CH4 gas collected from the top 

of the bed was then stored in a product tank where CH4 concentration was determined by 

measuring the concentration of the balanced CO2 in the binary mixture with a CO2 analyser. The 

heavy product CO2 gas was collected from the vacuum line (bottom of the column) using a gas 

bag and then measured with another CO2 analyser. The entire process was controlled with PLC 

programming and factory talk interface software. 

3.6 Operating conditions and PSA performance evaluation parameters 

The experiments were carried out at a feed pressure of 20 bar and an operating temperature 

around 20 °C as shown in Table 2. By optimizing the re-pressurisation time and flow-rate, the bed 

can be re-pressurized to 10 bar with CH4 gas and then to 20 bar with the feed gas. Because of the 
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relatively slow adsorption indicated by relatively small diffusion constants 1.2E-6 cm2/s and 

1.33E-8 cm2/s for CO2 and CH4, respectively, comparing with the values on large-pore zeolites 

such as 13X, the flow rate for the feed gas was maintained at 0.65 SLPM. Vacuum pressure was 

maintained at 3-4 kPa in all the experiments. 

 

Table 2. Experimental conditions for a simple PVSA cycle with one single bed. 

Run 

NO. 

T 

(K) 

Gas comp. 

(mol %) 

Flow-rate 

(SLPM) 

Column pressure 

(bar) 

Step time (s) 

CO2 CH4 Feed Rep Ad Dep vacP Ad Dep Des Rep1 Rep2 

1 291 15 85 0.65 5 20 1 0.038 105 15 440 30 295 

2 292 15 85 0.65 5 20 1 0.040 179 15 565 30 321 

3 291 15 85 0.65 5 20 1 0.038 311 15 645 30 289 

4 293 15 85 0.65 5 20 1 0.032 499 15 845 30 301 

5 291 15 85 0.65 5 20 1 0.040 694 15 1045 30 306 

Note*: Rep – re-pressurisation, 1: light gas re-pressurisation and 2: feed gas re-pressurisation; 

Ad – adsorption; Dep – depressurisation to an atmosphere pressure; Des – vacuum desorption; 

Feed – feed gas; vacP – Vacuum pressure at the end of desorption step. 

The key parameters for evaluating the separation performance including CO2 average 

concentration in the pump down-stream ( 2COC ), CH4 average concentration in an exhaust-stream 

( 4CHC ), CO2 recovery (
2COR ), and CH4 recovery (

4CHR ) were determined respectively as follows: 

%100
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4
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vac
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where 
2CO

C and 
4CHC are instantaneous concentrations (%); 

vacQ and 
exQ are instantaneous flow-

rates for the gases in vacuum and exhaust lines (m3/s); t is time interval (s); inCO ,2  and inCH ,4

(mol) represent total CO2 and CH4 entering the system; prodCO ,2  and vacCH ,4  represent CO2 and 

CH4 collected in a vacuum line. 

4. Results and discussion 

4.1 Adsorption isotherms of CO2 and CH4 on zeolite r1KCHA 

The isotherms on zeolite r1KCHA at temperatures of 273, 293, and 303 K for CO2, and 273, 

291, and 303 K for CH4 are shown in Figure 3. As seen from Figure 3, the equilibrium adsorption 

of CO2 can be described with a conventional dual-site Langmuir model (i.e., eq. 1 or eq 3 with A 

= 0) while the adsorption of CH4 can be fitted by the modified dual-site Langmuir model (i.e., eq. 

3) well. CH4 adsorption capacity increased as the temperature increased in the measured 

temperature range. The goodness of fit calculated from standard deviation (Sx) is also indicated in 

the Figure 3. The small values of standard deviation are indicative of that the isotherms are well 

predicted by these models.  
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Figure 3. Isotherms of CO2 (a) and CH4 (b) on r1KCHA at three temperatures, dots – experiment; 

lines – fitted with modified dual-site Langmuir model. Goodness of model fit for each isotherm is 

indicated by Sx 
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Figure 4. Profile of isobars for CO2 and CH4.  

The trends in gas (CO2 and CH4) adsorption capacities calculated using modified DSL model on 

our molecular trapdoor zeolites at various temperatures are displayed as adsorption isobars in 

Figure 4. Given the small standard deviation of the model from the experimentally determined 

values, the isobars can be predicted using the model with reasonable accuracy. The pore opening 

percentage factor 
))(exp(1

1
  

CTTkA −−+
=  varies with temperature in a non-monotonic manner. 

When the temperature is below 287 K, factor  is almost 0 and thus the adsorption amount of CH4 

is almost 0. As the temperature increases to above 303 K,  rapidly increases to 1, corresponding 
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to 100% opening of all the pores, and the adsorption model becomes Dual-site Langmuir shape (A 

is very small). The isotherm parameters for both CO2 and CH4 are shown in Table 3. 

 

Table 3. Parameters for CO2 and CH4 in the modified dual-site Langmuir model. 

Gas 
m1 

(mol/kg) 

m2 

(mol/kg) 

b0 

(1/kPa) 

d0 

(1/kPa) 

Q1 

(J/mol) 

Q2 

(J/mol) 
A k 

TC 

(K) 

 

CO2 0.8 1.04 9.84E-14 3.92E-14 -85157 -48914 0 0.15 268  

CH4 
0.056 

 

0.056 

 

4.07E-10 

 

4.07E-10 

 

-44933 

 

-44933 

 

0.0113 

 

0.515 

 

299  

 

Based on the equilibrium isotherms the calculated CO2 over CH4 selectivity at 290 K and 20 bar  

for a 15 % CO2 mixture in CH4 is 81. Such an unprecedently high selectivity is unique to these 

trapdoor adsorbents as shown in Table 4.  This selectivity corresponds to nearly 99% purity of  

CH4 for 100 % recovery during PSA. Therefore, we predict a high CO2-over-CH4 selectivity when 

the PVSA is operated in this temperature and pressure region.19 

Table 4. CO2 over CH4 selectivities of various adsorbents  

Adsorbent CO2/CH4 Selectivity Reference 

r1KCHA 81 This Work 

13X (FAU) 7.6-11.6 20’21 

H-MOR 1.8 22 

Na-MOR 1.9 22 

H-Beta (BEA) 4.7 23 

Na-Beta (BEA) 4.2 23 

LTA 4.2-10.9 6 

MOF-199 6 24 

 

 



 17 

4.2 Performance of CO2 and CH4 Separation in PVSA processes 

4.2.1 Pressure swing cyclic characteristics 

The PVSA performance of the r1KCHA was evaluated using the typical CO2 concentration (15% 

vol) in natural gas. In our experiments, various adsorption times with the designed PVSA 

performance were investigated. Considering the relatively slow adsorption kinetics (kCO2 = 1.2E-

6 cm2/s, kCH4 = 1.33E-8 cm2/s at 298 K), a relatively small flow rate – 0.650 SLPM – was set 

during the feed step. The PVSA process reached a cyclic steady state (CSS) after several cycles, 

where the parameters, such as pressures, CO2 concentrations in exhaust/vacuum lines, and flow 

rates, repeated periodically from one cycle to another. As shown in Figure 5, this experiment 

reached CSS in the second cycle as run 5 was conducted immediately following run 4 
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Figure 5. CO2 concentration in exhaust gas in run 5. 

The pressure history for one full cycle (the fifth) is presented in Figure 6a which clearly shows 

five steps in one full cycle. The adsorption process was conducted at 20 bar where CO2 from feed 

gas was adsorbed by the chabazite bed and almost pure CH4 gas was obtained from the top of the 
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bed. Pressure in the bed was then decreased to 1 bar in the following depressurization step, where 

a huge amount of CH4 and a small amount of CO2 were released to the exhaust line concurrently. 

This step is important not only for obtaining high purity of CO2 in the pump-down stream but also 

for protecting the vacuum pump. In the desorption step, CO2 adsorbed in the bed was released into 

the vacuum line counter-currently as a rich CO2 by-product. The bed was then re-pressurised with 

a pure CH4 flow (a simulated CH4 product which in experiment exited during adsorption step) to 

10 bar and then continuously to 20 bar with the feed gas, to complete one cycle. The corresponding 

history of flow rate and CO2 concentration are shown in Figure 6b. As shown in Figure 6b, the 

flow rate for feed gas was maintained constant during the steps of Ad and Rep2, but the flow rate 

of vent gas in the exhaust line fluctuated with the pressure in the bed during Ad step. A large 

amount of gas was released within a short period of time (in the first 8 s) in the Dep step (totally 

15 s) when the bed pressure droped from 20 to 1 bar.  
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Figure 6.  Column pressure history of (a), flow rates of various gas streams, and CO2 concentration 

in the exhaust gas flow (b) in one complelte experiment cycle of run 5. 

The flow rate for CH4 repressurisation also varied with the pressure in the bed, that is, it reduced 

as the pressure increased. Because the pump-down stream gas flow is less than 0.1SLPM and thus 

is not shown in this graph, the data of CO2 concentration in the gas flowing outside the vacuum 
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pump is not available from 9486 to 10507s (in the desorption step) as the CO2 analyzer couldn’t 

measure CO2 concentrations accurately at low flow rates. 

CO2 signal can be measured only as the flow rate of the stream entering the analyser is higher 

than 0.1 SLPM. Figure 6b also shows CO2 concentration in the exhaust gas stream during 

adsorption and depressurisation steps. CO2 signal appeared at the beginning of the adsorption step 

and then disapeared; in the depressurisation step it appeared again. This is because the gas exited 

from the adsorption step (at a very small flow rate – around 0.6 SLPM) remained in the tubing, 

and the gas exhausted from the depressurisation step (at a high flow rate – 7.8 SLPM) pushed the 

residual gas flow to the analyser. During the depressurisation step, more CO2 adsorbed in the bed 

was released into the exhaust stream as the pressure in the bed droped from 20 to 1 bar, and the 

CO2 concentration in the exhaust gas increased as the pressure decreased. The highly concentrated 

CO2 eluted at the low pressure and remained in the exhaust pipeline after this step. The CO2 gas 

was then diluted by the exhaust gas from the next cycle and led to a delayed CO2 signal to the 

analyser during adsorption steps. Total total gas flows and CO2 flows in various gas streams during 

the experiments are summarised in Table 5. 

Table 5. Summary of total flows in various gas streams in one cycle at different adsorption time. 

Run 

NO. 

Ad.Ti

me (s) 

totMixIn 

(SL) 

pureCH4

In (SL) 

totGasO

ut (SL) 

TotGasOu

tAd (SL) 

totCO2I

n (SL) 

totCO2e

x (SL) 

Producti

vity CH4 

m3/t/day 

1 105 4.387 1.873 5.20 1.014 0.658 0.042 1254 

2 179 5.469 1.871 6.34 1.837 0.820 0.216 1741 

3 311 6.616 1.974 7.51 2.769 0.992 0.332 2603 

4 499 8.763 1.842 9.14 4.533 1.314 0.387 3154 

5 694 11.024 1.890 12.04 6.130 1.653 1.086 3661 

 



 21 

As seen from Table 5, CH4 re-pressurisation flows (pureCH4In) are all similar because the 

pressure at the bed increased from the same vacuum level to 10 bar, and the total amount of feed 

gas flows (totMixIn) increased as the adsorption time (Adtime) increased, and thus, CO2 feed flows 

(totCO2In) also increased as the adsorption time increased. Also more gas was exhausted during 

adsorption and depressurisation steps (totGasOut) as the adsorption time increased. As discussed 

above, the CO2 flow (totCO2ex) was exhausted mostly during a depressurisation step. It was 

obvious that more amount of CO2 flow was exhausted as more CO2 flow was fed into the system. 

CH4 product (totGasOutAd) can be collected during an adsorption step and this amount of flow 

increased as the adsorption time increased. When adsorption time is less than 400 s, pure CH4 

product can be obtained using this trapdoor material as adsorbents. 

4.2.3 Experimental study: Effect of adsorption time on the separation performance 

Purities of CO2 and CH4 and recovery of CH4 at various adsorption times are shown in Figure 7. 

As seen in Figure 7, as the adsorption time increases (from 105 to 694 s), the purity of CH4 

collected in the exhaust gas streams during the adsorption step is always almost 100%; the purity 

of CH4 exited from total exhausted gas streams (Ad + Dep steps) was slightly lower and decreased; 

CO2 concentration in the heavy product recovered by evacuation slightly increases from 55 to 

65%. Recovery of CH4 increases as adsorption time increases because more CH4 was pushed out 

of the column and collected with the propagation of the concentration front of heavy component 

CO2 in the column during adsorption step. The recovery of CO2 and CH4 was calculated according 

to equation 10 and 12, respectively.  
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Figure 7. Purities of CO2 and CH4 products and recovery of CH4 product versus different length 

of adsorption time. 

4.3 Considerations in applying the trapdoor adsorbents in real-world natural gas purification 

In the industry of natural gas purification, the feed composition of natural gas is varied and a 

function of time creating havoc with design engineers. But the stream would often contain other 

impurities which need to be removed, such as H2S, water, mercaptans, and aromatics. We did 

observe in our lab that K-CHA sample contaminated by water showed little CO2 uptake. We 

believe this is because water as a very “strong” adsorbate can be admitted and adsorbed in K-CHA, 

thus rendering significantly reduced CO2 adsorption due to competitive adsorption. As for H2S, 

we have not been able to measure it due to the safety concern in our lab, but we speculate that H2S 
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should also be able to open the gate and get adsorbed, thanks to its “strong” nature. Thus, we 

further speculate H2S could be removed together with CO2 in the production of CH4. Further 

experiments are needed to verify our speculations on the effect of water and H2S on CO2 capture 

from natural gas. On the other hand, we contend that mercaptan and aromatics cannot be adsorbed 

by K-CHA because their size is simply larger than the free pore aperture of K-CHA, thus being 

excluded. Therefore, we believe that K-CHA is likely to be placed in a layered bed as a common 

practice in the area of gas separations by adsorption technology 

As can be seen from Table 5 that the productivity of methane (in terms of pure gas) ranges from 

1254 to 3661 m3/t_ads/day with the increase of adsorption time from 105 to 694 s. This capacity 

of methane production is suitable for small to medium LNG treatment or purification of biogas to 

remove CO2 contaminants, if multibed PSA of industrial size is used. 

5. Conclusion 

A trapdoor r1KCHA zeolite was evaluated for industrially important natural gas upgrading and 

achieved almost 100 % methane along with over 95 % recovery. The excitingly good performance 

of this material is due to its very high CO2 over CH4 selectivity at high pressures at temperatures 

below 303 K when owing to trapdoor effect all pores are not open for CH4. The pore opening 

percentages for CH4 in trapdoor material – zeolite r1KCHA is affected by temperature and thus 

adsorption capacity for CH4 increases as temperature increases up to 298 K, and hence the 

CO2/CH4 selectivity decreases accordingly. Isotherms of CO2 (non-blocked component) can be 

well described by dual-site Langmuir model and those of CH4 (blocked component) on the 

r1KCHA can be fitted with our modified dual-site Langmuir model by introducing a factor which 

accounts for the effect of temperature on pore accessibility. A good performance for CO2 and CH4 

separation can be achieved at the operation temperature around 293 K, as demonstrated by a 5-
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step single column PVSA process. Pure CH4 product can be obtained at 20 bar, an operating 

pressure which is of industrial interest. It was also found CH4 recovery increased with increasing 

adsorption time. However, as the adsorption kinetic is relatively slow the feed velocity was kept 

relatively low to allow for sufficient uptake of CO2. Even though CH4 adsorption capacity 

decreases dramatically with decreasing temperature (a special feature of trapdoor adsorbents), high 

separation performance is still difficult because the working capacity for CO2 was low in the 

designed experiment condition. We speculate a temperature-vacuum swing adsorption (TVSA) 

process may be more suitable to this type of materials in the future. Provided that LNG production 

requires to assure extremely low CO2 concentration in the product, i.e., below 50 ppm, and our 

adsorbents afford very high CO2 selectivity, they could be best suited for small scale LNG pre-

purification in a VSA process. More development is required for improving the kinetics and 

adsorption characteristics of CO2. 
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