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Summary of Work 

Increase of greenhouse gas (such as carbon dioxide & methane) concentration in the earth’s 

atmosphere is a major cause for global warming. Natural gas is gaining popularity as a fuel of 

choice since it produces 1.4 to 1.75 times less carbon dioxide than oil or coal for the same 

amount of energy. Although renewable resources will make an increasingly important 

contribution, it is accepted that the global energy demand for the foreseeable future will 

continue to be met largely by fossil fuels. Hence Carbon Capture and Sequestration (CCS) is a 

viable and practical component to the reduction of global carbon dioxide emissions.  

The separation of nitrogen from methane rich natural gas is another important process since 

the concentration of nitrogen must be less than 4% to meet typical sales specification. Many 

reserves that are currently classified as sub-economical due to their significant inert content, 

including some shale gas resources, can be made commercial through the removal of both 

carbon dioxide and nitrogen from natural gas. Furthermore in a LNG (Liquefied Natural Gas) 

plant, if the N2 can be separated from the natural gas stream at the upstream end of the process 

cycle, where the CO2 is separated, the processing efficiency can be increased through a 

reduction in parasitic heat load in the liquefaction section.  

Existing large-scale CO2 capture technologies, namely chemical absorption, are expensive and 

have a high energy requirement [1]. Adsorption, on the other hand offers a cost-effective 

alternative due to its low energy needs. For an adsorbent to become commercially viable it 

must satisfy three properties, namely high selectivity, high capacity and the low energy 

requirements for regeneration. A high selectivity enables more effective separation whilst a 

high capacity would reduce the amount of adsorbent material used in the process. Finally, the 

ability to regenerate the material via pressure or a moderate temperature swing can help lower 

the operational costs significantly. These properties are defined by the dynamic equilibrium 
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between the solid adsorbent surface and the solute fluid. To design adsorption processes, 

sufficient experimental data are needed for each combination of solute and sorbent, particularly 

for multi-component systems to verify predictive capabilities of adsorption isotherm models. 

Few such multi-component data, especially for molecules with different polarizability, exist 

compared to single component adsorption data. 

Another aim of this research is to confirm the applicability of predictive isotherm models for 

gas mixtures, particularly the Ideal Adsorption Solution Theory (IAST). It assumes ideal 

interactions between the adsorbate molecules and the adsorbent surface. It is important to test 

whether this model is applicable when interactions between the adsorbate molecules are strong 

(e.g. CO2 on zeolites) or unusual, for example in the case of MOFs. Similarly, knowing if the 

Extended Langmuir model can adequately predict mixture sorption data, for example when the 

aforementioned interactions are lower, could be particularly helpful in reducing the 

computational load of requisite dynamic adsorption process simulations. 

In this thesis, the above questions are tested using Dynamic Column Breakthrough experiments 

with gas mixtures. To address the paucity of data needed to test representative models for gas 

mixtures, a dynamic column apparatus was modified to enable equilibrium adsorption capacity, 

and therefore selectivity measurements of different adsorbents for ternary gas mixtures at 

pressures from (25 to 900 kPa) and temperatures from (258 to 333 K). Extensive measurements 

of pure component adsorption was critical, since the modelling in this study is mainly based 

on using pure component adsorption key parameters to adequately test gas mixture adsorption 

predictions: the ternary data were measured over the same range of conditions as pure 

component experiments. The new set-up of the DCB apparatus enabled us to gather a consistent 

data set of the adsorption equilibria of pure, binary and ternary gas mixture of CO2+N2+CH4 

to better understand the influence of presence/absence of various components in the system.  
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Thus, this study, focusses on the measurement of the adsorption equilibria of ternary gas 

mixtures of CH4+N2+CO2 systems, supported by pure and binary measurements, on two forms 

of Zeolite, namely Zeolite 13X APGIII and ILZ-TMA-Y, as well as a Metal Organic 

Framework adsorbent (MOF-177). Various isotherm models such as Langmuir and Toth have 

been used to represent the experimental data.  The extended Langmuir model was found to be 

a representative model for the Ionic Liquidic Zeolites (ILZ-TMA-Y) because CO2 interaction 

was suppressed. The results showed it could not predict the mixture data for Zeolite 13X and 

MOF-177. On the other hand, IAST was found to be an appropriate model to represent the gas 

mixture data for Zeolite-13X. The use of a new model known as LJM-P is demonstrated to 

describe the accessibility of internal sites of the MOF adsorbent; by incorporating it with a 

well-known isotherm model such as Toth, the pure adsorption isotherm data including the step 

change in adsorption capacity caused by sufficient pressure were well represented. This 

breathing phenomenon in MOFs has been attributed to the expansion of the material’s porous 

framework due to CO2 inclusion. In order to represent the gas mixture data, the applicability 

of IAST model for gas mixture data using LJM-P was investigated for MOF-177 and an 

excellent match was obtained with the majority of data on average within 4% of the model’s 

predictions for the ternary gas mixture data. These results show clearly that even for highly 

non-linear isotherms characteristic of strong adsorption interactions such as those between CO2 

and MOF-177, the Ideal Adsorbed Solution Theory provides a reasonably accurate description 

of mixture sorption for industrially relevant natural gas compositions and conditions.   
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1 Introduction and Motivation  

1.1 Global Warming and Energy Demand  

It is a fact that the major cause for global warming is due to increase of greenhouse gas (such 

as methane (CH4) & carbon dioxide (CO2)) concentration in the earth’s atmosphere due to 

human activities [2]. Carbon dioxide is one of the air pollutants which threatens public health, 

even though it is less toxic than the other pollutants in the atmosphere [3]. Carbon dioxide is 

by far the largest contributor (~ 60%) of global warming [4]. The concentration of carbon 

dioxide in the earth’s atmosphere has increased by 40% since the pre-industrial age mainly 

because of combustion of hydrocarbons and coal [5]. Whilst the global coal consumption has 

fallen by 1.7% (53 Mtoe) in recent years, this decline has more than been offset by the 1.5% 

(63 bcm) global growth in natural gas and 1.6% (1.6 Mb/d) increase in worldwide oil 

consumption (Figure 1.a). Although other renewable resources have been making headlines 

recently [6], it is an accepted fact that the global energy demand for the following decades will 

continue to be met largely by fossil fuels (Figure 1.b) [7, 8]. In Australia, currently fossil fuels 

provide 94% of the energy source, with the rest being provided by renewable sources which 

consist of mainly biomass, hydro and wind [9]. 

 
Figure 1. (a) World consumption by fuel (b) Share of global primary energy [8] 

(a) (b) 
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Natural gas, which consists mainly of methane (between 80% to 90%) followed by other 

heavier hydrocarbon molecules, is gaining popularity as a fuel of choice since it contributes 

1.4 to 1.75 times less carbon dioxide than oil or coal [10]. As a result, carbon dioxide emission 

growth due to energy consumption has been the lowest since 1981 [11]. Natural gas also does 

not contain many nitrogen (N2) compounds found in oil and coal and hence nitrogen oxides 

formed from gas combustion is a fifth of the amount produced by burning coal or oil. In 

addition this energy source, contains insignificant amounts of particulates compared to oil/coal 

[10]. Methane is also a significant greenhouse gas which has a capacity to warm the planet that 

is 28-34 times more than carbon dioxide [12]. However, carbon dioxide is more damaging in 

the long run, since it has a much larger lifetime in the atmosphere compared to methane. 

Therefore carbon dioxide emissions reduction plays a key role in minimising global warming 

[13]. A continued effort is needed to increase the use of low or no-emissions technology, 

improving energy efficiency and reducing greenhouse gas emissions if countries aim to achieve 

the carbon dioxide emission reduction targets set by the Paris agreement by the year 2030 [14]. 

Similar to carbon dioxide, methane emissions, is mainly due to production of hydrocarbons 

and coal mining, accounting for ~25% of global emission of methane [15]. Other sources of 

methane emission include domestic livestock and landfill waste decomposition [5].  

Finding efficient means of separating and capturing these impurities from natural gas or any 

other gas mixtures, can help not only increase the heating value of the sales gas, but also 

increase process efficiency and reduce emissions to atmosphere from combustion [5, 16]. 

Separation of target molecules is a challenging process as it tries to decrease entropy with time 

which opposes the second law of thermodynamics [17, 18]. Existing large-scale carbon dioxide 

capture technologies, namely chemical absorption, are expensive and have a high demand on 

energy [1]. Adsorption, on the other hand offers a cost effective alternative due to its low energy 

demand and reuse of adsorbent material [19]. The captured carbon dioxide can either be stored 
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or sequestered through various applications such as food industry, enhanced oil recovery, metal 

works and fertiliser production [20].  

1.2 Carbon Capture and Natural Gas Processing 

In general, there are three ways to reduce carbon dioxide emissions, namely increasing the 

efficiency in fuel use, replacing fossil fuels with alternative renewable source of energy and 

finally by increasing capture and sequestration of carbon dioxide. Carbon Capture and 

Sequestration (CCS) is a viable and practical solution to the global carbon dioxide emissions 

since forecasts point to continued use of fossil fuels for the foreseeable future. Therefore 

widespread use of CCS is instrumental in controlling global warming [4, 8]. Carbon capture 

and storage is highly important for scientists and for industry because of the daily effect carbon 

dioxide has on climate change and the environment. The initial and important step for 

optimizing carbon capture and storage is separating carbon dioxide from gas mixture [21, 22]. 

Gas mixtures such as natural gases are methane rich steams in which carbon dioxide as one of 

the major impurities needs to be separated for operational and safety concerns [23]. Carbon 

dioxide in presence of water can cause corrosion of carbon steel pipelines which can negatively 

impact operations and potentially cause a process safety issue [24].  

Although removal of carbon dioxide from biogas has been extensively researched and 

commercialised [25], carbon dioxide separation from natural gas has become an increasingly 

important field of study due to the increasing demand for purified gases such as methane from 

a natural gas mixture [26]. In addition, separation of nitrogen from methane rich stream (natural 

gas) is important since the content of nitrogen in natural gas must be less than 3% to meet 

typical sales gas specification [27, 28]. Many reserves that are currently classified as sub-

economical due to significant carbon dioxide and nitrogen content (typically gas fields 

containing >  2% CO2, >4% N2) [29], can become commercial through removal of both carbon 
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dioxide and nitrogen from natural gas [29, 30]. Although H2S is an important impurity and that, 

if present, it is normally removed to ppm levels by the same process that removes CO2 (most 

commonly amine absorption) it is not the subject of this dissertation [29] 

 

Figure 2. Conventional gas processing schematic [29] 

 Some shale gas production can also lead to artificially high nitrogen content in the natural gas 

stream due to nitrogen fracturing of the shale [31]. The separation of carbon dioxide (CO2) and 

nitrogen (N2) from methane (CH4) containing gas mixtures is an essential step in many 

industrial applications such as, to upgrade wellhead natural gas to pipeline gas specifications 

[32], to ensure safe production and storage of Liquefied Natural Gas (LNG) [33] and to promote 

the commercialisation of sub-quality reservoirs that comprise a significant portion of the 

reserves world-wide [19, 29]. In a typical LNG plant, N2 is often not separated from CH4 until 

the end of the process cycle. If the N2 can be separated from the natural gas stream at the 

upstream end of the process cycle, where the CO2 is separated, the processing efficiency can 
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be increased through minimising processing impurities such as N2 [34]. The increase in demand 

for natural gas results in an indirect increase in the use of coal seams as a source of natural gas 

[8]. Stimulation of coal bed methane to enhance production is often conducted using inert 

gases, namely N2 and carbon dioxide. This is yet another source of these three important 

components [35, 36].  

It is therefore clear from the above references that an improved efficient technology to separate 

methane, nitrogen and carbon dioxide will be beneficial to many industries, including but not 

limited to coal and natural gas extraction activities. Finding appropriate adsorbents and 

modelling to separate ternary gas mixture can help commercialise this concept.  

1.3 Separation by Adsorption Processes 

Adsorption as a means of separating mixtures has been in use for decades but its use escalated 

during the 1970s due to hike in energy prices [37]. Adsorption is a surface phenomenon where 

the molecules of a fluid (adsorbate) attach to the surface of a solid (adsorbent) due to inter-

molecular forces thus creating an adsorbed phase and a bulk phase which have different 

compositions [38]. The main industrial application of adsorption principal is in the separation 

process [39]. This phenomenon is used in the industry for a variety of purposes such as 

air/water purification and pollution control, gas dehydration, O2/N2 production from air, etc. 

These processes involve mixtures but accurate measurement of mixture gas adsorption data 

remains one of the challenges in the research dedicated to adsorption [40]. The cost of 

separation process contributes significantly to operation costs in the industries dealing with 

environmental, petrochemicals, chemicals and pharmaceuticals. This process often contains a 

separating agent which is known as an adsorbent in the adsorptive separation process [41]. It 

is for this reason that the efficiency of a separation process by adsorption is significantly 

influenced by the choice of adsorbent material. In recent years considerable progress has been 
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made in developing effective adsorbent materials, processes and methodologies. This has 

resulted in the increasing use of this technique in the industry [17, 18]. For an adsorbent to 

become commercially viable it must satisfy three property requirements, namely high 

selectivity, high capacity and ability to be regenerated. Capacity of an adsorbent is the number 

of sorbate molecules it can adsorb per unit mass at equilibrium and selectivity of an adsorbent 

is its relative capacity for each type of molecule in the mixture. These properties are closely 

related to the size and type of the target molecule. i.e. the capacity and selectivity of an 

adsorbent is higher for a smaller sorbate molecule compared to a larger sorbate molecule on 

the basis of same affinity [37]. A high selectivity enables more effective separation whilst a 

high capacity would reduce the amount of adsorbent material used in the process. Finally, the 

ability to regenerate the material, would drive the operational costs down significantly. These 

properties are defined by the dynamic equilibrium distribution between the solid adsorbent 

surface and the adsorbate fluid. To design adsorption processes, experimental data are needed 

for every given combination of adsorbate and sorbent [42]. In recent years several artificial 

adsorbent materials (namely zeolites) have been successfully developed and commercialised. 

Most adsorbents are microporous materials with their pore mouth size no greater than tens of 

Angstroms[17]. This translates to large surface area, typically 500-1500 m2/g [38] and in some 

cases (breathing metal organic framework- MOF) up to 5200 m2/g [43] . Depending on the 

distribution of adsorption energy across the adsorption sites within a given adsorbent, these 

materials can be energetically classified as homogenous or heterogeneous [38]. 

In recent years, pressure swing adsorption (PSA) technology has attracted much attention for 

the separation of CO2 and N2 from CH4 due to its potential in lowering the separation cost 

through lower energy requirement and capital expenditure [23, 27, 29, 44, 45]. In majority of 

PSA processes, the required product is adsorbed and recovered through desorption. Desorption, 

is performed by either dropping the system pressure or increasing the temperature [46]. The 



 27  
 

benefits of adsorption technology over other existing methodologies such as cryogenic 

distillation have also been highlighted in other sectors such as the chemical and petrochemical 

industry [20]. More specifically, physical adsorption (through relatively weak intermolecular 

forces) is a preferred option over chemical adsorption (through chemical bonding), since it 

allows regeneration and therefore re-use of the adsorbent material [47]. The strength of the 

sorbate and surface bond can be determined through the measurement of the isosteric heat of 

adsorption (ΔH) [17]. This is an important parameter which indicates the amount of energy 

released during the process of adsorption [48].  

1.4 Measurement and Modelling of Adsorption Equilibria 

Since capturing through separation can potentially increase the energy demand of a plant by 

25–40 %, a significant cost reduction can be achieved by selecting the optimum material for 

these processes [49]. The selection of appropriate adsorbent material needs to be supported by 

quality experimental data and representative modelling [50]. Determining the limits of 

adsorption of a sorbate-adsorbent combination under a given operating condition can help to 

define the adsorption equilibria. These are often portrayed through adsorption isotherms, where 

plots are established at a given constant temperature [51]. A good understanding of the 

equilibrium properties of an adsorbent such as selectivity and capacity under different 

operating conditions (Pressure, temperature and feed composition) is of paramount importance 

in designing an effective separation process. The inherent capacity of an adsorbent or the shape 

of the isotherm have a far greater impact on the process design and performance compared to 

the impact of mass or heat transfer rates [47]. 

Measurement of adsorption equilibria for gas mixtures has been a major challenge in the 

adsorption field and many theoretical models have been formulated to describe such gas 

mixtures in order to help design separation processes through adsorption techniques [52]. 
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Majority of adsorption data in literature are based on simple static methods, namely volumetric 

or gravimetric which can lead to non-optimal engineering designs [50]. A robust system of 

measurement known as The Dynamic Column Breakthrough (DCB) has been selected for this 

research. The tool is designed in such a way that the adsorption capacity of  a given gas 

component can be measured directly along with an estimation of the measurement uncertainty 

[53, 54]. An advantage of the dynamic breakthrough technique is that this method is inherently 

capable of measuring adsorption equilibria for gas mixtures without any modifications or 

additional assumptions in the analysis; this allows rapid characterisation of adsorption 

isotherms over a wide range of temperatures and pressures, including sub-ambient pressures 

through the dilution with an inert gas. This technique provides the closest match between 

laboratory adsorption experiments and process-scale systems [53].  

In this research, a novel ternary modification of the Dynamic Column Breakthrough (DCB) 

instrument has been set-up (Figure 3) to perform such measurements for a gas mixture. This 

enhancement gives us opportunity to measure equilibrium adsorption capacity, and therefore 

selectivity of different adsorbents for ternary gas mixture in a wide range of pressure and 

temperature. The critical benefit of this upgrade is that these ternary measurements can now be 

performed under the same conditions of the pure component experiments. This is critical for 

these set up since the modelling in this study is mainly based on using pure component data for 

predicting the gas mixture isotherm, so it is very important that the ternary data are measured 

under the same condition as pure component experiments such as: pressure, temperature, feed 

composition ensuring that the partial pressure for every individual component in the gas 

mixture matches the pure component partial pressure, which enables us to have an accurate 

regression between the actual experimental data and the ternary gas mixture isotherm model. 

In addition, the new set-up of DCB has enabled us to measure the adsorption equilibria of 

ternary gas mixture of CO2, N2 and CH4, supported by pure and binary measurements under 
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the same conditions and have an excellent comparison of data under varying conditions to 

better understand the influence of presence/absence of components in the system. This is the 

first time a setup has been designed to enable us to have great control and accuracy in the feed 

composition and flowrate for ternary gas mixture, performed by dynamic column break through 

and as will be shown in the following chapters it has enabled us to significantly improve the 

data quality.  

One of the most commonly used isotherm model for predicting the adsorption isotherms of gas 

mixture from single component data is Ideal Adsorbed Solution Theory (IAST) which is based 

on a thermodynamic framework [55]. The IAST developed by Alan Myers and John Prausnitz 

[56] is the most widely used and the most reliable method for predicting mixture adsorption 

using only pure component adsorption isotherms. It does not require any physical adsorption 

model or mixture adsorption data [57-59]. Since it is based on  consistent solution 

thermodynamics, it has been applied to both ideal and non-ideal gas mixtures on both 

homogenous and heterogeneous surfaces [60, 61]. The fundamentally essential assumption for 

the IAST theory is that the adsorbed phase is an ideal solution, which requires the interactions 

between adsorbed molecules have similar strength [40, 57, 62]. The application of Ideal 

Adsorbed Solution Theory (IAST) is based on three assumptions which are implicit in most 

physical adsorption theories: 1) thermodynamically inert nature of adsorbent during the 

isothermal adsorption process, 2) Irrespective of adsorbates, the area available for adsorption 

is the same for all adsorbate molecules of different sizes and 3) The Gibbs adsorption definition 

applies to the experimental adsorption measurement techniques[63]. The IAST model has a 

fundamental assumption which assumes that the adsorbed phase contains components with 

equal spreading pressure [64].  Testing IAST predictions of the binary and ternary adsorption 

equilibrium for the CO2+CH4+N2 system is difficult because very limited experimental data 

are available over a sufficiently wide range of pressures, temperatures and composition.  
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To confirm the validity of the measurements, the experimental data was compared to existing 

equilibrium adsorption capacity for pure and binary gas mixtures.  This approach has been 

discussed in detail below: 

The multicomponent data for the mixtures were plotted as isothermal equilibrium adsorption 

capacity and mixture total pressure multiplied by each component mole fraction.  When the 

mixture data were plotted in this manner, we were able to compare the adsorption capacity of 

a given component in a gas mixture to its pure form at the same partial pressure and 

temperature. In this way we have a good understanding of effect of presence of CO2 on 

adsorption of different components in the gas mixture, also we understand about the 

characterization of the adsorbents against different components in Ternary gas mixture 

compare to binary and pure gas stream. An error analysis was performed for various isotherms 

that are used to represent single adsorbate data in IAST calculations. Key adsorption 

parameters, such as Maximum adsorption capacity (Qmax), Enthalpy of adsorption (ΔH) and 

Equilibrium parameter at infinite temperature, (bo) are first obtained by carrying out adsorption 

experiments on pure gas components separately. These parameters are obtained by 

progressively regressing the modelling data with experimental data until the RMS error is 

minimised. Extended Langmuir isotherm modelling is then used to predict binary and ternary 

adsorption behaviour at the same range of pressure and temperatures. These models use the 

key parameters established in the previous step during the pure component experiments. The 

same key parameters are then used to predict adsorption equilibrium capacities of gas mixtures 

using IAST modelling which is a useful took in estimating isotherm models of gas mixtures 

using data from pure component experiments [59].It is to be noted that the robustness of gas 

mixture modelling is sensitive to the accuracy and good match of the pure component data 

[65].  
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1.5 Research Objectives 

The vast majority of literature data focus on single or two component gas mixtures. However 

most of the gas mixtures that need separation/purification are made of multiple components 

with different polarizability and sizes and currently there is scant adsorption data for these 

complex mixtures [66]. For a PSA separation, the mixture gas adsorption equilibrium data are 

critical to the design and simulation of the process. However, there is limited literature on 

experimental mixture gas adsorption equilibrium because the measurement of such data is still 

one of the most challenging experimental techniques in the adsorption area [57]. Instead, 

multicomponent adsorption data reported in literature are often predictions with various models 

from only pure component adsorption data without proper validation with mixed-gas 

adsorption measurements [67, 68]. Nevertheless, the multicomponent adsorption equilibria can 

be reliably measured using the dynamic column breakthrough (DCB) apparatus.  

In order to address the gap in research on a representative model for gas mixtures, particularly 

a ternary gas mixture, there was a need to establish a novel methodology and robust instrument 

set-up to ensure a consistent and scalable system of measurements irrespective of number of 

gas components, composition, and pressure or temperature variations. Accurate data is 

fundamental for a reliable modelling for prediction of gas mixture isotherm used in industrial 

PSA design. Another important consideration is the selection of appropriate adsorbent material 

which has a good selectivity and high capacity for the target component for separation.  

In this technique, the adsorbate gas flows through a column packed with an adsorbent material 

before exiting the column and being detected with a composition analyser such as a mass 

spectrometer. Through the knowledge of the gas feed flow rate, pressure, temperature and 

effluent composition the amount of gas accumulated in the column can be calculated, from 

which the equilibrium adsorption capacity can be determined [68-71]. The design of industrial 
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scale PSA process requires a robust modelling, matched to experimental data to predict 

adsorption equilibria of gases on a given adsorbent. The optimum deign, efficiency and 

performance of a given PSA process depends on reliable and accurate adsorption equilibrium 

data coupled with robust theoretical models that can predict their behaviour at any given 

pressure and temperature [72]. The data required for PSA system design is typically parameters 

such as mass transfer characteristics, adsorption equilibrium and heat of adsorption.  

Although previous adsorption studies have focussed mainly on measuring adsorption 

equilibrium for pure and to a lesser degree a binary gas mixture, no experimental data is 

available in the current literature that addresses a ternary gas mixture of CO2, CH4 and N2 on 

the selected adsorbents using Dynamic Column Breakthrough. Thus this study, focusses on the 

measurement of the adsorption equilibria of pure, binary and specifically ternary gas mixtures 

of CH4+N2+CO2 systems on two forms of Zeolite, namely Zeolite 13X and ILZ-TMA-Y and 

a Metal Organic Framework adsorbent (MOF-177) to establish a representative prediction 

model for each series of experiments. The operating pressure ranges from 25 to 900 KPa and 

temperatures ranging from 253 to 333 K. This temperature range represents the expected 

process temperatures due to the expected heat of adsorption/desorption.  

Another objective of this work is to examine the validity of Ideal Adsorbed Solution Theory 

(IAST) and other practical models for predicting the adsorption of gas mixtures containing 

molecules with significant variation in polarity, size or adsorption affinity, and for adsorption 

on some adsorbents with high CO2 affinity and negligible N2 affinity such as zeolites involving 

heterogeneous surfaces in addition to other adsorbents with extremely high capacity for CO2 

capture such as MOFs.  
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1.6 Thesis Structure 

This thesis is in a format which incorporates five chapters. Chapters 1 and 5 are in traditional 

format. Chapters 2, 3 and 4 are prepared for publication in technical journals. These chapters 

are presented in the original wording for the publication or manuscript with minor adjustment 

of content in order to fit the thesis format and structure, as required by ‘Statue and Guidelines 

for the Degree of Doctor of Philosophy’, Guideline 8, Regulations 1g, 1h. A summary of the 

chapters prepared for publication is presented below. 

Chapter 2 studied the adsorption equilibria of CO2+CH4+N2 on zeolite 13X APG III.  

To investigate the capability of IAST and select the appropriate ternary gas mixture model, 

initially Zeolite 13X APG III was selected which has similar characteristics to commercially 

available adsorbent, Zeolite 13X. This adsorbent was considered to be an appropriate material 

to investigate, since the results could be a relevant benchmark against existing literature data 

of Zeolite 13X to prove the validity of the methodology and set-up. This particular adsorbent 

has not been reported for natural gas separations although other zeolite 13X has been studied 

for the separation of CO2 and N2 from natural gas [73-76]. Given the higher CO2 capacity of 

zeolite 13X APG III than other zeolite 13X, it might as well be used for the separation of CO2 

and N2 from natural gas. Therefore, its adsorption capacity for N2, CH4 and CO2, especially for 

binary and ternary adsorption, needs to be understood before assessing the performance of APG 

III in adsorption processes. Thus, the adsorption equilibria of pure, binary and ternary mixtures 

were measured at temperatures (273 to 333 K) and pressures (25 to 900 kPa) relevant to natural 

gas separation resulting in more than 200 independent measurements.  
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Chapter 3 studied the adsorption of CO2+CH4+N2 on a novel Ionic Liquid Zeolite (ILZ-TMA-

Y).  

Following the completion of these series of experiments, the research was directed towards a 

novel adsorbent which was an enhanced type of Zeolite developed in UWA, Centre of Energy 

Group. Although previous studies have been conducted using ILZ-TMA-Y, they were focused 

on pure and binary gas mixtures containing N2 and CH4 [77]. The novelty of this part of the 

research was to investigate the effect of presence of CO2 on cation exchange in a binary and 

ternary gas mixture through measurements and modelling. These second series of experiments 

which covered an additional ~200 independent measurements, can help in commercialisation 

of this novel adsorbent. 

Chapter 4 studied the adsorption isotherm for MOF-177.  

Finally, a highly porous adsorbent, named MOF-177 was selected for the next section of this 

research focused on capturing CO2 from a ternary gas mixture and determining an appropriate 

prediction isotherm model across a range of pressure (up to 900 kPa) and temperature (258K 

to 333K).  

MOFs can be made from low-cost ingredients [78]. Mof-177 has a very large surface area 

(~5200 m2/g), is thermally stable and has a high affinity towards CO2. As much as nine bottles 

of CO2 can be stored in a single bottle containing MOF-177 [79].  

For the above reasons and also due to lack of available ternary gas mixture (CO2+CH4+N2) 

data on this material experiments were conducted to better understand the effectiveness of 

MOF-177 in industrial separation process by adsorption. Since MOF-177 is a breathing 

adsorbent, a special model is selected to represent the pure adsorption capacity data. The 

applicability of a unique isotherm modelling known as LJM is investigated.  
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2 Adsorption Equilibria of CO2+CH4+N2 Mixtures on 

Zeolite 13X   

2.1 Introduction 

The separation of CO2 and N2 from CH4 containing gas mixtures is an essential step in many 

industrial applications such as upgrading wellhead natural gas to pipeline gas specifications 

[32], ensuring the safe production and storage of liquefied natural gas (LNG) [33], and 

promoting the commercialisation of sub-quality reservoirs that comprise a significant portion 

of the reserves world-wide [29]. In recent years, pressure swing adsorption (PSA) technology 

has attracted much attention for the separation of CO2 and N2 from CH4 due to its potential in 

lowering the separation cost [29, 44, 45]. 

For a PSA separation, the mixture gas adsorption equilibrium data are essential to the design 

and simulation of the process. However, there are limited literature data for experimental 

mixture gas adsorption equilibrium because the measurement of such data is still one of the 

most challenging experiments in adsorption research [57]. Instead, multicomponent adsorption 

data used for design or simulation are often predictions from various models using only pure 

component adsorption experiments. The Ideal Adsorbed Solution Theory (IAST) developed by 

Alan Myers and John Prausnitz [56] is the most widely used and a generally reliable method 

for predicting mixture adsorption using only pure component adsorption isotherms [57]. The 

fundamental assumption of the IAST theory is that the adsorbed phase is an ideal solution 

which requires adsorbed molecules to have similar affinities for the adsorbent [40, 62]. 

Therefore, it is generally thought that the IAST will produce large deviations between 

prediction and experimental data for mixtures containing molecules with significant variations 

in polarity and adsorption affinity, and for adsorbents, such as zeolites, involving 
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heterogeneous surfaces [57]. Such deviations of prediction from reality lead to unnecessary 

uncertainties in the design and simulation of adsorption processes. 

In fact, multicomponent adsorption equilibria can be quickly and reliably measured using a 

dynamic column breakthrough (DCB) apparatus such as the one described by Hofman et al. 

[67, 68]. In this technique, adsorbate gases flow, in known ratios, through a column packed 

with an adsorbent material. Through the knowledge of the gas feed flow rate and composition, 

adsorption column pressure and temperature, and effluent composition and flow rate, the 

amount of gas accumulated in the column can be calculated, from which the equilibrium 

adsorption capacity can be determined [68-71]. An advantage of the dynamic breakthrough 

technique is that this method is inherently capable of measuring adsorption equilibria for gas 

mixtures without any modifications or additional assumptions in the analysis; this allows rapid 

characterisation of adsorption isotherms over a wide range of temperatures and pressures, 

including sub-ambient pressures through dilution of the adsorbate with an inert gas.  

In this work, the dynamic column breakthrough technique was used to measure the adsorption 

equilibria of pure, binary and ternary mixtures of CO2, N2 and CH4 on zeolite 13X APG III 

which is a commercially available adsorbent developed for the removal of CO2 in cryogenic 

O2 plants and studied for the removal of CO2 from flue gases using pressure swing adsorption 

processes [80]. Results for this particular adsorbent have not been reported for natural gas 

separations although data for other forms of zeolite 13X have been measured in the context of 

separating CO2 and N2 from natural gas [73-76]. Given the higher CO2 capacity of zeolite 13X 

APG III than other versions of zeolite 13X, it might as well be used for the separation of CO2 

and N2 from natural gas. Therefore, its adsorption capacity for N2, CH4 and CO2, especially for 

binary and ternary mixtures, needs to be understood to assess the performance of APG III for 

adsorption processes. Thus, the adsorption equilibria of pure, binary and ternary mixtures were 

measured at temperatures from (273 to 333) K and pressures from (25 to 900) kPa. The pure 
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gas equilibrium data were represented with the Toth isotherm model and the binary and ternary 

equilibrium data were compared with the IAST predictions to examine the ability of this model 

to represent this system.  

2.2 Experimental Section  

2.2.1 Materials 

Commercial zeolite 13X, UOP MOLSIVTM APG-III, was used in this study. This adsorbent 

was provided in the form of spherical beads with an average 

particle diameter of ~2 mm and a BET surface area of 546 

m2∙g-1 measured with nitrogen at 77 K. The skeletal density of 

the adsorbent was 2346 kg∙m-3 measured using a helium 

Pycnometer. All gases used in this work were supplied by 

BOC (Australia) with the following stated mole fraction 

purities: He- 99.999 %, CH4- 99.995 %, CO2 - 99.995 % and N2 - 99.999 %. 

2.2.2 Instrument (DCB) Modification  

A robust set up for separation of ternary gas mixture is important since natural gas is a methane 

rich gas mixture stream in which carbon dioxide and nitrogen as some of the major impurities, 

need to be separated for operational, safety and commercial objectives [23, 24, 26, 29]. In 

industrial applications, gas streams are often a mixture of many components and hence it is a 

significant improvement in an analytical laboratory, when an instrument can be designed or 

modified to ensure consistent measurements for different number of inflow components 

ranging from pure component to a ternary gas mixture with minimal manual intervention. 

Hence this section focusses on a new modification of the Dynamic Column Breakthrough 
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(DCB) for measurement of adsorption capacity and selectivity of different adsorbents for a 

ternary gas mixtures. One of the main implications of this modification to industry is the 

optimisation of the separation process in an LNG plant by removing Nitrogen and Carbon 

dioxide at the upstream end of the processing train within a single module [21, 22]. This 

modification enable us to research on CO2  adsorption behaviour and its effect on other typical 

natural gas components under varying concentration and operating conditions in such a way so 

as to cover the expected operating envelop in various industrial process [22, 53].  

 

Figure 3. The process flow schematic diagram of the dynamic column breakthrough apparatus [44]. 

The red dashed line indicates the third component feed inlet (for the purpose of ternary gas mixture 

experiments). 
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Reliable and accurate adsorption equilibrium data coupled with robust theoretical models is 

critical for the optimum design and performance of a given PSA process [72, 81]. In addition 

robustness and accuracy of gas mixture modelling is highly dependent on consistent and 

accurate mixture adsorption data [65]. Thus the modification described here, forms an integral 

part of this research. The tool is designed in such a way such that the adsorption capacity of a 

given gas component can be measured directly along with an estimation of the measurement 

uncertainty [54]. The main part of the modification of Dynamic Column Breakthrough (DCB) 

apparatus, was the addition of an inlet equipped with a pressure regulator. This additional inlet 

and related pipeline is shown as dashed red line in the instrument schematic in Figure 3 and is 

also shown as inlet #4 in the picture on the right hand side of Figure 4. This modification 

ensures that ternary gas mixture isotherms are measured in the same operating conditions as 

that of pure and binary gas mixtures by using as many or as few of the inlets required without 

any manual intervention or stoppage of experiments. In a small number of experiments 

containing pure components under 100 kPa, helium is used as a carrier gas and diverted through 

a temporary mass flow controller (MFC-2 in Figure 3) to the pure component inlet to measure 

adsorption capacity at lower partial pressures, since helium is considered an inert (non-

adsorbing) gas [82]. 

          
Figure 4. Additional gas inlet and pressure regulator #4 (circled in the picture on the right hand side) 

installed on the DCB apparatus. 
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Figure 5. DCB Set-up - Operating envelope (Temperature 273 to 333 °K & Pressure 0 to 1000 kPa) 

representing typical process conditions. 
 

The actual set-up, including the LabVIEW control panel and supply cylinders, are shown in 

Figure 5. Using LabVIEW, we can define the ternary feed composition as well as temperature 

and pressure using the front panel. The set-up has been enhanced to enable automatic control 

on a ternary gas mixture feed of Nitrogen, Methane and Carbon Dioxide. At the outset, we 

introduce the ternary gas mixture feed directly to the UGA (Universal Gas Analyzer), 

bypassing the column, to obtain a baseline for steady-state. This step is followed by flushing 

the pipeline with Helium. The same feed gas mixture is then passed through the column for 

adsorption measurement until breakthrough and steady state is achieved. Steady state or 

equilibrium condition is determined when the UGA reading after break through has reached 

the same value as that which was obtained during the baseline measurements. To confirm the 

steady state the experiment is continued for at least an additional 15 minutes. The experiment 

is concluded when the reading remains the same throughout this period and is equal to the 

baseline reading within UGA measurement uncertainties. The data is then analysed using 

LabVIEW and the experiment is repeated for a different composition, temperature or pressure 

after the pipelines are flushed with helium. Three distinct temperature settings are used for this 

1 2 3 

4 
4 3 2 1 
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experiments, namely 273, 303 and 333 K to cover the typical heat of adsorption in industrial 

PSA processes. 

The benefits of the modification are summarised below: 
 

• Able to conduct the ternary experiments within similar duration as the binary 

experiments   

• Low capital investment for the modification and high impact in terms of operability and 

consistency of measurement 

• Similar operating expenditure as binary experiments  

• Low risk operation by having a permanent set-up. 

• Enabling a consistent methodology where the ternary measurement steps are consistent 

with and have similar accuracy as pure and binary experiments 

• Enabling use of Auto run programs through use of LabVIEW set-up for analysing 

ternary experiments 

• 100% remotely operated ternary experiment 

2.2.3 Apparatus and Procedure 

Pure gas and binary gas mixture adsorption equilibrium capacities were all measured using the 

same dynamic column breakthrough apparatus and procedure reported previously [44, 83, 84]. 

Ternary gas mixture adsorption data were measured using the same apparatus but modified 

with an additional gas inlet line (red dashed line in Figure 3). The cylindrical stainless steel 

adsorption column, with a length of 130 mm and an internal diameter of 22.2 mm, was packed 

with 31.761 g of activated zeolite 13X APG III beads. The activation of the adsorbent was 

carried out stepwise in a vacuum autoclave: the adsorbent was first heated to 120 °C and held 

at this temperature under vacuum for 2 hours; then the temperature was increased to 200 °C 

and kept at 200 °C for 1 hour before the temperature was increased to 350 °C and where it was 
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held for at least 8 hours. The adsorbent was then cooled down to about 30-40 °C, and the 

vacuum autoclave was filled with either nitrogen or helium to about 1 atmosphere pressure. 

After the adsorbent was packed into the adsorption column, the column was flushed with 

helium at room temperature until the connected outlet gas analyser reached a helium mole 

fraction of 1.00 after which gas adsorption measurements were commenced. Pure N2, CH4, 

CO2 isotherms and their binary and ternary mixtures were measured over the pressure range of 

(25 kPa to 900 kPa) at temperatures of 273 K, 303 K and 333 K. 

2.3 Interpretation of Adsorption Data 

The equilibrium adsorption capacities of gases on the adsorbent were derived via a mass 

balance analysis of gases entering/leaving and accumulated in the adsorption column [44, 83]. 

The amount of gas flowing into and out of the adsorption column can be obtained by integrating 

the mass flow readings of each component gas before and after the adsorption column. The 

amount of gas accumulated in the adsorption column comprises gas adsorbed on the adsorbent 

and gas in the void volume of the bed which was measured through the displacement of helium. 

Therefore, this dynamic column breakthrough method measures excess adsorption capacities 

because the volume of helium displaced from the column is assumed to be the volume of gas 

in equilibrium with the adsorbed phase on the adsorbent at the end of each experiment. 

However, this assumption ignores the volume of the adsorbed phase which is not present when 

the adsorption column is filled with pure helium. The absolute adsorption capacities were then 

calculated from the measured excess capacities and adsorbed phase densities using Eqn. 1 [85]. 
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𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑒𝑒𝑒𝑒
1−𝜌𝜌𝑀𝑀,𝑔𝑔𝑔𝑔𝑔𝑔 𝜌𝜌𝑀𝑀,𝑔𝑔𝑎𝑎𝑔𝑔⁄

     Eqn. 1 

Here 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎 is the absolute adsorption capacity, 𝑄𝑄𝑒𝑒𝑒𝑒 is the excess adsorption capacity, 𝜌𝜌𝑀𝑀,𝑔𝑔𝑎𝑎𝑎𝑎 

and 𝜌𝜌𝑀𝑀,𝑎𝑎𝑎𝑎𝑎𝑎 are the mass densities of the gas phase and adsorbed phase, respectively. For pure 

fluids, literature values of adsorbed phase densities for pure compounds (𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶2=1.170 g∙cm-

3, 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶𝐶𝐶4=0.354 g∙cm-3 and 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎,𝑁𝑁2=0.701 g∙cm-3) [85-87] were used. For mixture gases, an 

ideal mixing rule was used to estimate the adsorbed phase densities. Detailed analyses of how 

reliable equilibrium adsorption capacities can be determined with this apparatus are provided 

by Hoffman et al. [84] and Saleman et al. [83].  

2.4 Measurement Uncertainties 

The contributing sources of measurement uncertainty of the adsorption capacities are listed in 

Table 1 and are as reported by Hofman et al. [84]. They identified that the most significant 

uncertainty source was the measurement of the difference between the flow rates entering and 

exiting the column. Quantification of the overall adsorption capacity measurement 

uncertainties can thus be achieved from the uncertainties in the total molar flow measurements 

for pure component measurements (Eqn. 2) and the component molar flows for measurements 

with multicomponent mixtures (Eqn. 3).  

𝑢𝑢(𝑞𝑞)
𝑞𝑞

≅ �𝑢𝑢(𝑓𝑓)2+𝑢𝑢(〈𝐹𝐹〉)2

𝑓𝑓−〈𝐹𝐹〉
  (For pure fluids)  Eqn. 2 

Here f is the inflow, 〈𝐹𝐹〉 is the average effluent flow rate from time t = 0 up to shortly after 

reaching steady-state and u(x) indicates the uncertainty in the quantity x. 

𝑢𝑢�𝑞𝑞𝑗𝑗�
𝑞𝑞

≅
�𝑢𝑢�𝑓𝑓𝑗𝑗�

2+𝑢𝑢�〈𝐹𝐹𝑗𝑗〉�
2+𝑢𝑢�𝑦𝑦𝑗𝑗∗𝐹𝐹𝐻𝐻𝑒𝑒�

2

𝑓𝑓𝑗𝑗−〈𝐹𝐹𝑗𝑗〉−𝑦𝑦𝑗𝑗∗〈𝐹𝐹𝐻𝐻𝑒𝑒〉
 (For multicomponent mixtures)  Eqn. 3 
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Here Fj = yiF is the molar flow of each component. The uncertainty is estimated for each 

component and displayed as an error bar in each of the result plots.  

Table 1. Component uncertainties associated with DCB apparatus [84]. 

Component Uncertainty 
Mass Flow Meter (MFM) 1.6 % of reading + 0.2 % of full scale 

Mass Flow Controller (MFC) 0.8 % of reading + 0.2 % of full scale 
Back Pressure Regulator (BPR) 0.25 % of full scale 

Quartz-crystal Pressure Thermostat (QPT) 0.1 kPa 
Mass Spectrometer (MS) 0.01 mole fraction 

Platinum Resistance Thermometer (PRT) 0.2 K 
Mass of adsorbent 5 mg 

 
 

2.5 Model Description 

2.5.1 Toth Model 

The Toth model was used to regress the pure component adsorption data. The Toth isotherm 

equation is recommended for microporous adsorbents and has been used extensively for 

adsorption data representation and in adsorption process simulations [64]. The expression of 

the Toth model is shown in Eqn. 4. 

𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑚𝑚𝑎𝑎𝑒𝑒
𝐵𝐵𝐵𝐵

[(1+(𝐵𝐵𝐵𝐵)𝑛𝑛]1 𝑛𝑛�
 𝐵𝐵 = 𝐵𝐵0𝑒𝑒𝑒𝑒𝑒𝑒 �

−∆𝐶𝐶
𝑅𝑅𝑅𝑅
�  Eqn. 4 

where 𝑄𝑄𝑚𝑚𝑎𝑎𝑒𝑒, 𝐵𝐵0, ∆𝐻𝐻, n are adjustable empirical parameters, where n is adsorbent heterogeneity 

factor and ∆𝐻𝐻 is the enthalpy of adsorption, 𝑄𝑄𝑚𝑚𝑎𝑎𝑒𝑒 is maximum equilibrium adsorption capacity 

and  𝐵𝐵0 is the equilibrium parameter at infinite temperature. The other standard parameters in 

the equation are R and T which are the ideal gas constant and the gas temperature respectively. 

Langmuir model also was tested but was found to be inadequate in representing the 

experimental data particularly for CO2.  
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2.5.2 Ideal Adsorbed Solution Theory (IAST) 

The ideal adsorption solution theory (IAST) proposed by Myers and Prausnitz is a 

thermodynamically consistent approach to predicting multicomponent adsorption equilibria 

based on pure component isotherms [56]. This theory was developed with an assumption 

among others that the spreading pressures of the components must be equal at constant 

temperature, where the spreading pressure (𝜋𝜋) for a single component can be calculated from 

Gibbs adsorption isotherm as follows [88]: 

𝜋𝜋 = 𝑅𝑅𝑅𝑅 ∫ (𝑛𝑛𝑖𝑖0 𝐴𝐴⁄ )d𝑙𝑙𝑛𝑛𝑙𝑙𝑝𝑝𝑖𝑖
0

0       Eqn. 5 

Thus, the condition 𝜋𝜋𝑚𝑚𝑖𝑖𝑒𝑒 = 𝜋𝜋𝑖𝑖 = 𝜋𝜋𝑗𝑗 = ⋯ = 𝜋𝜋𝑁𝑁 must be fulfilled to meet the IAST requirement 

for a mixture composed of N (number of species in the mixture) components, which leads to 

the following expression:  

𝜋𝜋𝐴𝐴 𝑅𝑅𝑅𝑅⁄ = ∫ 𝑛𝑛𝑖𝑖
0

𝑝𝑝𝑖𝑖

𝑝𝑝𝑖𝑖
0

0 𝑑𝑑𝑒𝑒𝑖𝑖 = ∫
𝑛𝑛𝑗𝑗
0

𝑝𝑝𝑗𝑗

𝑝𝑝𝑗𝑗
0

0 𝑑𝑑𝑒𝑒𝑗𝑗 = ⋯ = ∫ 𝑛𝑛𝑁𝑁
0

𝑝𝑝𝑁𝑁

𝑝𝑝𝑁𝑁
0

0 𝑑𝑑𝑒𝑒𝑁𝑁    Eqn. 6 

where 𝑒𝑒𝑖𝑖0 is the hypothetical equilibrium gas phase pressure exerted by the respective pure 

component i, over area A, when it has the same temperature and spreading pressure (𝜋𝜋𝑚𝑚𝑖𝑖𝑒𝑒) of 

the adsorbed phase in a mixture system, 𝑛𝑛𝑖𝑖0 is the corresponding capacity for the pure 

component i, and 𝑒𝑒𝑖𝑖 is the gas phase pressure exerted by component i in the mixture, which 

can be expressed as 𝑒𝑒𝑖𝑖 = 𝑒𝑒𝑖𝑖0(𝜋𝜋)𝑒𝑒𝑖𝑖 with 𝑒𝑒𝑖𝑖 being the mole fraction of i in the adsorbed phase.  

The 𝑒𝑒𝑖𝑖 can also be expressed as 𝑒𝑒𝑖𝑖 = 𝑦𝑦𝑖𝑖𝑙𝑙 if the total pressure of the mixture is P and the mole 

fraction of i in the vapour phase is 𝑦𝑦𝑖𝑖. Therefore, at equilibrium conditions for a component i 

in a multicomponent mixture, the following equation can be obtained:  

𝑦𝑦𝑖𝑖𝑙𝑙 = 𝑒𝑒𝑖𝑖0(𝜋𝜋)𝑒𝑒𝑖𝑖      Eqn. 7 
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Assuming the total pressure P and mole fraction 𝑦𝑦𝑖𝑖 of component i in the vapour phase are 

known, then the calculation procedure for a binary mixture involves finding 𝑒𝑒𝑖𝑖0 and 𝑒𝑒𝑖𝑖 by 

solving equations 6 and 7 simultaneously subject to the constraint ∑𝑒𝑒𝑖𝑖 = 1. Once values of 𝑒𝑒𝑖𝑖0 

have been found, 𝑛𝑛𝑖𝑖0 can be calculated and with the 𝑒𝑒𝑖𝑖 values also known, the total adsorbed 

amount, 𝑛𝑛𝑅𝑅, can be calculated using standard state loadings from the pure component isotherms 

1
𝑛𝑛𝑇𝑇

= ∑ 𝑒𝑒𝑖𝑖
𝑛𝑛𝑖𝑖
0

𝑁𝑁
𝑖𝑖=1       Eqn. 8 

The adsorption of each species in the mixture is then calculated by  

𝑛𝑛𝑖𝑖 = 𝑒𝑒𝑖𝑖𝑛𝑛𝑅𝑅      Eqn. 9 

2.6 Results and Discussion 

2.6.1 Pure Component Equilibria 

Pure component adsorption data for N2, CH4 and CO2 on zeolite 13X APGIII in the pressure 

range of 25 kPa to 900 kPa at three temperatures (273 K, 303 K and 333 K) are shown in Figure 

6. The corresponding optimal regression plots using the Toth isotherm model are also shown 

in the figure. The deviations of the experimental data from the predicted values as a percentage 

of the measured data are shown in Figure 7. The Toth model parameters determined by 

regression with their associated statistical uncertainties are presented in Table 3. As seen from 

the plots, the pure gas adsorption data could be well represented by the Toth isotherm model, 

with a standard deviation of 0.004 mmol/g for N2, 0.004 mmol/g for CH4 and 0.02 mmol/g for 

CO2, which are all within the experimental uncertainties for these measurements. In addition, 

all the Toth model parameters were obtained with small statistical uncertainties except for the 

b0 parameter for CO2, for which the uncertainty was larger than the parameter value; this was 
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caused by the fact that there were fewer measurements made in the low pressure range to 

adequately cover the large variation in the adsorption capacity of CO2 that occurs for a 

relatively small change in pressure.  

The equilibrium adsorption amount of each component increased with pressure at constant 

temperature; however, the initial increase of CO2 adsorption at low pressure (<100 kPa) region 

was more prominent than the increases for N2 and CH4. At all temperatures, the measured 

equilibrium capacity of CO2 was higher than that of N2 and CH4 for the same pressure because 

of the stronger quadrupole moment of CO2 compared to CH4 and N2. In the case of CO2 

adsorption compared to N2 and CH4, the Quadrupole moment of CO2 is 4.3 x10-26 esu cm2 

compared to 1.523 x10-26 esu cm2 and 0.0 x 10-26 esu cm2 for Nitrogen and Methane 

respectively. It is for this reason that CO2 demonstrates the highest affinity towards adsorbents 

compared to CH4 and N2 [89].  

In general, CO2 adsorption generally influence by the nature of the adsorbent, polarity of 

adsorbate and experimental conditions. 

Nature of adsorbent consist which directly influences adsorption is govern by basicity and 

electric field which in turn is influence by the type and the number of the exchangeable cations 

included in the zeolite cavities. The higher polarizing power of the included exchangeable 

cations the higher the adsorption capacity of the adsorbent. In general, cation with smaller ionic 

radius have stronger polarity, in addition the cations with smaller ionic radii can more easily 

penetrate the channels within the framework and therefore interact more with the adsorbate 

such as CO2. The framework structure of the adsorbent namely Si/Al ratio, size and the shape 

of their pores also effect the basicity and the electric field of the adsorbent. The selectivity and 

the adsorption capacity of zeolite adsorbents is inversely affected by the Si/Al ratio. At low 

pressures most of the adsorbate molecules tend to gather near the smaller pores and at high 

pressures, adsorbate molecules concentrate in the larger pores which allow for more packing. 
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Adsorbates that have high quadrupole moments such as CO2 have a stronger interaction with 

the electric field within the adsorbent which helps the adsorption process. For example between 

CO2/CH4/N2, CO2 has the highest quadrupole moments therefore more adsorption for CO2. 

Finally the experimental condition that influence the adsorption process are pressure and 

temperature and presence of water. Higher pressure and lower temperature assist the adsorption 

process while the presence of water reduce the capacity for the adsorption by reducing the 

strength of the heterogeneity of electric field. It is for this reason that throughout the 

experiments extreme care has been taken to insure the adsorbent is free of moisture [90]. 

For N2, the maximum adsorption capacity measured at 273 K was 2.03 mmol/g at a pressure 

of 902 kPa, and capacities with the same pressure at 303 K and 333 K were 1.48 and 1.16 

mmol/g, respectively. For CH4, the maximum adsorption capacity measured at 273 K was 2.9 

mmol/g at a pressure of 903 kPa, and the corresponding capacities for the same pressure at 303 

K and 333 K were 2.34 and 1.85 mmol/g, respectively. For CO2, the maximum adsorption 

capacity measured at 273 K was 5.83 mmol/g at a pressure of 891 kPa, and the corresponding 

capacities for the same pressure at 303 K and 333 K were 5.18 mmol/g and 4.65 mmol/g 

respectively. The experimental data were found to be consistent with exsisting literature data 

[73-76]. 
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Table 2. Equilibrium Adsorption Capacity Data for Pure Component. 

 CH4 N2 CO2 

T 
(K) 

P 
(KP
a) 

yi    
(mol/ 
mol) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P 
(KPa

) 

yi    
(mol/ 
mol) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P 
(KPa

) 

yi    
(mol/ 
mol) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

333 

107 0.26 0.09 0.01 108 0.23 0.05 0.04 107 0.22 2.30 0.37 
107 0.51 0.18 0.02 108 0.47 0.10 0.07 106 0.49 3.01 0.45 
106 0.77 0.27 0.03 108 0.72 0.15 0.04 105 0.77 3.41 0.17 
106 1.00 0.35 0.04 108 1.00 0.21 0.02 107 1.00 3.48 0.16 
205 1.00 0.62 0.03 205 1.00 0.36 0.02 205 1.00 3.94 0.18 
305 1.00 0.87 0.03 304 1.00 0.51 0.03 312 1.00 4.15 0.19 
505 1.00 1.28 0.05 504 1.00 0.77 0.04 504 1.00 4.45 0.18 
704 1.00 1.59 0.07 704 1.00 0.98 0.05 703 1.00 4.58 0.21 
903 1.00 1.85 0.08 903 1.00 1.16 0.06 903 1.00 4.64 0.16 

303 

106 0.28 0.15 0.02 106 0.26 0.08 0.02 107 0.07 2.86 1.27 
106 0.53 0.29 0.03 106 0.50 0.15 0.03 108 0.20 3.14 0.44 
105 0.78 0.41 0.03 106 0.75 0.22 0.04 107 0.47 3.76 0.24 
105 1.00 0.52 0.03 106 1.00 0.28 0.02 107 0.74 4.07 0.17 
204 1.00 0.93 0.04 107 1.00 0.28 0.02 107 1.00 4.31 0.15 
304 1.00 1.26 0.05 203 1.00 0.51 0.03 206 1.00 4.63 0.16 
504 1.00 1.75 0.07 302 1.00 0.70 0.04 304 1.00 4.77 0.25 
704 1.00 2.09 0.08 502 1.00 1.02 0.05 504 1.00 4.99 0.20 
903 1.00 2.34 0.09 702 1.00 1.27 0.06 704 1.00 5.25 0.21 

    901 1.00 1.48 0.07 903 1.00 5.18 0.31 

273 

106 0.25 0.27 0.06 107 0.26 0.15 0.03 107 0.07 3.94 1.56 
106 0.50 0.52 0.05 107 0.50 0.29 0.03 108 0.21 4.42 0.58 
106 0.75 0.74 0.06 107 0.74 0.41 0.03 107 0.46 4.58 0.30 
106 1.00 0.93 0.04 107 1.00 0.52 0.03 106 0.74 4.93 0.20 
204 1.00 1.51 0.06 107 1.00 0.55 0.03 107 1.00 5.10 0.17 
304 1.00 1.91 0.07 205 1.00 0.86 0.04 204 1.00 5.42 0.18 
504 1.00 2.40 0.09 304 1.00 1.14 0.05 305 1.00 5.33 0.46 
703 1.00 2.70 0.10 504 1.00 1.52 0.07 503 1.00 5.65 0.19 
903 1.00 2.90 0.11 704 1.00 1.80 0.08 703 1.00 5.88 0.26 

    903 1.00 2.03 0.09 903 1.00 5.83 0.22 
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Figure 6. Experimental data and regressed Toth isotherms for a) N2, b) CH4 and, c) CO2. 
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Figure 7. Relative deviation plots of pure component experimental data from regressed Toth models: 

(a) N2, (b) CH4 and (c) CO2 
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Table 3. Toth isotherm parameters regressed to data measured across three isotherms (273 K, 303 K 
and 333 K). 

 CH4 N2 CO2 
Data points, N 27 29 29 

Q_max (mmol/g) 4.11 ± 0.15 3.85 ± 0.82 6.82 ± 0.73 
 b0 x 106(1/kPa) 4.99 ± 0.09 3.89 ± 0.95 1.29 ± 2.78 
-ΔH (kJ/mol) 14.4 ± 0.5 13.6 ± 0.5 39.2 ± 4.0 

N 0.99 ± 0.11 0.86 ± 0.16 0.29 ± 0.08 
RMSD (mmol/g) 0.004 0.004 0.020 

 

 
2.6.2 Binary Gas Mixture Adsorption Equilibria 

Binary adsorption equilibria were measured for three different binary gas mixtures, namely 

CO2+N2, CO2+CH4 and CH4+N2. The experiments were conducted over three levels of 

temperatures (273 K, 303 K and 333 K), each with two overall system pressures (100 and 900 

kPa), incorporating three combinations of mixture composition (25%/75%, 50%/50% and 

75%/25%). This resulted in 18 experiments for each binary mixture and a total of 54 binary 

experiments which are tabulated in Table 4, Table 5 and Table 6. These data are also plotted in 

Figure 8 (CO2+CH4 and CO2+N2) and Figure 10 (CH4+N2) along with adsorption predictions 

from the Ideal Adsorbed Solution Theory (IAST) implemented using the algorithm of 

Valenzuela and Myers [64], with Toth isotherm parameters obtained from the pure component 

adsorption equilibria. It can be seen that the affinity of CO2 towards Zeolite 13X is much higher 

than those of CH4 and N2. This translates to a non-uniform site energy distribution for binary 

mixtures containing CO2, which can be represented by a quasi-IAST isotherm for the mixture 

based on the Toth function [91]. For CO2 at partial pressures above about 10 kPa, the adsorption 

on Zeolite 13X can be represented within experimental uncertainty from the partial pressure 

alone using the quasi-IAST isotherm. The deviations between the experimental data and the 

predictions from the IAST model as a percentage of the experimental values are shown in 

Figure 9 (CO2+CH4 and CO2+N2) and Figure 11 (CH4+N2). Zeolite 13X has an extremely 
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strong affinity towards CO2 compared to CH4 or N2 as can be seen in the values of equilibrium 

selectivity shown in Table 4 and Table 5. Selectivity was calculated based on the following 

formula for carbon dioxide over methane: 

𝛼𝛼𝐶𝐶𝐶𝐶2−𝐶𝐶𝐶𝐶4 =  𝑄𝑄𝐶𝐶𝐶𝐶2 𝑦𝑦𝐶𝐶𝐶𝐶2⁄
𝑄𝑄𝐶𝐶𝐻𝐻4 𝑦𝑦𝐶𝐶𝐻𝐻4⁄

   Eqn. 10 

Similar equations were used to evaluate the selectivity of CO2 over N2 (Table 4) and CH4 over 

N2 (Table 6). Figure 10 shows the adsorption observed for the CH4 + N2 binary mixture, with 

Figure 11 showing the deviations of those data from the predictions of the IAST. The values 

of  𝛼𝛼𝐶𝐶𝐶𝐶4−𝑁𝑁2shown in Table 6 are similar with the literature values for other common adsorbents 

such as activated carbon [92].  

Table 4. CH4+CO2 binary mixture adsorption capacity data 

  CH4 CO2 Selectivity 
T 

(K) 
P   

(kPa) 
yi      

(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

yi      
(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

(αCO2-

N2)meas  

333 

106 0.76 0.25 0.11 0.24 2.43 0.24 32 
106 0.52 0.20 0.07 0.48 3.01 0.14 17 
106 0.26 0.04 0.02 0.74 3.44 0.10 32 
903 0.80 0.39 0.09 0.20 3.71 0.43 37 
903 0.56 0.22 0.04 0.44 4.38 0.24 25 
903 0.31 0.10 0.02 0.69 4.58 0.16 20 

303 

113 0.76 0.31 0.12 0.24 3.38 0.32 35 
107 0.52 0.18 0.05 0.48 3.91 0.18 23 
107 0.26 0.05 0.02 0.74 4.16 0.12 27 
902 0.79 0.32 0.07 0.21 4.33 0.49 51 
902 0.56 0.30 0.04 0.44 4.90 0.26 20 
902 0.31 0.14 0.02 0.69 5.07 0.18 16 

273 

106 0.76 0.32 0.11 0.24 4.22 0.40 42 
106 0.51 0.21 0.05 0.49 4.77 0.21 23 
106 0.26 0.05 0.01 0.74 4.99 0.15 35 
903 0.79 0.46 0.09 0.21 5.08 0.57 42 
903 0.55 0.17 0.02 0.45 5.65 0.30 39 
903 0.31 0.16 0.03 0.69 6.03 0.21 17 
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Table 5. N2+CO2 binary mixture adsorption capacity data. Cells with * denote instances when the 
selectivity calculation was not done given that the measured equilibrium adsorption capacity for 

nitrogen was very small and comparable with the experimental uncertainty. 

  N2 CO2 Selectivity 
T 

(K) 
P   

(kPa) 
yi      

(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

yi      
(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

(αCO2-

N2)meas  

333 

108 0.75 0 0.08 0.25 2.71 0.25 * 
108 0.49 0 0.36 0.51 3.42 0.15 * 
107 0.25 0 0.44 0.75 3.69 0.11 * 
902 0.79 0 0.05 0.21 3.97 0.46 * 
902 0.54 0 0.07 0.46 4.40 0.24 * 
902 0.28 0 0.06 0.72 4.73 0.16 * 

303 

107 0.75 0 0.02 0.25 3.49 0.32 * 
107 0.48 0 0.42 0.52 4.13 0.18 * 
106 0.24 0 0.21 0.76 4.35 0.13 * 
902 0.78 0.01 0.00 0.22 4.74 0.53 2330 
901 0.52 0.01 0.03 0.48 5.23 0.27 769 
902 0.28 0 0.05 0.72 5.29 0.18 * 

273 

107 0.75 0 0.07 0.25 4.47 0.41 * 
108 0.48 0 0.19 0.52 5.07 0.22 * 
108 0.24 0 0.26 0.76 5.24 0.15 * 
903 0.78 0.02 0.02 0.22 5.35 0.59 962 
902 0.52 0.01 0.08 0.48 5.93 0.30 644 
902 0.28 0 0.09 0.72 6.03 0.21 * 

 

Table 6. CH4+N2 binary mixture adsorption capacity data 

  CH4 N2 Selectivity 
T 

(K) 
P   

(kPa) 
yi      

(mol/mol) 
Q 

(mmol/g) 
u(Q) 

(mmol/g) 
yi      

(mol/mol) 
Q 

(mmol/g) 
u(Q) 

(mmol/g) 
(αCH4-

N2)meas           

333 

105 0.74 0.27 0.02 0.26 0.05 0.02 1.8 
106 0.51 0.18 0.01 0.49 0.10 0.01 1.8 
106 0.27 0.10 0.01 0.73 0.15 0.02 1.8 
902 0.76 1.46 0.07 0.24 0.25 0.07 1.9 
902 0.53 1.08 0.07 0.47 0.47 0.07 2.0 
902 0.30 0.63 0.07 0.70 0.75 0.07 2.0 

303 

106 0.74 0.39 0.02 0.26 0.08 0.02 1.6 
106 0.50 0.27 0.02 0.50 0.15 0.02 1.8 
106 0.26 0.14 0.02 0.74 0.23 0.02 1.8 
902 0.76 1.70 0.09 0.24 0.25 0.08 2.1 
902 0.53 1.44 0.10 0.47 0.61 0.09 2.1 
901 0.30 0.86 0.09 0.70 0.98 0.09 2.1 

273 

106 0.74 0.68 0.03 0.26 0.13 0.03 1.9 
107 0.50 0.48 0.03 0.50 0.24 0.03 1.9 
107 0.26 0.25 0.03 0.74 0.37 0.03 1.9 
902 0.76 2.31 0.12 0.24 0.34 0.09 2.2 
902 0.53 1.83 0.13 0.47 0.73 0.11 2.2 
902 0.30 1.12 0.12 0.70 1.19 0.11 2.3 
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From Figure 9 and Figure 11, it can be seen that the IAST could provide accurate predictions 

of the equilibrium capacities for the binary mixture components. The root mean square 

deviation between the IAST predictions and the measured equilibrium adsorption capacities 

were 0.030 mmol/g for CO2 and 0.048 mmol/g for CH4 for the CO2 + CH4 mixture, 0.055 

mmol/g for CO2 and 0.020 mmol/g for N2 for the CO2 + N2 mixture, and 0.003 mmol/g for CH4 

and 0.014 mmol/g for N2 for the CH4+N2 mixture, which were all less than the measurement 

uncertainties.  

Figure 8 also shows the competitive adsorption among CO2, CH4 and N2. The presence of CO2 

reduced the CH4 adsorption capacity by 98% in the binary gas mixtures of CO2+CH4 (Figure 

8a) compared to pure CH4 adsorption, and the N2 adsorption capacity by 99% in the binary gas 

mixtures of CO2+N2 (Figure 8b) compared to pure N2 adsorption. In binary mixtures of 

CH4+N2 (Figure 10), both gases exhibited more adsorption on zeolite 13X than in mixtures 

containing CO2; however both a reduction in adsorption capacity was observed for both gases 

(N2 by 32% and CH4 by ~10%) when compared to their adsorption capacity for the pure fluid.  

In these experiments, both the feed composition (25% to 80%) and the total system pressure (1 

to 9 bar) were varied for all binary gas mixtures to study the effect of gas composition on the 

competitive adsorption of gases at different total pressures. This is useful for verifying the 

performance of predictive models for competitive adsorption used to simulate dynamic PSA 

processes since both the total pressure and gas compositions frequently change during a cycle. 

It is commonly expected that at constant temperature the adsorption amount of a gas in a 

mixture will vary with changes in either the gas composition or the total system pressure 

because of competitive adsorption, even if the partial pressure of each adsorbate is held the 

same. However, the extent of any reduction depends on the relative affinities of the adsorbates 

in competition; potentially, the adsorption of higher affinity gas will only be slightly lessened 

by the presence of the weakly adsorbed gas. As an example, the adsorption of CO2 at a partial 
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pressure of 25 kPa in a binary mixture of CO2 and CH4 a total pressure of either 100 kPa or 

400 kPa was measured at 273 K. The decrease in CO2 adsorption resulting from an increase in 

total pressure from 100 kPa to 400 kPa was only 3.8% despite the significant reduction in CO2 

fraction from 25 mol% to 6.25 mol%. For the CO2 and N2 mixture, the impact of such changes 

were even smaller with a reduction in CO2 adsorption at constant partial pressure of only 1.5%. 

In contrast, the four-fold reduction in CO2 mole fraction and four-fold increase in system 

pressure resulted in an increase the adsorption of both CH4 and N2 by a factor of about 3.8.  

 

 

Figure 8. Adsorption Capacity and IAST (Toth) prediction at 333, 303 & 273 K for (a) CO2+CH4 and 
(b) CO2+N2 binary gas mixture. IAST predictions for CH4 and N2 in their binary mixtures with CO2 

are not shown due to the neglibigle amount of adsorption. 
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Figure 9. Deviation plots of CO2 experimental data from IAST (Toth) model as a % of experimental 
data at 333, 303 and 273K for (a) (CO2+CH4)  and (b) (CO2+N2) binary gas mixtures. Deviation data 
for CH4 and N2 are not plotted due to the negligible amount of adsorption measured in the presence of 

CO2. 

 

Figure 10. Adsorption Capacity at 333, 303 & 273 K for CH4+N2 Binary gas mixture, showing pure 
component isotherm data as dashed lines. 
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Figure 11. Deviation plot of experimental data from IAST (Toth) model as a % of experimental data 
at 333, 303 and 273 K for (CH4+N2) 

It is to ne noted that when a single model with only one parameter for adsorption enthalpy is 

used to fit data measured over a wide temperature range, the data may exhibit systematic 

deviations, as seen in Figure 11, at each fixed temperature even though the fit constitutes the 

best possible representation of the global data set with that model. Hence, the fit parameters 

are for all temperatures combined, and therefore the deviation plot actually shows that the data 

is equally distributed on both sides of the horizontal axis. 

2.6.3 Thermodynamic Consistency Test (TCT) 

To check thermodynamic consistency of pure gas with binary gas adsorption and the internal 

consistency of the binary data, consistency tests were carried out for each of the 3 pairs 

(CO2+N2, CO2+CH4, and CH4+N2) of binary experiments using the data obtained at the 

temperature of 273 K with the method suggested by Sircar et al. [93]. A brief introduction of 

the equations used for the consistency tests and the results of comparison are given below. 

The equations of integral test for pure and binary gas adsorption consistency are: 
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[∅2∗ (𝐵𝐵)−∅1∗ (𝐵𝐵)]
𝑅𝑅𝑅𝑅

= ∫ �𝑄𝑄𝑒𝑒𝑒𝑒,1𝑦𝑦2−𝑄𝑄𝑒𝑒𝑒𝑒,2𝑦𝑦1�
𝑦𝑦1𝑦𝑦2

𝑑𝑑𝑦𝑦1
1
0 ; 𝑦𝑦1 + 𝑦𝑦2 = 1, constant T, P   Eqn. 11 

∅𝑖𝑖
∗(𝐵𝐵)
𝑅𝑅𝑅𝑅

= −∫
𝑄𝑄𝑒𝑒𝑒𝑒,𝑖𝑖
∗

𝐵𝐵
𝑑𝑑𝑙𝑙𝐵𝐵

0 , constant T  Eqn. 12 

Where ∅𝑖𝑖∗ is the surface potential of adsorption for pure gas i at constant P and T and can be 

estimated from the pure gas adsorption isotherm and Eqn. 12; 𝑄𝑄𝑒𝑒𝑒𝑒,𝑖𝑖
∗  is the surface excess of pure 

component as functions of P at constant T; 𝑄𝑄𝑒𝑒𝑒𝑒,𝑖𝑖 is the surface excess of component i in the 

binary gas and is a function of yi at constant P and T. The quantity on the left side of SI. Eqn. 

11 at certain P and T can be calculated from the pure gas adsorption isotherms. The quantity 

on the right side of Eqn. 11 at certain P and T can be evaluated using the binary gas adsorption 

amount 𝑄𝑄𝑒𝑒𝑒𝑒,𝑖𝑖 as a function of 𝑦𝑦𝑖𝑖 at constant P and T. Thus these two items on both sides of the 

equation can be independently obtained and compared to test the consistency between them.  

2.6.3.1 Integral TCT between pure and binary gas adsorption 

Figure 12, Figure 13 and Figure 14 show the plot of the integrand  �𝑄𝑄𝑒𝑒𝑒𝑒,1𝑦𝑦2 − 𝑄𝑄𝑒𝑒𝑒𝑒,2𝑦𝑦1� (𝑦𝑦1𝑦𝑦2)⁄  

on the right hand side of Eqn. 11 as a function of y1 at constant P and T for binary mixtures of  

CO2+N2, CO2+CH4, and CH4+N2, respectively. Integration of the areas under these curves 

gives the value of the item on the right hand sides of Eqn. 11, and these values were compared 

with the left hand side item of Eqn. 11 in Table 7, Table 8 and Table 9 for each pair of 

components. The data show that the CO2+N2 binary adsorption data satisfies the integral 

consistency test reasonably well with differences between the two sides of the Eqn. 11 being 

less than 50% of each side. The differences for the CO2+CH4 and CH4+N2 mixtures can be 

within 100% of each side. The main cause of these relatively large differences resulted from 

the scarcity of adsorption data at very low pressure range which in turn affected the values of 

the Henry’s constant. 
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1. Consistency between Pure and Binary Gas adsorption data (Integral Test)  

 

 
a. CO2+N2: 

 
Figure 12. Plots of integrands of Eqn. 11 for calculation of differences in pure gas surface potentials 

from binary adsorption data: CO2+N2 

 
 
 

Table 7. Integral thermodynamic consistency test between pure and binary adsorption: CO2+N2 

 Pure Binary 

 
[∅𝐶𝐶𝐶𝐶2∗ − ∅𝑁𝑁2∗ ]

𝑅𝑅𝑅𝑅
 � ([𝑛𝑛𝑁𝑁2𝑚𝑚 𝑦𝑦𝐶𝐶𝐶𝐶2 −

1

0
𝑛𝑛𝐶𝐶𝐶𝐶2𝑚𝑚 𝑦𝑦𝑁𝑁2]/𝑦𝑦𝑁𝑁2𝑦𝑦𝐶𝐶𝐶𝐶2)𝑑𝑑𝑦𝑦𝑁𝑁2 

 mmol/g mmol/g 
P = 100 kPa 8.2 13.3 
P = 900 kPa 12.1 17.0 

 
 

  

y = 33.538x2 - 12.18x + 8.239

y = 62.547x2 - 34.854x + 13.54
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b. CO2+CH4: 

 

 
Figure 13. Plots of integrands of Eqn. 11 for calculation of differences in pure gas surface potentials 

from binary adsorption data: CO2+CH4 

 
 
 

Table 8. Integral thermodynamic consistency test between pure and binary adsorption: CO2+CH4 

 Pure Binary 

 
[∅𝐶𝐶𝐶𝐶2∗ − ∅𝐶𝐶𝐶𝐶4∗ ]

𝑅𝑅𝑅𝑅
 � ([𝑛𝑛𝐶𝐶𝐶𝐶4𝑚𝑚 𝑦𝑦𝐶𝐶𝐶𝐶2 −

1

0
𝑛𝑛𝐶𝐶𝐶𝐶2𝑚𝑚 𝑦𝑦𝐶𝐶𝐶𝐶4]/𝑦𝑦𝐶𝐶𝐶𝐶4𝑦𝑦𝐶𝐶𝐶𝐶2)𝑑𝑑𝑦𝑦𝐶𝐶𝐶𝐶4 

 mmol/g mmol/g 
P = 100 kPa 5.4 8.7 
P = 900 kPa 8.5 16.2 

 
 
  

y = 41.766x2 - 21.295x + 9.3023

y = 64.236x2 - 38.405x + 13.946
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c. CH4+N2: 

 

 
Figure 14. Plots of integrands of Eqn. 11 for calculation of differences in pure gas surface potentials 

from binary adsorption data: CH4+N2 
 

 
 

Table 9. Integral thermodynamic consistency test between pure and binary adsorption: CH4+N2 

 Pure Binary 

 
[∅𝐶𝐶𝐶𝐶4∗ − ∅𝑁𝑁2∗ ]

𝑅𝑅𝑅𝑅
 � ([𝑛𝑛𝑁𝑁2𝑚𝑚 𝑦𝑦𝐶𝐶𝐶𝐶4 −

1

0
𝑛𝑛𝐶𝐶𝐶𝐶4𝑚𝑚 𝑦𝑦𝑁𝑁2]/𝑦𝑦𝑁𝑁2𝑦𝑦𝐶𝐶𝐶𝐶4)𝑑𝑑𝑦𝑦𝑁𝑁2 

 mmol/g mmol/g 
P = 100 kPa 0.19 0.38 
P = 900 kPa 1.05 0.89 

 

  

y = 0.0772x + 0.4143

y = 1.0303x + 1.4034
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2.6.3.2 Internal Differential TCT of binary adsorption data 

 
 
The equations used for internal consistency of binary gas adsorption data are: 

𝑄𝑄𝑒𝑒𝑒𝑒,1(𝑙𝑙,𝑅𝑅, 𝑦𝑦1) = 𝑦𝑦1𝑄𝑄𝑒𝑒𝑒𝑒(𝑙𝑙,𝑅𝑅,𝑦𝑦1) + 𝑦𝑦1𝑦𝑦2
𝛿𝛿
𝛿𝛿𝑦𝑦1

��∫ 𝑄𝑄𝑒𝑒𝑒𝑒𝑑𝑑𝑙𝑙𝑛𝑛𝑙𝑙
𝐵𝐵
0 �

𝑅𝑅,𝑦𝑦1
�
𝐵𝐵,𝑅𝑅

, constant T, 𝑦𝑦𝑖𝑖  Eqn. 13 

𝑄𝑄𝑒𝑒𝑒𝑒 = ∑ 𝑄𝑄𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖      Eqn. 14 

Eqn. 13 shows that the quantity on the right hand side of the equation needs to be equal to 

𝑄𝑄𝑒𝑒𝑒𝑒,1 for any combinations of P,T, and 𝑦𝑦1 to ensure the internal consistency of the binary 

adsorption data.  

 

The integrals of Eqn. 13 as functions of yi at constant P and T for the different combinations of 

mixtures are plotted on Figure 15. The slopes of the curves on the figure plus the experimental 

values of Qex at P, T, and yi could give the values of the quantities on the right side of Eqn. 13, 

which are compared with experimental Qex, at values of P, T, and yi in Table 11. The table 

shows that the binary adsorption data have internal differential consistency at the higher 

pressure of 9 atm for all the three binary mixtures. 
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Figure 15. Plots of integrals of Eqn. 13 as functions of yi at constant P and T for adsorption CO2+N2, 

CO2+CH4, and CH4+N2 mixtures 
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Table 10. Internal differential thermodynamic consistency test for binary equilibrium adsorption 

Pressure Composition 
Internal Differential 

Thermodynamic 
Consistency Test 

Corresponding 
Experimental Data 

kPa y1 mmol/g mmol/g 
CO2+N2, y1 for CO2 

107 0.25 1.51 4.47 
108 0.52 3.05 5.07 
108 0.76 4.07 5.24 
903 0.22 3.09 5.35 
902 0.48 5.66 5.93 
902 0.72 5.13 6.03 

CO2+CH4, y1 for CO2 
106 0.24 1.46 4.22 
106 0.49 2.96 4.77 
106 0.74 3.88 4.99 
903 0.21 2.98 5.08 
903 0.45 5.39 5.65 
903 0.69 5.34 6.03 

CH4+N2, y1 for CH4 
106 0.74 0.76 0.68 
107 0.50 0.58 0.48 
107 0.26 0.35 0.25 
902 0.76 2.90 2.31 
902 0.53 2.73 1.83 
902 0.30 2.10 1.12 

 

2.6.4 Ternary Experiments with CO2, N2 & CH4 Gas Mixture 

The ternary adsorption equilibria were measured for ternary mixtures of N2+CH4+CO2 

prepared by flow, where the composition of N2 and CH4 ranged between ~10 and ~37%, while 

the approximate CO2 mole fraction was either 0.8, 0.6 or 0.4. These experiments were 

conducted at three temperature (273 K, 303 K and 333 K) and three overall system pressures 

around (100 kPa, 500 kPa and 900 kPa). The results of these 27 ternary experiments with 

measurement uncertainties are listed in Table 11 and plotted in Figure 16 along with the 
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regressed Toth model for pure CO2 at the corresponding temperatures/partial pressures and 

IAST predictions for the mixtures based on pure component Toth model parameters. 

Table 11. Ternary mixture adsorption capacity data 

  CH4 N2 CO2 

T 
 (K) 

P   
 (kPa) 

yi. 
(mol/m

ol) 

Q 
(mmol/

g) 

u(Q)  
(mmol/

g) 

yi 
(mol/m

ol) 

Q  
(mmol/

g) 

u(Q) 
(mmol/

g) 

yi 
(mol/m

ol) 

Q 
(mmol/

g) 

u(Q) 
(mmol/

g) 

333 

107 0.32 0.02 0.02 0.30 0.01 0.07 0.38 2.69 0.18 
107 0.21 0.02 0.02 0.20 0.01 0.04 0.59 3.12 0.13 
107 0.11 0.01 0.01 0.10 0.00 0.03 0.79 3.57 0.10 
504 0.34 0.06 0.02 0.29 0.00 0.07 0.37 4.01 0.26 
504 0.24 0.04 0.01 0.19 0.01 0.02 0.57 4.45 0.19 
504 0.14 0.03 0.04 0.09 0.01 0.02 0.77 4.52 0.14 
902 0.37 0.11 0.00 0.28 0.00 0.04 0.35 4.33 0.31 
902 0.27 0.08 0.01 0.18 0.00 0.04 0.55 4.56 0.21 
902 0.15 0.05 0.02 0.09 0.01 0.01 0.76 4.56 0.15 

303 

112 0.30 0.04 0.09 0.30 0.01 0.07 0.40 3.33 0.19 
107 0.24 0.03 0.04 0.19 0.01 0.04 0.57 3.90 0.15 
107 0.13 0.03 0.03 0.10 0.01 0.04 0.77 4.44 0.11 
504 0.35 0.09 0.05 0.29 0.05 0.06 0.36 4.13 0.29 
505 0.24 0.10 0.02 0.19 0.04 0.05 0.57 4.41 0.19 
504 0.14 0.07 0.03 0.09 0.03 0.06 0.78 4.68 0.14 
902 0.37 0.13 0.04 0.27 0.06 0.07 0.35 4.30 0.33 
900 0.27 0.13 0.01 0.18 0.04 0.01 0.55 4.72 0.08 
901 0.15 0.11 0.04 0.08 0.03 0.07 0.76 5.34 0.17 

273 

107 0.32 0.06 0.03 0.29 0.01 0.09 0.39 4.69 0.27 
106 0.22 0.05 0.01 0.20 0.01 0.04 0.58 4.89 0.18 
107 0.11 0.03 0.04 0.09 0.00 0.01 0.80 4.97 0.14 
504 0.35 0.15 0.01 0.29 0.01 0.06 0.36 5.12 0.33 
503 0.25 0.11 0.01 0.19 0.01 0.03 0.56 5.39 0.22 
503 0.15 0.07 0.02 0.09 0.01 0.04 0.76 5.52 0.17 
902 0.37 0.16 0.01 0.28 0.02 0.07 0.35 5.25 0.37 
903 0.27 0.13 0.01 0.18 0.02 0.02 0.55 5.66 0.26 
902 0.17 0.09 0.01 0.08 0.01 0.05 0.75 5.88 0.20 
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Comparison of equilibrium adsorption amounts in the ternary mixtures with those predicted for 

the pure gas adsorption isotherms (Figure 16) reveals that the CO2 equilibrium adsorption 

capacity was not affected by the presence of either methane or nitrogen in a ternary gas mixture 

while in contrast the CH4 and N2 adsorption amounts were significantly suppressed in the 

mixture. To be specific, an exemplar comparison is made for the adsorption at a temperature 

of 273 K and a total pressure of 902 kPa. At the equivalent partial pressure of 250 kPa, the 

adsorption capacity of N2 was reduced from 1.12 mmol/g for the pure gas to 0.02 mmol/g in a 

ternary mixture of 28% N2+37% CH4+35% CO2. Similarly the adsorption capacity of CH4 at 

this partial pressure was reduced from 1.87 mmol/g for the pure gas to 0.13 mmol/g in a ternary 

mixture of 18% N2+27% CH4+55% CO2 as shown in Figure 16. In contrast, the sorption of 

CO2 in the mixture at a partial pressure of ~500 kPa in the ternary gas mixture of 28% N2+18% 

CH4+55% CO2 was the same as its adsorption capacity for the pure fluid at the same partial 

pressure at 5.7 mmol/g. Figure 17 shows a deviation plot for the difference between the 

measured data and the IAST (Toth) model predictions as a percentage of the measured data. 

The data confirms that the IAST (Toth) model predicts the measured CO2 sorption values with 

reasonable accuracy and is therefore a representative model for the ternary gas mixture data. 

The deviations for CH4 and N2 are not plotted due to the negligible measured adsorption in the 

presence of CO2.  
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Figure 16. Adsorption capacities for ternary gas mixture of (CH4+N2+CO2) and isotherm model 
predictions for pure components and the same components in gas mixtures showing the impact of 

CO2 on the adsorption capacity of methane and nitrogen. 
 

 

 
Figure 17. Deviation plot of IAST and experimental data for CO2+CH4+N2 ternary mixture as a 
percentage of the experimental value at three different temperatures, 333 K,  303 K and 273 K. 
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2.7 Conclusion 

Knowledge of the mixture gas adsorption equilibrium data is critical to the design and 

simulation of adsorption based processes. In this paper adsorption data of pure CO2, CH4 and 

N2 on zeolite 13X APGIII were measured at different pressures in the range of 25 kPa to 900 

kPa and three different isotherms (273 K, 303 K and 333 K). The CO2 adsorption amount was 

much higher than that of N2 and CH4 at the conditions measured, mainly due to its higher 

quadrupole moment. The pure gas adsorption data could be well described with Toth isotherm 

model with parameters obtained by regression of the data. Experimental binary and ternary 

adsorption equilibria data were also measured for the CO2, CH4 and N2 in the same temperature 

and pressure range, and compared to IAST predictions based on the Toth model parameters 

from pure gas adsorption. The IAST predictions of mixture gas adsorption could represent the 

binary and ternary adsorption equilibria well with corresponding maximum deviations being 

0.055 mmol/g and 0.3 mmol/g, indicating the IAST predictions of CO2, CH4 and N2 mixture 

gas adsorption on zeolite 13X are trustworthy and IAST can be reliably used for process design 

calculations using this adsorbent.  
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3 Adsorption of CO2+CH4+N2 on a Novel Ionic Liquid 

Zeolite (TMA Y) 

3.1 Introduction 

Natural gas is a methane rich stream in which carbon dioxide, as one of the major impurities, 

needs to be separated for operational and safety concerns [23, 24]. Cost-effective removal 

method is particularly important for the development of remote natural gas reserves with high 

CO2 content [29]. Pressure swing adsorption processes have the potential to be employed for 

such applications given its advantages of modular construction and low maintenance 

requirement compared to solvent absorption system. Material selection plays a significant role 

in optimisation of the adsorption process [49]. It is crucial to use an adsorbent with a high 

capacity and selectivity towards carbon dioxide [23, 27, 28, 94].  

Typical porous adsorbents have a good capacity but poor selectivity and solvents (such as Ionic 

liquids) have poor capacity but good selectivity. It has been shown that the presence of organic 

cations increases the difference in the binding energy of certain adsorbates over others which 

results in higher selectivity. This is achieved by utilising cations with low polarization power 

which is more suitable for adsorbates with higher polarizability [18]. In parallel, in order to 

ensure the capacity of the compound is not compromised, materials with large pore space to 

house the cations is preferred, such as type Y zeolite [95].  

In industry, Zeolite is a popular choice of adsorbent for CO2 separation from natural gas 

(Methane) and also it is good for capturing CO2 from N2 from post combustion flue gases [96]. 

The particular adsorbent used in our experiment is called ILZ-TMA-Y which is a combination 

product that aims at achieving good capacity and selectivity at the same time. It is an Ionic 

Liquidic Zeolite (ILZ) that is made by introducing organic cations C4H12N+ into negatively 
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charged framework made from aluminosilicate. More specifically, ILZ-TMA-Y is a chemical 

compound formed by the combination of Tetramethylammonium Chloride(TMA-Cl) and NaY 

as the parent zeolite [97]. 

 
Figure 18. The structure of ILZ TMA--‐Y [98] 

This study reports for the first-time the adsorption data of carbon dioxide, nitrogen and methane 

in their pure, binary and ternary mixture states on this novel zeolite ILZ-TMA-Y using a 

dynamic column breakthrough technique. All the experiments were performed in the pressure 

range of 25 to 900 kPa and at temperatures (273, 303 and 333 K). In this study, CO2 

concentration ranges for the series of experiments are selected in such a way that they cover 

the expected levels of CO2 concentration in various industrial process [22]. The pure gas 

adsorption isotherm data at different temperature were regressed with the temperature 

dependent Langmuir model, and the obtained model parameters were used in the Extended 

Langmuir model to predict the binary and ternary mixture adsorption behaviour. The prediction 

of mixture gas adsorption was compared with the experimentally obtained data. The binary 

selectivities of the CO2, CH4 and N2 were also calculated from their binary and ternary 

adsorption data. 
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3.2 Experimental Section 

3.2.1 Materials 

This adsorbent was developed in UWA under patent application: AU 2015367272 or US 

15/535692. The properties of ILZ-TMA-Y adsorbent are shown in the table below. The mass 

that is required to fill the adsorption column was measured after degassing the adsorbent by 

using digital scale. The skeletal density was measured using a helium pycnometer (more detail 

is provided by Rufford et al. [99] regarding the use of & need for skeletal density). The particle 

size was estimated based on the average of 20 pellets. The surface area was measured in our 

laboratory using volumetric instrument named ASAP2020 which was estimated to be ~420 

m2/g (BET surface area) and ~603 m2/g (Langmuir surface area). The pore volume has been 

estimated to be between 0.2 and 0.24 cm3/g with average pore size of 23.3 Å. 

Table 12. ILZ-TMA-Y Physical properties 

Mass (g) 22.152 

 

Skeletal density (kg∙m-3) 1735 

Particle size (mm) 1.5 - 2.0 

 

BOC supplied all of the gases used in this study with the following purities: He 99.999 %, CH4 

99.995 %, CO2 99.995% and N2 99.999 %.  

3.2.2 Equilibrium Capacity Experiment and Methodology 

The equilibrium adsorption capacity of ILZ-TMA-Y was measured using a modified Dynamic 

Column Breakthrough (DCB) instrument. The instrument schematic and set-up was described 

in Chapter 2. The first step of performing a proper ternary breakthrough experiment is to flush 
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the column with Helium under condition of increased temperature and reduced pressure until 

UGA (Universal Gas Analyzer) reading shows helium is the only component in the gas stream. 

Using LabVIEW, we can define the ternary feed composition as well as temperature and 

pressure using the front panel. The set-up has been enhanced to enable automatic control on a 

ternary gas mixture feed of Nitrogen, Methane and Carbon Dioxide and to conduct ternary 

experiments under the same conditions as those for the binary and pure experiments.  

Next, we introduce the ternary gas mixture feed directly to the UGA, bypassing the column, to 

obtain a baseline for steady-state. This step is followed by flushing the pipeline with Helium. 

The same feed gas mixture is then passed through the column for adsorption measurement until 

breakthrough and steady state is achieved. A typical raw data of breakthrough response for a 

ternary gas mixture is shown in Figure 19. The data is then analysed using LabVIEW and the 

experiment is repeated for a different composition, temperature or pressure. Three distinct 

temperature settings were used for this experiments, namely 273, 303 and 333 K to cover the 

potential temperature range in industrial PSA processes. The system pressure range was 100 

kPa to 900 kPa. For experiments where the pure component partial pressure is below 100 kPa, 

helium was used as a balance gas. 

 

Figure 19. Typical ternary mixture breakthrough response. 
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The amount of gas (in moles) adsorbed in the column is calculated by integrating the difference 

between the outflow and inflow rate over the experiment time until steady state is achieved, 

post breakthrough. The estimate is further corrected by taking into account the pore space 

between the adsorbent pellets that is occupied by the gas component and therefore not adsorbed 

onto the surface of the adsorbent. With the assumption that He is an inert gas and does not 

adsorb on to the adsorbent [82], we can flush the bed with He after each individual experiment 

until UGA shows nothing except He in the system; This is an important step of the experiment 

procedure since it helps to estimate the void volume which is one of the important aspects of 

calculations. By flushing the bed with helium before each experiment we ensure that all gas 

has desorbed before we start an experiment, hence at the start of an experiment we only have 

helium in the void space. This means the volume of helium (V Helium) is the total void volume. 

Using the steady state compositions an estimate of the volume of each gas component 

occupying the void space is made. This volume is then subtracted from the measured 

accumulation of CH4, N2, and CO2 to calculate the adsorbed volume. Using this analysis we 

do not need to know the pressure or temperature of the experiment as this doesn’t change the 

readings of the flow meter.  

3.2.3 Sample Activation (Degassing) 

Activation of the sample is the first priority step of experiments, which in this work the 

activation of adsorbent ILZ-TMA-Y is performed in GC oven in two stages with two different 

pumps. First using diaphragm pump to get water out of adsorbent by increasing the temperature 

1 °C per minute to a final temperature of 180°C and holding the sample under diaphragm 

vacuum pump under a near-vacuum condition (6.2mbar) for 10 hours. Thereafter the vacuum 

pump was changed in terms of having a lower vacuum pressure of 0.26 mbar for 24 hours after 

which the vacuum pump was stopped and the sample was allowed to cool down. Before 
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removing the sample from the oven we need to ensure the pressure of the sample container is 

around 1 bar by using helium as the testing gas. In the next step the sample is removed from 

the container and after measuring the weight of sample, the DCB column is filled with degassed 

adsorbent (ILZ-TMA-Y) and the column is flushed with helium while the bath temperature is 

increased to 60°C under 0 kPag pressure for about 10 hours for removing any contamination 

in the adsorbent while transferring the adsorbent to the column of DCB instrument.  To avoid 

having risk for removing adsorbent from the column after each experiment for degassing in the 

oven, subsequent degassing (also termed as auto-degassing) of the adsorbent are performed 

internally within the DCB, even though there is about 8% difference in estimated ILZ-TMA-

Y adsorption equilibrium capacity between the two different degassing methods. This 

difference was estimated by performing two identical experiments of pure CO2 at 303 K and 

100 kPa after each different type of degassing.  

3.2.4 Measurement Uncertainties 

It is important to note that even a fully calibrated device exhibits a certain degree of uncertainty 

in measurement. The DCB contains a number of measuring components and each one has its 

associated measurement uncertainty [67]. The measurement uncertainties were calculated 

using the same method as in previous chapters. 
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3.3 Results and Discussion 

3.3.1 Pure Component Isotherms  

The adsorption capacity of pure components, (methane, nitrogen and carbon dioxide) were 

measured separately on a novel adsorbent, ILZ-TMA-Y. For each component, 27 

measurements were carried out at 9 different pressures in the range of 25 kPa to 900 kPa. For 

experiments conducted at low pressures (below 100 kPa), helium was used as a carrier gas for 

dilution. The isothermal experiments for each component were conducted at 273 K, followed 

by identical experiments at 303 K and later at 333 K. The uncertainty in the measurement, 

u(Q), is estimated for each component, using LabVIEW software [77] and the results are also 

shown in the table below. For each component, adsorption capacity increased with increasing 

pressure and decreasing temperature. The experimental results are shown in Table 13 in the 

next page. 
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Table 13. The adsorption capacity of pure components, methane, nitrogen and carbon dioxide 

 CH4 N2 CO2 

T 
(K) 

P 
(KPa

) 

yi    
(mol

/ 
mol) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P 
(KPa) 

yi    
(mol

/ 
mol) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P 
(KP
a) 

yi    
(mol

/ 
mol) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

333 

106 0.3 0.09 0.04 107 0.4 0.02 0.05 107 0.2 0.35 0.16 
106 0.6 0.14 0.01 107 0.7 0.03 0.00 106 0.4 0.57 0.06 
105 0.8 0.20 0.01 107 0.9 0.04 0.00 106 0.7 0.82 0.11 
105 1.0 0.24 0.02 107 1.0 0.06 0.01 106 1.0 1.07 0.11 
204 1.0 0.43 0.03 204 1.0 0.11 0.01 204 1.0 1.46 0.12 
304 1.0 0.58 0.03 304 1.0 0.15 0.02 304 1.0 1.82 0.09 
504 1.0 0.86 0.05 504 1.0 0.24 0.03 504 1.0 2.44 0.16 
704 1.0 1.00 0.06 704 1.0 0.31 0.04 704 1.0 2.95 0.16 
903 1.0 1.17 0.07 903 1.0 0.41 0.05 903 1.0 3.30 0.17 

303 
 

107 0.3 0.15 0.02 108 0.3 0.03 0.00 108 0.2 0.65 0.18 
106 0.6 0.31 0.10 107 0.6 0.06 0.04 107 0.4 1.07 0.14 
106 0.9 0.38 0.03 107 0.8 0.08 0.01 107 0.7 1.52 0.14 
105 1.0 0.44 0.03 106 1.0 0.10 0.01 107 1.0 1.81 0.12 
204 1.0 0.71 0.04 205 1.0 0.19 0.02 204 1.0 2.99 0.17 
304 1.0 0.98 0.05 305 1.0 0.28 0.04 304 1.0 3.59 0.17 
504 1.0 1.30 0.07 505 1.0 0.43 0.04 504 1.0 4.01 0.18 
704 1.0 1.52 0.08 704 1.0 0.56 0.05 703 1.0 4.25 0.18 
903 1.0 1.67 0.09 903 1.0 0.66 0.06 903 1.0 4.32 0.18 

273 

106 0.5 0.47 0.05 108 0.3 0.05 0.00 107 0.2 1.92 0.26 
106 0.7 0.65 0.05 108 0.6 0.13 0.09 106 0.5 3.30 0.18 
106 0.9 0.75 0.05 107 0.9 0.16 0.07 106 0.8 3.89 0.24 
105 1.0 0.88 0.05 107 1.0 0.21 0.06 106 1.0 3.99 0.35 
204 1.0 1.34 0.06 204 1.0 0.35 0.06 200 1.0 4.28 0.39 
304 1.0 1.62 0.07 303 1.0 0.50 0.04 304 1.0 4.50 0.29 
504 1.0 1.97 0.08 503 1.0 0.73 0.05 504 1.0 4.66 0.45 
703 1.0 2.20 0.10 703 1.0 0.95 0.06 704 1.0 4.86 0.18 
903 1.0 2.36 0.11 902 1.0 1.08 0.08 903 1.0 4.94 0.19 

 

The isotherm equation is described by the following equation.  

𝑄𝑄 = 𝑄𝑄𝑚𝑚𝑎𝑎𝑒𝑒
𝑎𝑎𝐵𝐵

1+𝑎𝑎𝐵𝐵
   with  𝑏𝑏 = 𝑏𝑏0𝑒𝑒

−𝛥𝛥𝐻𝐻
𝑅𝑅𝑇𝑇   Eqn. 15 

Where, Qmax is the maximum adsorption capacity, ΔH is the Enthalpy of adsorption and bo 

affinity. The uncertainties are shown as error bars in the pure component plots. The 

measurements confirm equilibrium adsorption capacity increases with increasing pressure and 
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decreasing temperature. Plot (a) shows the equilibrium adsorption capacity of pure N2 on ILZ-

TMA-Y. The maximum adsorption capacity of 1.08 mmol/g is measured at the lowest 

temperature, 273 K, and the highest measured pressure of 902 kPa. Similarly the maximum 

adsorption capacity for CH4 is estimated to be 2.36 mmol/g at the same pressure and 

temperature. CO2 demonstrates the highest affinity for ILZ-TMA-Y with a maximum recorded 

equilibrium adsorption capacity of 4.94 mmol/g at the same pressure and temperature 

conditions. Figures d), e) and f) show the deviation plot of experimental data and Langmuir 

isotherm. These plots show the difference between experimental data and estimate from 

Langmuir isotherm model as a percentage of the measured adsorption capacity. The 

experimental data was regressed to existing isotherm model, namely Langmuir. An error 

function, described in the previous chapters, was minimised through regression to adjust the 

isotherm parameters to fit the measured data. In addition for CO2 the highest rate of increase 

in adsorption capacity is in the low range of pressure, below 100 kPa, especially at the lowest 

measured temperature of 273 K. Since the number of data points in this pressure range is 

limited for this rapid change in adsorption capacity, the deviation between the isotherm model 

and measured data is the highest at these pressures. The deviation as a percentage of measured 

data is within 10% for all other pressures and components, which is within the range of 

uncertainty of the instrument. Thus, the deviation plots confirm the Langmuir isotherm is a 

representative model for the pure compound experimental data. Although other isotherm 

models exist in literature, the Langmuir model was selected as it was the most commonly used 

isotherm model for representing Type I isotherms [100]. 
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Figure 20. a) N2 adsorption isotherm-Langmuir, b) CH4 adsorption isotherm- Langmuir, c) CO2 
adsorption Isotherm-Langmuir, Deviation plot of experimental data and Langmuir isotherm as a 

percentage of the measured adsorption capacity. d) N2, e) CH4, f) CO2.  
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Table 14. The fitted Langmuir isotherm parameters along with uncertainties. Values calculated from 
273 K, 303 K and 333 K isotherm fit. 

 CH4 N2 CO2 

Data points, N 27 27 27 

Q_max (mmol/g) 3.2 ± 0.1 2.7 ± 1.0 5.1 ± 0.1 

b0 x 106(1/kPa) 0.33 ± 0.1 0.46 ± 0.06 0.0076 ± 0.006 

-ΔH (kJ/mol) 21.1 ± 0.6 16.8 ± 0.8 34.5 ± 1.3 

RMSD (mmol/g) 0.025 0.010 0.133 

 

Physical adsorption is typically associated with relatively small heat of adsorption in the rage 

of 5 to 45 kJ/mol compared to chemical adsorption process [101]. The data shown in Table 14 

confirms that the heat of adsorption values obtained are within this range.  

3.3.2 Mixture Modelling 

The experimental data was regressed to existing isotherm models, namely Langmuir and Toth. 

Although both isotherm models represented the data appropriately, Langmuir isotherm was 

selected to be used as the representative model due to its simplicity and practicality. 

In order to describe the adsorption capacity of a mixture of adsorbates, a simple multi-

component model named Extended Langmuir isotherm model is used. The Langmuir model 

used to describe the pure component adsorption data can be easily extended to the following 

format to describe adsorption capacity of a component in a mixture [102, 103]. 

𝑄𝑄𝑖𝑖 = 𝑄𝑄𝑚𝑚𝑎𝑎𝑒𝑒,𝑖𝑖
𝑎𝑎𝑖𝑖𝐵𝐵𝑖𝑖

1+∑ 𝑎𝑎𝑖𝑖𝐵𝐵𝑖𝑖𝑁𝑁
𝑗𝑗=1

    Eqn. 16 

Where the subscripts i and j refer to the individual components and N is the total number of 

components in the mixture. All the other parameters are the same as those for the pure 

component Langmuir isotherm equation. Hence the adsorption capacity of a component i, in a 

gas mixture can be easily computed from the key parameters obtained in the pure form in 
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addition to the partial pressure of the component i. Extended Langmuir isotherm was used to 

predict binary and ternary mixture adsorption and compared to measured data. 

3.3.4 Binary Gas Mixture 

In these set of experiments, we have further enhanced the methodology compared to chapter 2 

by adding an additional total pressure of 500kPa for the binary sets, therefore we were able to 

present the data in different formats by varying the composition whilst keeping the pressure 

constant. The main objective of these experiments is to obtain a representative isotherm for 

accurate prediction. Hence it is not imperative to have a consistent set of composition across 

the different adsorbents.  

Adsorption equilibrium was measured for three different binary feed streams of gas mixture 

namely CO2+CH4, CO2+N2 and CH4+N2. In the following subsections we shall discuss each 

binary mixture separately. For each feed stream, the experiments were conducted over three 

levels of temperature (273 K, 303 K & 333 K), each with overall system pressure set-points 

ranging from 100 to 900 KPa incorporating three possible combinations of mixture 

composition. This resulted in 27 experiments for each binary mixture and a total of 81 binary 

experiments. 

 

CH4+CO2 binary mixture: 

For the CH4+CO2 binary mixture, the first group contained data with the average feed 

composition comprising of ~82% CH4 and ~18% CO2. The second groups consisted of data 

with feed composition comprising of ~60% CH4 and ~40% CO2 whilst the feed composition 

of the last group was ~36% CH4 and ~64% CO2.  
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N2+ CO2 binary mixture: 

For the N2 + CO2 binary mixture, the first group contained data with the average feed 

composition comprising of ~82% N2 and ~18% CO2. The second groups consisted of data with 

feed composition comprising of ~53% N2 and ~47% CO2 whilst the feed composition of the 

last group was ~25% N2 and ~75% CO2.  

 

CH4+N2 binary mixture: 

For the CH4+N2 binary mixture, the first group contained data with the average feed 

composition comprising of ~30% CH4 and ~70% N2. The second groups consisted of data with 

feed composition comprising of ~54% CH4 and ~46% N2 whilst the feed composition of the 

last group was ~80% CH4 and ~20% N2.  
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Table 15. CH4+ CO2 binary mixture adsorption capacity data 

 
 

  CH4 CO2 

T         
(K) 

P        
(Kpa) 

Comp. 
(mol/ mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

Comp. 
(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

Average feed composition: CH4 ~ 82 % + CO2 ~ 18 % 

333 106 0.80 0.24 0.08 0.20 0.24 0.07 
333 504 0.81 0.70 0.08 0.19 0.66 0.09 
333 903 0.83 0.95 0.11 0.17 0.87 0.14 
303 106 0.80 0.43 0.10 0.20 0.49 0.10 
303 504 0.81 0.99 0.12 0.19 1.18 0.19 
303 903 0.83 1.3 0.16 0.17 1.44 0.21 
273 106 0.80 0.74 0.10 0.20 1.05 0.12 
273 504 0.82 1.16 0.24 0.18 2.78 0.36 
273 903 0.83 1.34 0.23 0.17 2.90 0.45 

Average feed composition: CH4 ~ 60 % + CO2 ~ 40 % 

333 106 0.58 0.17 0.04 0.42 0.43 0.04 
333 504 0.60 0.55 0.08 0.40 1.17 0.08 
333 903 0.61 0.64 0.10 0.39 1.57 0.12 
303 106 0.58 0.35 0.06 0.42 0.86 0.06 
303 504 0.60 0.74 0.14 0.40 2.25 0.16 
303 903 0.62 0.87 0.15 0.38 2.93 0.21 
273 106 0.59 0.64 0.17 0.41 2.35 0.18 
273 504 0.61 0.99 0.14 0.39 3.72 0.23 
273 903 0.62 0.95 0.12 0.38 3.85 0.26 

Average feed composition: CH4 ~ 36 % + CO2 ~ 64 % 

333 106 0.33 0.11 0.04 0.67 0.66 0.04 
333 504 0.36 0.31 0.08 0.64 1.65 0.08 
333 903 0.38 0.33 0.10 0.62 2.31 0.12 
303 106 0.33 0.21 0.06 0.67 1.23 0.07 
303 504 0.36 0.40 0.10 0.64 3.10 0.13 
303 903 0.39 0.57 0.11 0.61 3.71 0.16 
273 106 0.34 0.38 0.11 0.66 3.14 0.13 
273 504 0.35 0.48 0.10 0.64 4.10 0.18 
273 903 0.38 0.57 0.10 0.62 4.34 0.18 
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Figure 21. Adsorption Capacity of binary mixture (CO2 + CH4) and their Extended Langmuir 
isotherm with varying composition (a) yCO2 : 18% + yCH4 : 82%,  (b) yCO2 : 40% + yCH4 :60%,  (c) yCO2 : 
64% + yCH4 :36% and their corresponding deviation plot of experimental data and Langmuir isotherm 

as a percentage of the measured adsorption capacity [Plots (d), (e) and (f)]. 
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Table 16. N2+CO2 binary mixture adsorption capacity data 

  N2 CO2 

T 
(K) 

P 
(Kpa) 

Comp. 
(mol/ mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

Comp. 
(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

Average feed composition: N2 ~ 82 % + CO2 ~ 18 % 

333 107 0.81 0.07 0.11 0.19 0.28 0.12 
333 504 0.82 0.17 0.07 0.18 0.66 0.10 
333 903 0.84 0.22 0.14 0.16 0.84 0.16 
303 106 0.81 0.15 0.12 0.19 0.47 0.11 
303 503 0.81 0.20 0.14 0.19 1.47 0.19 
303 902 0.82 0.23 0.19 0.18 1.97 0.28 
273 106 0.82 0.20 0.23 0.18 1.21 0.22 
273 503 0.80 0.24 0.22 0.20 3.22 0.38 
273 902 0.82 0.30 0.21 0.18 3.43 0.47 

Average feed composition: N2 ~ 53 % + CO2 ~ 47 % 

333 107 0.53 0.05 0.04 0.47 0.46 0.03 
333 504 0.54 0.10 0.04 0.46 1.34 0.08 
333 903 0.55 0.13 0.05 0.45 1.92 0.12 
303 106 0.53 0.08 0.05 0.47 0.97 0.06 
303 503 0.53 0.13 0.08 0.47 2.83 0.15 
303 903 0.53 0.16 0.05 0.47 3.33 0.20 
273 106 0.53 0.08 0.11 0.47 2.90 0.17 
273 503 0.53 0.18 0.05 0.47 4.06 0.21 
273 903 0.53 0.20 0.05 0.47 4.29 0.25 

Average feed composition: N2 ~ 25 % + CO2 ~ 75 % 

333 106 0.26 0.01 0.04 0.74 0.66 0.04 
333 504 0.25 0.00 0.11 0.75 1.92 0.08 
333 902 0.25 0.00 0.20 0.75 2.69 0.11 
303 106 0.26 0.02 0.05 0.74 1.36 0.06 
303 503 0.25 0.00 0.04 0.75 3.45 0.12 
303 903 0.24 0.00 0.06 0.76 3.88 0.14 
273 106 0.26 0.00 0.04 0.74 3.41 0.11 
273 503 0.25 0.00 0.01 0.75 4.33 0.14 
273 902 0.25 0.00 0.04 0.75 4.55 0.17 
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Figure 22. Adsorption Capacity of binary mixture (CO2 + N2) and their isotherm with varying 

composition (a) yN2 : 82% + yCO2: 18%,  (b) yN2 : 53% + yCO2: 47%,  (c) yN2 : 25% + yCO2: 75% 
and their corresponding deviation plot of experimental data and Langmuir isotherm as a percentage of 

the measured adsorption capacity [Plots d), e) and f)] 
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Table 17. CH4+N2 binary mixture adsorption capacity data 

  CH4 N2 

T 
(K) 

P 
(Kpa) 

Comp. 
(mol/ mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

Comp. 
(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

Average feed composition: CH4 ~ 30 % + N2 ~ 70 % 

333 106 0.27 0.07 0.01 0.73 0.04 0.01 
333 503 0.29 0.31 0.05 0.71 0.12 0.05 
333 902 0.32 0.48 0.07 0.68 0.09 0.04 
303 107 0.26 0.13 0.02 0.74 0.07 0.02 
303 504 0.27 0.52 0.06 0.73 0.22 0.06 
303 903 0.32 0.79 0.09 0.68 0.28 0.07 
273 106 0.28 0.29 0.03 0.72 0.09 0.03 
273 503 0.28 0.93 0.09 0.72 0.33 0.06 
273 903 0.32 1.43 0.16 0.68 0.32 0.14 

Average feed composition: CH4 ~ 54 % + N2 ~ 46 % 

333 105 0.53 0.13 0.02 0.47 0.02 0.02 
333 503 0.55 0.54 0.05 0.45 0.05 0.04 
333 902 0.56 0.79 0.06 0.44 0.05 0.04 
303 106 0.52 0.27 0.04 0.48 0.03 0.03 
303 504 0.54 0.93 0.06 0.46 0.08 0.05 
303 903 0.55 1.31 0.08 0.45 0.09 0.05 
273 106 0.52 0.53 0.03 0.48 0.06 0.03 
273 503 0.54 1.49 0.08 0.46 0.14 0.04 
273 902 0.56 2.00 0.11 0.44 0.20 0.06 

Average feed composition: CH4 ~ 80 % + N2 ~ 20 % 

333 105 0.78 0.20 0.03 0.22 0.00 0.07 
333 503 0.79 0.71 0.04 0.21 0.00 0.01 
333 903 0.81 1.01 0.06 0.19 0.00 0.03 
303 106 0.77 0.37 0.03 0.23 0.00 0.00 
303 504 0.79 1.20 0.05 0.21 0.00 0.16 
303 902 0.81 1.65 0.07 0.19 0.00 0.33 
273 105 0.78 0.75 0.04 0.22 0.01 0.02 
273 503 0.79 1.86 0.07 0.21 0.00 0.03 
273 902 0.80 2.37 0.11 0.20 0.00 0.27 
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Figure 23. Adsorption Capacity of binary mixture (CH4 + N2) and their isotherm with varying 

composition (a) yCH4 : 30% + yN2 : 70%,  (b) yCH4 : 54% + yN2 :46% (With an excellent match to 
preliminary experimental measurement by Dr. Kevin (Gang) Li.) (c) yCH4 : 80% + yN2 :20% and 

their corresponding deviation plots of experimental data and Langmuir isotherm as a percentage of the 
measured adsorption capacity [Plots d), e) and f)] 
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In the above plots, in a binary mixture of CO2+N2 or CO2+CH4, CO2 is the dominant adsorbate 

and the adsorption capacity of other present gas in the mixture is negligible. This observation 

is confirmed, when the experiment is conducted in the absence of CO2, in a binary gas mixture 

of CH4+N2 where both gases show more adsorption on ILZ-TMA-Y compared to the binary 

mixtures with CO2 present.  

It can be concluded from the plots of data and the matched isotherm models (Figure 21, Figure 

22 and Figure 23) that the Extended Langmuir isotherm model can be a representative model 

for prediction of the equilibrium capacities for binary mixture components. This can be 

confirmed by first evaluating the Root Mean Square Deviation (RMSD) of the isotherm model 

and the experimental data. As long as the RMSD is less than the measurement uncertainty, we 

can confirm that the model provides a good representation of the equilibrium capacity data. In 

the CO2+CH4 mixture the RMSD for CO2 was evaluated to be 0.21 mmol/g and for CH4 0.23 

mmol/g. The RMSD for CO2 and N2 in the CO2 + N2 mixture was estimated to be 0.29 mmol/g 

and 0.16 mmol/g respectively. Finally the RMSD for CH4 and N2 in the CH4+N2 binary mixture 

were evaluated to be 0.057 and 0.079 mmol/g respectively which were all within the 

measurement uncertainties.  
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3.3.4 Selectivity 

The equilibrium selectivity (𝛼𝛼𝑖𝑖/𝑗𝑗) of a pair of adsorbates is defined by the ratio of their 

respective equilibrium adsorption capacities normalised to each components composition [37]. 

Mathematically, the selectivity of adsorbate i over j is defined as: 

αi/j =
Qi yi�
Qj

yj�
     Eqn. 17 

Combining equation 16 and 17, we get an equation for estimating selectivity from pure 

component parameters for Langmuir isotherm which is independent of component composition 

as follows: 

𝛼𝛼𝑖𝑖/𝑗𝑗 = 𝑄𝑄𝑚𝑚𝑔𝑔𝑒𝑒,𝑖𝑖𝑎𝑎𝑖𝑖
𝑄𝑄𝑚𝑚𝑔𝑔𝑒𝑒,𝑖𝑖𝑎𝑎𝑗𝑗

      Eqn. 18 

As this form of selectivity is independent of the molar composition, it is sometimes referred to 

as the ‘constant separation factor’ model [34]. The estimated values of selectivity for each pair 

of adsorbates is shown in Table 18. 

 

Table 18. The Langmuir adsorption selectivity of 3 pairs of binary mixtures at 273 K, 303 K and 333 
K. 

Temp Selectivity 
(°K) CH4/N2 CO2/CH4 CO2/N2 
273 5.8 13.4 77.6 
303 4.8 7.5 35.8 
333 4.1 4.6 18.9 

 
 

The above results confirms that CO2 has the highest affinity towards ILZ-TMA-Y in the given 

gas mixture. Selectivity is enhanced at lower temperatures, which suggests a possible solution 

for improving selectivity for the same given adsorbent and operating pressure. 
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3.3.5 Ternary Gas Mixture of CO2, N2 and CH4  

For the ternary gas mixture of CH4+N2+CO2, we have considered three different feed streams 

with varying molar composition of gas component. Although polarizability, binding energy 

and size have an impact on the affinity of an adsorbate towards an adsorbent, it is equally 

important to understand the influence of molar fraction of the target component in the feed gas 

mixture on the adsorption/ separation behaviour. This is critical since in the industry CO2 

concentration varies greatly in different reservoirs and hence the ranges for the series of ternary 

experiments are selected in such a way so that they cover the expected levels of CO2 

concentration in various industrial process [22]. In this regard, the ternary experiment results 

presented here, have a significant application in industry. 

The first group contained data with the average feed composition comprising of ~40% CH4, 

~30% N2 and ~30% CO2. The second groups consisted of data with feed composition 

comprising of ~30% CH4, ~20% N2 and ~50% CO2 whilst the feed composition of the last 

group was ~20% CH4, ~10% N2 and ~70% CO2. For each feed stream, the experiments were 

conducted over three levels of temperatures (273 K, 303 K & 333 K), each with overall system 

pressure set-points ranging from 100 to 900 kPa incorporating three possible combinations of 

mixture composition. This resulted in 27 ternary gas mixture experiments on ILZ-TMA-Y as 

displayed in Figure 24. In these plots, the y-axis is the equilibrium adsorption capacity and the 

x-axis is the partial pressure of the adsorbate, which is the product of the feed gas molar 

composition of the adsorbate and the system total pressure. The uncertainty of the measured 

data are depicted through error bars on the data point in plots along with the extended Langmuir 

isotherm through solid lines for ternary gas mixture which is based on the pure component 

adsorption parameters. The plots also indicate the pure component isotherms through dashed 

lines in order to compare the equilibrium adsorption capacity of a component in pure form vs. 

the same component while it is competing with other components in the gas mixture. A 
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consistent observation is decline in adsorption capacity between pure component and the same 

component in a gas mixture at the same partial pressure decreases with an increase in the feed 

gas composition of that component. This is most evident with CO2 data which as shown in 

Figure 24 c) demonstrates a negligible difference between pure component isotherm and 

ternary gas mixture adsorption isotherm at 273 K when the CO2 composition is relatively high 

(~70%). As the CO2 molar composition in the feed gas is reduced, the reduction in adsorption 

capacity of CO2 in the mixture is evident by the widening gap between the pure and mixture 

isotherm at the same partial pressure and temperature, as seen in Figure 24 a) and b). In 

addition, the CH4 and N2 adsorption capacities are diminished significantly in the presence of 

CO2 in the gas mixture. In the CO2+CH4+N2 mixture the RMSD for CO2 was evaluated to be 

0.21 mmol/g, for CH4 0.17 mmol/g and for N2 0.03 mmol/g which were once again within the 

measurement uncertainties. 

CO2 adsorption on ILZ-TMA-Y in ternary gas mixture also shows the same high rate of 

increase in adsorption capacity at low range of pressure, below 100 kPa, as seen in pure and 

binary gas mixtures. This increase is especially steep at the lowest measured temperature of 

273 K. Since the number of data points in this pressure range is limited for this rapid change in 

adsorption capacity, the deviation between the isotherm model and measured data is the highest 

at these pressures as noted in Figure 24 d), e) and f). The deviation as a percentage of measured 

data is within 10% for all other pressures and components, which is within the range of 

uncertainty of the instrument. 

The following table summarises the results of the experiments under different sets of pressure, 

temperature and composition.  
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Table 19. Adsorption capacity data for ternary gas mixture 

  CH4 N2 CO2 

T 
( K) 

P       
(Kpa) 

Comp. 
(mol/ 
mol) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

Comp. 
(mol/
mol) 

Q 
(mmol

/g) 

u(Q) 
(mmol/

g) 

Comp. 
(mol/ 
mol) 

Q 
(mmol

/g) 

u(Q) 
(mmol/

g) 

Average feed composition: CH4 ~40 %, N2 ~30 %, CO2 ~30% 
333 106 0.35 0.11 0.03 0.32 0.05 0.04 0.33 0.50 0.04 
333 504 0.37 0.35 0.05 0.30 0.08 0.05 0.32 1.07 0.09 
333 903 0.40 0.52 0.07 0.29 0.08 0.08 0.31 1.45 0.13 
303 106 0.38 0.25 0.05 0.28 0.04 0.05 0.34 0.74 0.05 
303 504 0.40 0.57 0.09 0.28 0.05 0.08 0.32 2.07 0.15 
303 903 0.43 0.76 0.10 0.27 0.05 0.09 0.31 2.74 0.23 
273 106 0.38 0.37 0.13 0.28 0.08 0.16 0.34 2.01 0.16 
273 504 0.40 0.54 0.06 0.27 0.03 0.06 0.33 3.57 0.27 
273 902 0.44 0.84 0.09 0.25 0.05 0.08 0.31 3.87 0.32 

Average feed composition: CH4 ~30 %, N2 ~20 %, CO2 ~50 % 
333 106 0.24 0.08 0.03 0.21 0.03 0.04 0.55 0.60 0.04 
333 504 0.26 0.20 0.04 0.20 0.02 0.03 0.54 1.55 0.08 
333 903 0.32 0.41 0.07 0.17 0.00 0.04 0.51 2.05 0.12 
303 106 0.27 0.18 0.05 0.19 0.03 0.05 0.53 1.05 0.05 
303 504 0.30 0.39 0.08 0.18 0.02 0.06 0.52 2.95 0.14 
303 903 0.33 0.55 0.07 0.17 0.00 0.00 0.50 3.54 0.19 
273 106 0.28 0.30 0.10 0.19 0.05 0.11 0.53 2.96 0.14 
273 504 0.30 0.41 0.05 0.18 0.03 0.07 0.52 3.87 0.19 
273 903 0.34 0.59 0.06 0.17 0.09 0.10 0.49 4.14 0.22 

Average feed composition: CH4 ~20 %, N2 ~10 %, CO2 ~70 % 
333 106 0.13 0.03 0.03 0.11 0.02 0.05 0.76 0.76 0.04 
333 504 0.15 0.08 0.04 0.10 0.00 0.12 0.76 1.99 0.07 
333 903 0.21 0.22 0.07 0.08 0.00 0.22 0.71 2.62 0.11 
303 107 0.16 0.10 0.05 0.10 0.02 0.05 0.74 1.35 0.06 
303 504 0.19 0.23 0.07 0.09 0.04 0.09 0.72 3.43 0.12 
303 903 0.22 0.30 0.05 0.08 0.04 0.06 0.70 3.85 0.15 
273 107 0.15 0.17 0.08 0.10 0.03 0.10 0.74 3.41 0.11 
273 504 0.19 0.27 0.04 0.09 0.02 0.04 0.72 4.22 0.14 
273 903 0.21 0.31 0.04 0.08 0.00 0.00 0.72 4.61 0.17 
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Figure 24. Adsorption Capacity of ternary mixture ( CO2 + CH4 + N2 ) and their isotherm with varying 
composition (a) yCH4 : ~40%, yN2 :~30%, yCO2 :~30%, (b) yCH4 : ~30%, yN2 :~20%, yCO2 :~50%, (c) 

yCH4 : ~20%, yN2 :~10%, yCO2 :~70% and their corresponding deviation plots of experimental data vs. 
extended Langmuir isotherm (Baseline) 
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3.4 Conclusion 

Key to an optimal design and simulation of adsorption-based separation process is 

comprehensive and quality adsorption equilibrium data. In this chapter, equilibrium adsorption 

capacities of pure CO2, CH4 and N2 on ILZ-TMA-Y were measured at pressures ranging from 

25 kPa to 900 kPa. These measurements were carried out at three different constant 

temperatures (273 K, 303 K and 333 K) to obtain isotherm data. The data were well represented 

with Langmuir isotherm model through the regression of the data using parameters for the 

model. Binary and ternary equilibrium adsorption capacities for mixtures of the above gas 

components were measured by using a fit-for-purpose modified dynamic Column 

Breakthrough instrument under the same pressure and temperature conditions. In total 

approximately 200 experiments were conducted to cover the range of operating conditions. 

Since we have demonstrated that the given adsorbent (TMAY) has a high affinity for CO2 

adsorption, it is important to understand the impact of the presence of CO2 on the equilibrium 

adsorption capacity of those gases that have smaller affinity for this adsorbent. We have shown 

that the adsorption capacity of both N2 and CH4 is negatively impacted when these gases are 

in competition with CO2. However, although ILZ-TMA-Y has the highest affinity for CO2 in 

this gas mixture, the change in feed gas composition has had a direct effect on the adsorption 

capacity of CO2 in the gas mixture. In other words, the presence of other components in the 

gas mixture, when their molar compositions are relatively high compared to that of CO2, have 

negatively impacted on the adsorption capacity of CO2 compared to its corresponding 

adsorption capacity in pure form. It was further demonstrated that this reduction in adsorption 

capacity is less severe if the feed gas composition of the competing molecule is reduced. This 

was particularly evident at a CO2 feed composition of 70% where a negligible difference was 

observed between pure CO2 adsorption capacity and adsorption capacity in a gas mixture. This 
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analysis suggests that the bonding of CO2 and ILZ-TMA-Y is not strong enough since it is 

impacted by change in feed gas composition.  

The experimental data were compared to the Extended Langmuir model for prediction of gas 

mixture adsorption and the deviation between the model and experimental data were confirmed 

to be within the measurement uncertainty of the instrument. This validates the use of Extended 

Langmuir model for prediction of mixture gas adsorption of the above gases on ILZ-TMA-Y.  
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4 New Isotherm Model for MOF-177 with High CO2 

Capacity 

4.1 Introduction 

CO2 removal has benefits for both the industry and the environment through its application for 

air purification and emissions control respectively. Another critical application of CO2 

separation is its removal from natural gas stream to aid transportation, increase heating value 

and minimize equipment corrosion [104].  Separation through physical adsorption processes, 

such as pressure swing adsorption by microporous materials offers a cost-effective solution 

especially for medium to low production volume [105]. In order for the adsorption processes 

to be implemented continuously and on a large scale, one of the most important conditions that 

must be satisfied is that the process of adsorption and desorption must be reversible [79]. The 

key to satisfy the above condition is to identify proper adsorbents which should have high 

capacity and high selectivity for CO2 over nitrogen and other natural gas components [106]. 

The high capacity of adsorbents for gases are commonly associated with the high specific 

surface area and pore volume of the adsorbents [107]. In the past, a number of adsorbents have 

been identified with increasing surface area of adsorption, and Metal Organic Frameworks 

(MOFs) are among those identified as very promising adsorbents with high surface area and 

pore volume [108, 109] 

MOFs are becoming an increasingly popular choice as the material for adsorbing CO2 mainly 

due to the following two characteristics [108]: (1) micro porous material with very large pore 

volume and surface area (compared to commercially available zeolites) which increases CO2 

capture capacity and (2) tuneable pore size and ability for the internal chemistry to be modified 

to enhance CO2 selectivity. Flexible metal organic frameworks (MOFs) are great example of 
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highly selective and tuneable microporous adsorbent that can be synthesized with low cost 

ingredients [105, 110]. Research efforts are continuing in this space to further enhance these 

properties [104, 111-115]. MOF-177 is one such highly porous material which has an 

exceptionally high Langmuir surface area available for adsorption (~4500 m2/g) [104, 116], 

although some references put this value even higher at 5640 m2/g  [113]. MOF-177 pore 

volume is significantly large at ~1.59 cm3/g [117]. One of the significant advantage of MOF-

177 is its very high capacity for CO2 (as much as 1.4 g CO2 per gram of adsorbent) [108]. 

MOF-177 also exhibits additional characteristics for a suitable gas adsorbent material such as 

high pore volume, high heat of adsorption and low skeletal density [107]. This is mainly due 

to the partial positive charges on the metal sites which leads to a high heat of adsorption of CO2 

at low pressures due to the large quadrupole moment of the CO2 molecule compared to other 

components such as CH4 or N2. This characteristic is particularly useful in separating CO2 from 

low pressure flue gas [104, 114]. In addition, the integration of high polarity organic 

heteroatoms into the pore structure offers enhanced uptake of CO2 [104, 110, 118]. Although 

MOF-177 has a high CO2 capacity at higher pressures, the adsorption isotherm shows a low 

initial slope of capacity at low pressures. This is apparent when comparing the gravimetric 

capacity at high pressure and volumetric capacity at low pressures [119]. The advantage of 

using DCB is to cover the full range of pressures and temperature in order to capture the step 

change in adsorption based on structural considerations. Our independent measurements with 

the Dynamic Column Breakthrough instrument also confirm a high selectivity of CO2 in the 

binary and ternary gas mixtures comprising methane and nitrogen. In our measurement we 

observed that although the CO2 adsorption isotherm follows the typical type 1 relationship up 

to ~ 300 kPa, a step change in the uptake is observed above this pressure. This phenomenon 

has been studied in such MOFs (also known as breathing MOFs) and has been attributed to the 

expansion of the framework due to CO2 inclusion [108]. The CO2 molecule forms a link with 
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the organic compounds in the framework thus expanding the structure [114]. This ‘breathing’ 

is caused by the strong interaction of the high dipole moment of the CO2 molecules and the 

framework which causes an inflection in the adsorption isotherm plot forming a type VI 

isotherm [114].  

For separation by adsorption process, the optimum selective microporous adsorbent should 

enhance the adsorption capacity for the target molecule of CO2 and disperse other components 

in the gas mixture. This phenomenon is described based on the effect of their pore size which 

the molecule with the smaller size can permeate to the internal space of the pores and their 

differential interactions with the substrates  [104, 114]. In this regard, another suitable physical 

property of MOF-177 is its small pore size which ranges from 5.8 Å to 11.8 Å in literature 

[104, 107, 109, 120, 121]. This small pore size not only offers a molecular sieving whereby the 

smaller CO2 molecules can preferentially flow through the pore space in comparison with the 

larger CH4 or N2 atoms but also offers a higher degree of interaction between the CO2 molecule 

and the framework [104, 115]. Although generally very high capacity often comes at the cost 

of lower selectivity, MOF-177 also has a high selectivity which is mainly based on size and 

shape of adsorbate molecule [122]. This is favourable towards linear CO2 molecules with a 

Kinetic diameter of 3.3 �̇�𝐴 compared to the relatively larger nitrogen (3.64 �̇�𝐴 ) and methane (3.8 

�̇�𝐴) molecules [108]. Thus the pore size of MOF-177 is tailored to enhance molecular sieving 

of CO2 over N2 and CH4 [104, 123]. 

In view of the above facts, the MOF selected for this study is MOF-177 and this high capacity 

towards CO2 has been demonstrated through a series of experiments in this research. 

Increasingly, recent research has been focussing on the practical and commercial application 

of MOFs to industry such as separation from multiple gas components [104]. Thus this study, 

focusses on the measurement of the adsorption equilibria of ternary gas mixtures of 
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CH4+N2+CO2 systems, supported by pure and binary measurements on a Metal Organic 

Framework adsorbent (MOF-177). 

The applicability of IAST model for gas mixture data using a new modified model based on an 

existing model known as LJMP [124] is investigated for MOF-177 in order to represent the gas 

mixture data. This modified model is termed LJMP and this is the first time, IAST based on 

LJMP has been used to model a highly porous material which has an anomalous step-change 

increase in adsorption capacity. IAST predictions of mixture gas adsorption have been shown 

to be representative of the binary and ternary adsorption equilibria.  

4.2 Experimental Section  

4.2.1 Materials 

Metal Organic Framework (MOF)-177 with commercial name of Basolite Z-377 is used in this 

study which is supplied by BASF. The chemical formula for this synthetic zinc-based MOF is 

C54H30O13Zn4 with a molecular weight of 1,148.34 g/mol. The BET surface area measured by 

manufacturer, with sample activated at 200 °C and <0.1 mbar is 3800-4000 m2/g and the 

Langmuir surface area measured at the same pressure/temperature conditions is 5000-5200 

m2/g [125]. This material which is in powder form (Figure 25 b) has a white to yellow 

appearance and can be made in large quantities from low-cost ingredients. In order to estimate 

the average particle size, SEM was used to get an image of the material as shown in Figure 25 

a). The average size of the particles was estimated to be ~0.9 mm with the smallest being ~0.2 

mm and the largest particle ~1.4 mm. 
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Figure 25. a) SEM of MOF-177, b) Textural Shape 

 

The skeletal density of the adsorbent, using a helium Pycnometer instrument was estimated to 

be 889 kg∙m-3. All gases used in this work were supplied by BOC (Australia) with the 

following stated molar fractional purities: He 99.999 %, CH4 99.995 %, CO2 99.995 % and N2 

99.999 %. 

4.2.2 Apparatus and Experimental Procedure 

The modified Dynamic Column Breakthrough (DCB) apparatus (details of which is explained 

in Chapter 2) was used to perform a series of pure N2, CH4, CO2 isotherms followed by their 

binary and ternary gas mixture adsorption equilibrium experiments to measure adsorption 

capacities of MOF-177 over different range of temperature (258K, 273 K, 303 K and 333 K) 

and range of pressure between 25 kPa to 900 kPa.  

The setup for all series of experiments consisted of 3 major steps: material degassing, 

equilibrium adsorption and data analysis.  

The initial step of the experiments which is the activation of MOF-177, was carried out in a 

vacuum autoclave as follows: first the adsorbent (MOF-177) was heated up to 200 °C by 

increasing of temperature 1deg/min and held at this temperature under vacuum of 0.094 mbar 

Smallest 
particle size 
estimated 

as ~0.2 mm 
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for 24 hours; then the adsorbent was cooled down to the room temperature, and the vacuum 

autoclave was filled with helium to about 1 atmosphere pressure. Then the adsorption column 

was loaded with the degassed adsorbent with 11.7 g of MOF-177 and the column was flushed 

with helium for 24 hrs while 100% of a helium mole fraction was reading by the connected 

outlet gas analyser before starting any gas adsorption measurements. Following this initial 

degassing, the subsequent experiments were performed through internal automated degassing 

by DCB as detailed in Chapter 2. 

4.2.3 Interpretation of Adsorption Data and measurement uncertainties 

In the DCB apparatus and the set-up described in the previous section, mass balance analysis 

was used to estimate the equilibrium adsorption capacities of the adsorbates on MOF-177 as 

described Chapter 2 [44, 83].  

The measured equilibrium adsorption capacities in this study contain a certain degree of 

uncertainty which are shown through error bars in plots. The details of the calculations of the 

uncertainties are explained in Chapter 2 [84]. 

4.3 Model Description 

4.3.1 LJMP-Toth Model 

The equilibrium adsorption capacity data for CO2 on MOF-177 at 258K depicts an atypical 

step-change in adsorption capacity at a particular pressure before reaching saturation.  

In recent literature, a model known as LJM [124] has been proposed to represent this anomalous 

adsorption phenomenon which has been attributed to thermally regulated micropores. The 

model has been demonstrated to represent a number of materials including MOFs. However 

this model is used to describe a system at constant pressure but at a range of temperatures.  
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Since our experimental data is measured at constant temperature but at a given range of 

pressures, the LJM model is modified in order to represent our experimental data at constant 

temperature. This new model, known as LJMP, is modified to describe the accessibility of 

internal sites of the MOF adsorbent in presence of varying pressure. The model incorporates a 

well-known isotherm model such as Toth [64] to regress the pure component adsorption data 

including the step change in adsorption capacity caused by sufficient pressure. Below is the 

equations for the above-mentioned LJMP isotherm model. 

𝑄𝑄𝐿𝐿𝐿𝐿𝑀𝑀𝑃𝑃−𝑅𝑅𝑇𝑇𝑇𝑇ℎ = [𝜃𝜃(1−∈)+∈]𝑄𝑄𝑅𝑅𝑇𝑇𝑇𝑇ℎ     Eqn. 19 

Where 

𝜃𝜃 = 1
2
�1 + 𝑒𝑒𝑒𝑒𝑒𝑒 �𝐵𝐵

2−𝐵𝐵02

√2𝛽𝛽𝐵𝐵
��      Eqn. 20 

In the above equations, β is the width of the pressure distribution and the product βP represents 

the cumulative distribution’s standard deviation. P0 represents the pressure at which the step 

change in adsorption takes place. ε represents the defects in the external surface sites that are 

always available for adsorption and ϴ represents the pressure-dependent distribution function.  

The term [𝜃𝜃(1−∈)+∈] represents the fraction of the adsorption sites that are influenced by the 

pressure-dependent distribution function. In order to determine β and P0 , the LJMp-Toth 

equation should be regressed to experimental data over a sufficiently wide pressure range 

covering the transition where some of the inaccessible pores become accessible. Finally a 

recommended isotherm equation for microporous adsorbent, namely Toth isotherm model [64], 

is used to estimate the equilibrium adsorption data term QToth in Eqn. 19.  
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The expression of the Toth model is shown in Eqn. 21. 

𝑄𝑄𝑅𝑅𝑇𝑇𝑇𝑇ℎ = 𝑄𝑄𝑚𝑚𝑎𝑎𝑒𝑒
𝐾𝐾𝐵𝐵

[(1+(𝐾𝐾𝐵𝐵)𝑛𝑛]1 𝑛𝑛�
 𝐾𝐾 = 𝐾𝐾0𝑒𝑒𝑒𝑒𝑒𝑒 �

−∆𝐶𝐶
𝑅𝑅𝑅𝑅
�  Eqn. 21 

where 𝑄𝑄𝑚𝑚𝑎𝑎𝑒𝑒, 𝐾𝐾0, ∆𝐻𝐻, n are adjustable empirical parameters. 

4.3.2 Ideal Adsorbed Solution Theory (IAST)-LJMP 

The ideal adsorption solution theory (IAST) proposed by Myers and Prausnitz in 1965 has 

become a benchmark in evaluating adsorption data, specifically for gas mixtures, on the basis 

of solution  thermodynamics to predict multicomponent adsorption equilibria based on pure 

component isotherms [56]. The other benefit of using IAST is that it is independent of the 

physical adsorption model [58]. Since it is a thermodynamically consistent solution, it has been 

shown to be applicable to both ideal and non-ideal gas mixtures and also homogenous and 

heterogeneous surfaces [60, 61].  

This theory is analogous to the vapour-liquid equilibrium law where 

𝑙𝑙𝑖𝑖 =  𝑙𝑙𝑖𝑖0(𝜋𝜋𝑖𝑖)𝑒𝑒𝑖𝑖       Eqn. 22 

Where pi0 is the theoretical pressure of the pure component which is equal to the spreading 

pressure of the mixture, π is the spreading pressure and x, the molar fraction of component i in 

the adsorbed phase [59]. At a constant temperature and at adsorption equilibrium, the spreading 

pressures of the components is equal, where the spreading pressure (𝜋𝜋) for a single component 

can be calculated from Gibbs adsorption isotherm as follows [88]: 
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πi = RT∫ (ni0(P) P⁄ )dPpi
0

0   i = 1,2,3,…,N  Eqn. 23 

πmix = πi = πj = ⋯ = πN     Eqn. 24 

Where, ni0(P), is the equilibrium capacity of the pure component and N is the number of 

components in the mixture. 

Using the above constraints and assuming ideal mixing at constant temperature, leads to the 

following expression:  

1
nT

= ∑ xi
ni
0(Pi

0)
N
i=1       Eqn. 25 

With the constraint: 

∑ xi = 1N
i=1        Eqn. 26 

Where nT is the total amount adsorbed. The adsorption of each species in the mixture is then 

calculated by:  

ni = xinT       Eqn. 27 

The IAST model is used to predict multi component adsorption data using pure component 

isotherm key parameters and is based on the assumption amongst others that the spreading 

pressures of the components must be equal at constant temperature.  In other words, for a plot 

of the equilibrium adsorption capacity with increasing pressure, the area under the curve is 

equal for each of the components in the gas mixtures. This translates to a higher upper limit of 

pressure for an adsorbate in a mixture that has a lower adsorption capacity compared to a 

component with higher adsorption capacity.  
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In order to represent the gas mixture data, the applicability of the Ideal Adsorption Solution 

Theory (IAST) model for gas mixture data using LJMP was investigated for MOF-177. The 

equation used to estimate the adsorption capacity in these calculations is LJMp-Toth which has 

been described in the previous section. Using the system pressure, the gas mixture composition 

and the upper limit in pressure confirming to the equal spreading pressure criteria described 

above, the equilibrium adsorption capacity of each component is estimated in the mixture. It is 

to be noted that for IAST modelling to be representative, the pure component data must be of 

good quality, i.e. low measurement errors, and the data must have a good fit to the pure data 

isotherm model [119]. In the following section we demonstrate the measured data along with 

the prediction modelling. 
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4.4 Results and Discussion 

4.4.1 Pure Component Equilibria 

Adsorption equilibrium capacity for pure components N2, CH4 and CO2 on MOF-177 was 

measured in the pressure range of 25 kPa to 900 kPa at four temperatures (258 K, 273 K, 303 

K and 333 K). The experimental data are shown in Figure 26 and in Table 21, Table 22 and 

Table 23. The equilibrium adsorption capacity for pure components were enhanced by 

increasing pressure and reducing temperature. However, observation is made that the 

adsorption behaviour of CH4 and N2 gases are significantly different to the CO2 adsorption 

data. For the CH4 data, a comparison with literature data (Figure 26 (b)) shows an excellent 

agreement with our experimental data. The literature data, using gravimetric instrument, 

confirms that at room temperature (298 K), at pressure of ~8000 kPa adsorption capacity of up 

to 16 mmol/g is observed which is approaching equilibrium [115].  

For N2, the maximum adsorption capacity measured at 258 K was 2.12 mmol/g at the pressure 

of 903 kPa, and corresponding capacities at the same pressure but at 273 K and 303 K were 

1.75 and 1.20 mmol/g respectively. The linear nature of the N2 isotherm plot correlates with 

the weak adsorbent-adsorbate interaction [126].For CH4, the maximum adsorption capacity 

measured at 258 K was 5.56 mmol/g at the pressure of 903 kPa, and the corresponding 

capacities for the same pressure at 273 K and 303 K were 4.17 and 2.64 mmol/g respectively. 

For CO2, the maximum adsorption capacity measured at 258 K was 31.43 mmol/g at pressure 

of 897 kPa, and 23.08 mmol/g at 273 K and 7.06 mmol/g at 303 K.  
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Figure 26. a) N2 (Experiment Vs. Toth) Isotherm, b) CH4 (Experiment vs. Toth) Isotherm with 

literature data [115], c) CO2 (Experiment vs. LJMp-Toth) Isotherm with literature data [79] 
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The adsorption capacity of CO2 on MOF-177, shown in Figure 26 (c), is considerably higher 

than either CH4 or N2 at any given temperature. A key contributing factor for higher CO2 

adsorption capacity in our measurement is attributed to the higher polarizability of the CO2 

molecule compared to the CH4 or N2 molecules [127] in addition to its relatively smaller kinetic 

diameter [108]. However as shown in Figure 26 (c) at 303 K even though the adsorption 

equilibrium data are in an excellent agreement with literature data the adsorbent is not saturated 

in this range of pressure. The literature data confirms that at room temperature (298 K), at 

pressure of ~4000 kPa adsorption capacity of up to 35 mmol/g is observed which is 

approaching equilibrium [79]. By decreasing the temperature to 273 K, adsorbent is gaining 

moderate but insufficient saturation in this range of pressure. A saturated adsorption capacity 

data set is observed when the temperature is further reduced to 258 K. Hence this temperature 

has been used for isotherm modelling in this study. It is to be noted that the isotherms of pure 

CO2 is not saturated in the range of pressure of DCB instrument and therefore the isotherm is 

almost linear, in terms of occurring saturations of adsorbent by CO2 in DCB pressure rage, the 

experiments needs to be conducted in a lower temperature to shift the curve in that range of 

pressure. That was the way we could see the step change in CO2 isotherm. 

Although the initial increase of CO2 adsorption at low pressure (<300 kPa) region was similar 

to Langmuir type 1 isotherm, there is a step change in adsorption capacity after 300 kPa due to 

CO2 inclusion in the pore sites of breathing type of adsorbent such as MOF-177 [108]. 

This type of adsorption data can be represented by a new model known as LJMP which can 

help describe the accessibility of internal sites of the MOF adsorbent; by incorporating it with 

a well-known isotherm model such as Toth, the pure adsorption isotherm data including the 

step change in adsorption capacity caused by sufficient pressure were well represented. The 

lowest temperature data (258 K) has been used for the modelling, where the corresponding 

optimal regression plots using the LJMP Toth isotherm model are also shown in the Figure 26. 



 113  
 

Where no step change in adsorption capacity is observed, as seen in CH4 and N2 data, the LJMP 

Toth isotherm model transforms into a Toth isotherm model as shown in Table 20.  

The absence of an inflection point in the CH4 and N2 isotherm plots indicates that the heat of 

adsorption of these molecules is not sufficient to overcome the enthalpy threshold of ~20 

KJ/mol above which breathing of the MOF structure occurs [114]. This is confirmed by the 

relatively low values of enthalpy of adsorption estimated for CH4 and N2 as shown in Table 20 

which is consistent with literature data [107].  
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Figure 27. a) Deviation Plot for N2 (Experiment Vs. Toth), b) Deviation Plot for CH4 (Experiment Vs. 

Toth), c) Deviation Plot for CO2 (Experiment Vs. LJMp-Toth)  

The ratio of the difference between prediction models and the experimental data are depicted 

as deviation plots shown in Figure 27. As seen in the plots and Table 20, the pure gas adsorption 

data could be well depicted by the Toth and LJMp-Toth isotherm models, with a standard 

deviation of 0.013mmol/g for N2, 0.015 mmol/g for CH4 and 0.489 mmol/g for CO2 which are 

all within the experimental measurement uncertainties.  

Table 20. LJMp-Toth isotherm parameters regressed from 258 K, 273 K and 303 K isotherms. * 
denotes isotherm parameter that was obtained on unsaturated data within the pressure range of DCB 

instrument. 
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N 0.94 0.99 0.99 
RMSD (mmol/g) 0.013 0.015 0.489 
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β (kPa) 2000* 
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The selected model for mixture and pure is LJMP using Toth since the data for CO2 is showing 

a S-shape isotherm which is different to the CH4 or N2 isotherm since CO2 inclusion causes re-

structuring of the breathing MOF-177. LJM-Toth is the most suitable isotherm model for 

predicting CO2 data.  

For other components such as CH4, which behave normal such as Type I isotherm, LJMp-Toth 

model can still be used as a representative model for data that shows the saturated adsorption 

capacity. However, in our experiments, since the DCB instrument is limited to an upper 

pressure of 900 kPa, for both Nitrogen and Methane, the data was linear in the given pressure 

range even at a low temperature of 258 K. This is the reason for the abnormally high Qmax 

data obtained in Table 20 for CH4 and N2. Through regression of data with LJM model, ε was 

determined to be unity and hence the LJMP model was simplified to the Toth model. The LJMP 

parameters were determined at 3 temperatures of 258K, 273K and 303K, however the isotherm 

plots are only shown for the lowest temperature of 258 K to be consistent with the saturated 

data obtained for CO2.  

 
 
 
  



 116  
 

Table 21. Equilibrium adsorption capacity for pure N2 component at different constant temperatures. 

333 K 303 K 273 K 258 K 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

108 0.05 0.01 108 0.08 0.07 108 0.07 0.01 108 0.07 0.01 
108 0.07 0.01 108 0.09 0.01 108 0.13 0.01 108 0.14 0.01 
108 0.09 0.01 108 0.12 0.02 108 0.18 0.02 108 0.21 0.10 
108 0.10 0.01 108 0.15 0.02 108 0.22 0.02 107 0.28 0.03 
205 0.20 0.02 205 0.28 0.03 205 0.42 0.03 205 0.51 0.04 
305 0.29 0.03 305 0.41 0.04 305 0.61 0.05 305 0.75 0.06 
505 0.48 0.06 504 0.68 0.07 505 1.01 0.08 504 1.22 0.10 
704 0.63 0.08 704 0.92 0.09 704 1.38 0.11 704 1.68 0.13 
904 0.85 0.10 904 1.20 0.12 904 1.75 0.13 903 2.12 0.17 

 

 

 

 

 

 
Table 22. Equilibrium adsorption capacity for pure CH4 component at different constant 

temperatures. 

333 K 303 K 273 K 258 K 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

106 0.11 0.04 106 0.19 0.02 106 0.24 0.03 107 0.20 0.03 
106 0.15 0.03 105 0.23 0.02 106 0.32 0.02 107 0.37 0.03 
105 0.19 0.02 105 0.28 0.03 105 0.44 0.03 107 0.53 0.06 
105 0.21 0.02 105 0.32 0.02 105 0.51 0.03 107 0.67 0.04 
204 0.41 0.03 203 0.61 0.04 204 0.98 0.05 205 1.28 0.06 
304 0.60 0.04 303 0.89 0.05 304 1.45 0.08 305 1.87 0.09 
503 0.98 0.07 504 1.49 0.09 504 2.36 0.12 504 3.10 0.15 
702 1.32 0.09 704 2.05 0.12 704 3.31 0.16 704 4.33 0.20 
902 1.71 0.12 903 2.64 0.16 903 4.17 0.20 903 5.56 0.25 
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Table 23. Equilibrium adsorption capacity for pure CO2 component at different constant temperatures. 

333 K 303 K 273 K 258 K 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

P   
(kPa

) 

Q 
(mmol

/g) 

u(Q) 
(mmol

/g) 

107 0.14 0.01 107 0.20 0.02 108 0.44 0.05 108 0.44 0.09 
107 0.24 0.02 107 0.42 0.07 108 0.78 0.07 107 0.86 0.08 
106 0.34 0.02 106 0.57 0.05 107 1.06 0.07 107 1.15 0.09 
106 0.41 0.02 106 0.69 0.06 107 1.33 0.09 106 1.85 0.10 
204 0.80 0.06 204 1.34 0.07 205 2.63 0.12 160 2.92 0.18 
304 1.18 0.09 304 2.02 0.11 305 4.07 0.18 206 3.85 0.20 
504 1.97 0.11 504 3.46 0.16 407 5.37 0.25 257 5.14 0.24 
704 2.85 0.15 704 5.13 0.24 504 8.04 0.40 306 6.53 0.33 
903 3.75 0.19 903 7.06 0.34 608 10.54 0.59 353 8.38 0.42 

      655 12.26 0.79 401 11.05 0.50 
      704 15.25 0.73 456 15.16 0.92 
      807 19.08 0.98 484 18.85 1.37 
      855 20.55 1.12 505 21.33 1.41 
      875 22.50 0.91 552 23.97 1.24 
      904 23.08 1.44 601 26.11 1.31 
         655 28.05 1.16 
         705 28.47 1.18 
         751 29.50 1.13 
         800 29.89 1.20 
         855 31.04 1.20 
         897 31.43 1.14 
 
 

4.4.2 Binary Gas Mixture Adsorption Equilibria 

Binary adsorption equilibria were measured for three different groups of gas mixtures, namely 

CO2+N2, CO2+CH4 and CH4+N2. The experiments were conducted over a system pressure 

range of ~100 to ~900 kPa at four levels of temperatures (258 K, 273 K, 303 K and 333 K). A 

wide range of different feed composition was incorporated in the experiments. This resulted in 

~40 experiments for each binary mixture and a total of 119 binary gas mixture experiments. 

The data are tabulated in Table 24, Table 25 and Table 26 for each binary mixture.  
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Table 24. CH4+CO2 binary mixture adsorption capacity data 

 

  CH4 CO2 Selectivit
  

T 
(K) 

P   
(kPa

) 

yi      
(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

yi      
(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

(αCO2-

CH4)meas             

 

333 

106 0.78 0.16 0.02 0.22 0.10 0.02 2.2 
107 0.52 0.09 0.02 0.48 0.22 0.02 2.6 
107 0.28 0.06 0.03 0.72 0.31 0.02 2.1 
505 0.81 0.82 0.08 0.19 0.39 0.08 2.0 
504 0.59 0.71 0.10 0.41 0.87 0.09 1.8 
505 0.34 0.32 0.08 0.66 1.40 0.09 2.2 
904 0.84 1.70 0.17 0.16 0.60 0.16 1.9 
904 0.63 1.31 0.16 0.37 1.41 0.16 1.8 
904 0.39 0.77 0.15 0.61 2.19 0.15 1.8 

303 

106 0.82 0.32 0.03 0.18 0.13 0.02 1.9 
106 0.62 0.26 0.03 0.38 0.29 0.03 1.8 
106 0.37 0.16 0.04 0.63 0.48 0.03 1.8 
504 0.84 1.48 0.12 0.16 0.55 0.12 2.0 
504 0.64 1.21 0.12 0.36 1.30 0.12 1.9 
504 0.39 0.79 0.13 0.61 2.19 0.13 1.8 
903 0.86 2.58 0.19 0.14 0.82 0.18 1.9 
903 0.65 2.45 0.20 0.35 2.22 0.20 1.7 
902 0.41 1.77 0.21 0.59 4.04 0.22 1.6 

273 

107 0.79 0.46 0.04 0.21 0.29 0.04 2.4 
107 0.57 0.38 0.04 0.43 0.58 0.04 2.0 
107 0.33 0.23 0.05 0.67 0.92 0.05 1.9 
504 0.81 2.11 0.18 0.19 1.19 0.18 2.4 
504 0.60 1.88 0.19 0.40 2.71 0.20 2.1 
504 0.35 1.22 0.22 0.65 4.76 0.24 2.1 
904 0.86 4.53 0.31 0.14 1.59 0.32 2.2 
904 0.66 4.46 0.36 0.34 4.44 0.37 1.9 
904 0.42 4.02 0.49 0.58 9.81 0.51 1.8 

258 

106 0.83 0.66 0.06 0.17 0.36 0.06 2.6 
106 0.62 0.58 0.06 0.38 0.76 0.06 2.2 
106 0.38 0.38 0.07 0.62 1.24 0.07 2.0 
503 0.85 3.18 0.24 0.15 1.45 0.25 2.6 
902 0.87 6.02 0.50 0.13 2.35 0.50 2.6 
800 0.66 5.47 0.78 0.34 7.31 0.78 2.3 
607 0.41 3.38 0.76 0.59 11.96 0.77 2.2 
700 0.42 4.53 1.46 0.58 16.99 1.49 2.5 
800 0.42 4.99 0.94 0.58 20.08 1.05 2.7 
903 0.44 5.61 0.92 0.56 21.91 1.06 2.9 
903 0.38 4.68 0.84 0.62 24.21 1.00 3.0 
903 0.33 4.37 0.82 0.67 25.27 0.95 3.1 
903 0.27 3.81 0.82 0.73 26.87 0.91 2.8 
903 0.20 2.83 0.83 0.80 28.35 0.91 2.6 



 119  
 

Table 25. N2+CO2 binary mixture adsorption capacity data 

  N2 CO2 Selectivity 

T 
(K) 

P   
(kPa) 

yi      
(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

yi      
(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

(αCO2-

N2)meas 

333 

107 0.83 0.10 0.02 0.17 0.07 0.02 3.5 
107 0.54 0.06 0.02 0.46 0.19 0.02 3.7 
106 0.26 0.01 0.04 0.74 0.34 0.02 10.5 
504 0.83 0.42 0.07 0.17 0.36 0.08 4.2 
504 0.56 0.23 0.07 0.44 0.93 0.08 5.2 
504 0.28 0.06 0.06 0.72 1.53 0.08 9.6 
903 0.83 0.75 0.14 0.17 0.58 0.15 3.8 
903 0.55 0.61 0.14 0.45 1.57 0.14 3.1 
903 0.25 0.29 0.14 0.75 2.73 0.15 3.1 

303 

108 0.80 0.14 0.02 0.20 0.15 0.03 4.3 
108 0.53 0.09 0.02 0.47 0.34 0.02 4.2 
107 0.26 0.04 0.03 0.74 0.53 0.03 4.6 
505 0.81 0.64 0.11 0.19 0.65 0.11 4.3 
505 0.54 0.44 0.10 0.46 1.53 0.11 4.1 
505 0.25 0.21 0.10 0.75 2.44 0.12 3.9 
903 0.83 1.35 0.19 0.17 0.97 0.20 3.6 
904 0.54 0.98 0.17 0.46 2.68 0.19 3.2 
904 0.25 0.61 0.19 0.75 4.83 0.21 2.6 

273 

107 0.80 0.22 0.03 0.20 0.28 0.04 5.2 
107 0.53 0.14 0.04 0.47 0.64 0.04 5.2 
107 0.25 0.07 0.05 0.75 0.98 0.04 5.0 
505 0.82 1.01 0.08 0.18 1.07 0.21 4.8 
505 0.56 0.78 0.13 0.44 2.60 0.17 4.3 
505 0.29 0.45 0.14 0.71 4.31 0.17 3.9 
904 0.83 2.05 0.26 0.17 1.85 0.31 4.3 
904 0.54 1.73 0.28 0.46 5.76 0.35 3.9 
904 0.26 1.37 0.41 0.74 12.45 0.47 3.2 

 
 

258 
 

106 0.80 0.28 0.04 0.20 0.40 0.06 5.6 
106 0.54 0.22 0.05 0.46 0.79 0.05 4.2 
106 0.27 0.10 0.06 0.73 1.40 0.06 5.3 
503 0.81 1.27 0.20 0.19 1.73 0.26 5.9 
902 0.83 2.25 0.38 0.17 2.89 0.48 6.3 
503 0.54 0.92 0.22 0.46 4.68 0.28 6.0 
606 0.54 1.07 0.29 0.46 6.16 0.36 6.6 
703 0.54 1.21 0.35 0.46 7.60 0.45 7.4 
503 0.26 0.41 0.28 0.74 9.26 0.35 7.9 
606 0.25 0.48 0.61 0.75 15.88 0.74 11.3 
703 0.25 0.56 0.84 0.75 23.27 0.99 13.8 
800 0.25 0.24 0.30 0.75 26.78 0.92 36.4 
902 0.25 0.29 0.21 0.75 28.62 0.94 32.0 
903 0.13 0.10 0.10 0.87 30.08 0.83 45.3 
903 0.04 0.05 

 
0.84 0.96 30.89 0.87 28.4 
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Table 26. CH4+N2 binary mixture adsorption capacity data 

  CH4 N2 Selectivity 

T 
(K) 

P   
(kPa) 

yi      
(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

yi      
(mol/mol) 

Q 
(mmol/g) 

u(Q) 
(mmol/g) 

(αCH4-

N2)meas           

333 

107 0.28 0.06 0.02 0.72 0.08 0.02 2.1 
106 0.56 0.13 0.02 0.44 0.05 0.02 2.2 
106 0.81 0.19 0.02 0.19 0.02 0.02 2.2 
504 0.30 0.31 0.07 0.70 0.33 0.07 2.2 
504 0.57 0.62 0.07 0.43 0.21 0.06 2.2 
504 0.82 0.87 0.07 0.18 0.08 0.06 2.4 
903 0.33 0.60 0.11 0.67 0.62 0.11 2.0 
903 0.59 1.10 0.11 0.41 0.37 0.11 2.1 
903 0.83 1.54 0.11 0.17 0.14 0.11 2.2 

303 

107 0.28 0.10 0.02 0.72 0.11 0.02 2.3 
106 0.56 0.20 0.02 0.44 0.06 0.02 2.4 
106 0.80 0.27 0.02 0.20 0.03 0.02 2.4 
504 0.29 0.46 0.08 0.71 0.48 0.08 2.3 
504 0.57 0.89 0.08 0.43 0.29 0.08 2.3 
504 0.82 1.27 0.08 0.18 0.11 0.07 2.5 
903 0.23 0.49 0.10 0.76 1.00 0.11 1.6 
903 0.58 1.60 0.13 0.42 0.48 0.12 2.4 
903 0.83 2.27 0.13 0.17 0.15 0.12 3.2 

273 

107 0.31 0.17 0.03 0.69 0.15 0.03 2.6 
107 0.58 0.32 0.03 0.42 0.09 0.03 2.7 
106 0.81 0.44 0.03 0.19 0.04 0.03 2.8 
504 0.31 0.77 0.10 0.69 0.68 0.10 2.5 
504 0.59 1.48 0.11 0.41 0.38 0.10 2.7 
505 0.82 2.00 0.10 0.18 0.16 0.09 2.9 
904 0.32 1.42 0.17 0.68 1.31 0.16 2.3 
903 0.59 2.69 0.17 0.41 0.76 0.16 2.4 
903 0.83 3.72 0.16 0.17 0.28 0.15 2.8 

258 

107 0.31 0.22 0.03 0.69 0.19 0.03 2.7 
107 0.58 0.41 0.03 0.42 0.11 0.03 2.8 
106 0.81 0.57 0.03 0.19 0.04 0.03 3.3 
504 0.33 1.06 0.12 0.67 0.79 0.12 2.7 
504 0.60 1.92 0.12 0.40 0.43 0.11 3.0 
504 0.82 2.60 0.12 0.18 0.16 0.10 3.6 
903 0.35 1.91 0.21 0.65 1.31 0.20 2.7 
903 0.61 3.50 0.22 0.39 0.72 0.19 3.1 
903 0.84 4.66 0.21 0.16 0.25 0.18 3.6 

 

In order to represent the gas mixture data, the applicability of IAST model for gas mixture data 

using LJMP was investigated for MOF-177 and an excellent match was obtained with the 



 121  
 

majority of data on average within 10% of the model’s predictions for the binary gas mixture 

data. These results show clearly that even for highly non-linear isotherms characteristic of 

strong adsorption interactions such as those between CO2 and MOF-177, the Ideal Adsorbed 

Solution Theory based on the new LJMP model  provides a reasonably accurate description of 

mixture sorption for industrially relevant natural gas compositions and conditions. 

 

CH4+CO2 binary mixture: 
 
Figure 28 illustrates the equilibrium adsorption capacity data for the CO2+CH4 binary mixture 

at (a) 333 K, (b) 303 K and (c) 273 K. In all three temperature, the adsorption capacity of MOF-

177 for CO2 has been greater than CH4 however as can be seen in the graphs the CO2 isotherm 

plot is linear. In order to obtain data showing saturation in the adsorption capacity, a lower 

temperature was needed to conduct the experiments. By dropping the temperature down to 258 

K and performing the breakthrough experiments, observation is made that the CO2 data is 

saturated at a maximum recorded equilibrium adsorption capacity of 28.35 mmol/g.  
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Figure 28. Equilibrium Adsorption Capacity for CO2+CH4 binary mixture at (a) 333 K, (b) 303 K and 

(c) 273 K 
 
 
 
 
The prediction modelling for these series of data is performed at the lowest recorded 

temperature of 258 K where the highest saturation in adsorption capacity was achieved. The 

data were regressed to the new LJMp-Toth isotherm model parameters obtained from pure 

component adsorption equilibria. Wherein the key isotherm parameters were identified and 

used as input parameters to the IAST model for binary adsorption predictions. The resultant 

prediction model is shown in Figure 29 (a). The deviations between experimental data and the 
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predictions from IAST model (using IAST LJMP Toth prediction as baseline) are shown in 

Figure 29 (b).  

The interesting part of this experiments is that between pressure of 250 and 500 kPa where the 

restructuring of the breathing MOF is suspected to occur, data shows that the adsorption 

capacity of CO2 in binary mixture is higher than its corresponding adsorption capacity when it 

is in pure form at the same partial pressure, although the adsorption capacity in binary mixture 

approaching saturation is ~2% lower than its corresponding capacity in pure form. This 

phenomenon, is related to the presence of CH4 in the binary mixture. For pure gas components, 

previous studies have shown that this framework transition is gradual and occurs in stages, 

hence for a given point of inflection, some pore spaces could still be remaining closed, whilst 

others expand [114]. As discussed previously, CO2 molecules forms a link with the organic 

compounds in the framework thus expanding the structure. Since CH4 molecules are also 

polarisable, they too can interact with the metal sites within the framework and hence their 

presence can help CO2 expand pore space more quickly.  

In addition, due to the expansion in the MOF structure we observe a higher adsorption capacity 

for CH4 in binary mixture with CO2 compared to its pure form where no MOF breathing occurs 

due to the absence of CO2. For example CH4 adsorption capacity in pure form at a pressure of 

300 kPa is 1.87 mmol/g whereas its adsorption capacity at similar partial pressure of 294 Kpa 

(In a binary mixture of 42% CH4 and 58% CO2 in total pressure of 700 kPa) is 4.53 mmol/g. 
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Figure 29. Equilibrium Adsorption Capacity for a binary mixture of CO2+CH4 at 258 K with (a) the 
LJMP prediction model for pure and binary mixture and (b) Deviation Plot as a percentage of the 

experimental value 
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N2+CO2 binary mixture: 
 
Figure 30 illustrates the equilibrium adsorption capacity data for the CO2+N2 binary mixture 

at (a) 333 K, (b) 303 K and (c) 273 K. The predication modelling for these series of data is 

performed at the lowest recorded temperature of 258 K where the highest saturation in 

adsorption capacity was achieved. The data are regressed to the new LJMp-Toth isotherm 

model parameters obtained from pure component adsorption equilibria. Wherein the key 

isotherm parameters were identified and used as input parameters to the IAST model for binary 

adsorption predictions.   
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Figure 30. Equilibrium Adsorption Capacity for CO2+N2 binary mixture of at (a) 333 K, (b) 303 K 

and (c) 273 K 
 

The resultant prediction model is shown in Figure 31 (a). The deviations between experimental 

data and the predictions from IAST model (using IAST LJMP Toth prediction as baseline) are 

shown in Figure 31 (b). Observation is made that the way MOF structure expands in binary 

mixture of CO2+N2 is similar to its expansion in presence of pure CO2 as can be seen with the 

overlapping of the pure and binary data in Figure 31 (a). This observation suggests that N2 

plays a neutral role in the MOF structure expansion due to CO2 inclusion. However due to the 

expansion in the MOF structure we observe a higher adsorption capacity for N2 in binary 

mixture with CO2 compared to its pure form where no MOF breathing occurs due to the absence 

of CO2. For example N2 adsorption capacity in pure form at a pressure of 300 kPa is 0.75 

mmol/g whereas its adsorption capacity at the same partial pressure of 300 Kpa (In a binary 

mixture of 54% N2 and 46% CO2 in total pressure of 600 kPa) is 1.07 mmol/g. 
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 Figure 31. Equilibrium Adsorption Capacity for a binary mixture of CO2+N2 at 258 K with (a) the 

LJMP prediction model and (b) Deviation Plot of CO2 data as a percentage of the experimental value 
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N2+CH4 binary mixture: 
 
Figure 32 illustrates the equilibrium adsorption capacity data for the CH4+N2 binary mixture 

at (a) 333 K, (b) 303 K, (c) 273 K and (d) 258 K. The predication modelling for these series of 

data is performed at the lowest recorded temperature of 258 K where the highest saturation in 

adsorption capacity was achieved. The data are regressed to the new LJMp-Toth isotherm 

model parameters obtained from pure component adsorption equilibria.  
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Figure 32. Equilibrium Adsorption Capacity for a binary mixture of CH4+N2 at (a) 333 K, (b) 303 K, 

(c) 273 K and (d) 258 K (Including prediction model) 

4.4.3 Ternary Adsorption of CO2, N2 and CH4 gas mixtures 

The ternary adsorption equilibria for gas mixtures of N2+CH4+CO2 were measured with 

different molar fractions to achieve different partial pressure of each component and have a 

complete curve. These experiments were conducted at four temperature levels (258 K, 273 K, 

303 K and 333K) and different range of overall system pressures (between 100 kPa to 900 

kPa). The results of these 44 ternary experiments with measurement uncertainties are shown in 

Table 27. 
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Table 27. Ternary mixture adsorption capacity data 
  CH4 N2 CO2 

T 
(K) 

P 
(kPa) 

yi   
(mol/m

ol) 

Q  
(mmol/

g) 

u(Q)  
(mmol/

g) 

yi   
(mol/
mol) 

Q  
(mmol/g

) 

u(Q) 
(mmol/

g) 

yi   
(mol/
mol) 

Q 
(mmol/

g) 

u(Q) 
(mmol/

g) 

333 

107 0.40 0.11 0.02 0.28 0.04 0.02 0.32 0.14 0.02 
107 0.30 0.08 0.02 0.19 0.03 0.02 0.51 0.22 0.02 
107 0.19 0.05 0.02 0.10 0.02 0.03 0.71 0.30 0.02 
505 0.43 0.50 0.08 0.27 0.18 0.08 0.30 0.61 0.08 
504 0.34 0.42 0.08 0.18 0.13 0.08 0.48 0.98 0.08 
504 0.22 0.30 0.08 0.09 0.07 0.08 0.69 1.40 0.09 
903 0.47 0.98 0.13 0.25 0.32 0.13 0.28 0.99 0.13 
903 0.36 0.83 0.13 0.16 0.22 0.13 0.48 1.78 0.14 
903 0.25 0.54 0.12 0.07 0.10 0.11 0.68 2.29 0.13 

303 

107 0.37 0.14 0.04 0.30 0.03 0.04 0.32 0.26 0.05 
107 0.24 0.10 0.02 0.21 0.02 0.03 0.56 0.41 0.02 
107 0.12 0.04 0.02 0.10 -0.01 0.01 0.78 0.59 0.02 
504 0.36 0.66 0.09 0.31 0.11 0.07 0.34 1.20 0.11 
504 0.27 0.49 0.08 0.19 0.04 0.05 0.54 1.91 0.11 
504 0.15 0.23 0.06 0.09 -0.04 -0.12 0.76 2.74 0.11 
903 0.42 1.30 0.16 0.27 0.27 0.16 0.32 1.99 0.20 
903 0.36 1.32 0.17 0.16 0.37 0.17 0.48 2.95 0.19 
902 0.25 1.06 0.20 0.07 0.24 0.20 0.68 4.57 0.21 

273 

107 0.41 0.26 0.03 0.28 0.09 0.04 0.31 0.44 0.04 
107 0.30 0.21 0.04 0.19 0.07 0.04 0.51 0.71 0.04 
107 0.19 0.15 0.04 0.10 0.04 0.05 0.71 0.97 0.05 
504 0.44 1.31 0.15 0.26 0.41 0.16 0.30 1.97 0.19 
504 0.34 1.12 0.16 0.18 0.33 0.16 0.48 3.29 0.19 
504 0.22 0.85 0.20 0.09 0.21 0.20 0.69 5.15 0.22 
903 0.47 2.55 0.28 0.25 0.81 0.27 0.28 3.42 0.33 
903 0.37 2.66 0.34 0.16 0.80 0.34 0.47 6.68 0.38 
903 0.26 2.64 0.41 0.07 0.49 0.40 0.66 11.50 0.45 

258 

105 0.41 0.33 0.04 0.27 0.12 0.05 0.31 0.62 0.05 
105 0.31 0.27 0.05 0.19 0.07 0.05 0.51 0.99 0.05 
105 0.20 0.20 0.06 0.10 0.06 0.06 0.70 1.34 0.06 
503 0.44 1.77 0.20 0.26 0.46 0.19 0.29 2.89 0.26 
607 0.46 2.25 0.26 0.25 0.58 0.26 0.29 3.68 0.33 
704 0.46 2.62 0.31 0.25 0.60 0.29 0.29 4.35 0.39 
801 0.48 3.13 0.37 0.25 0.76 0.36 0.27 4.79 0.46 
903 0.48 3.67 0.44 0.25 0.76 0.40 0.27 5.59 0.54 
607 0.35 2.24 0.37 0.17 0.43 0.34 0.48 7.62 0.43 
705 0.36 2.46 0.46 0.16 0.52 0.45 0.47 9.36 0.55 
504 0.24 1.60 0.42 0.08 0.31 0.41 0.68 9.78 0.45 
801 0.38 3.32 0.62 0.16 0.57 0.54 0.46 11.63 0.73 
607 0.23 1.50 0.54 0.08 0.25 0.59 0.69 16.47 0.81 
704 0.24 2.36 0.66 0.08 0.41 0.74 0.68 19.91 0.82 
800 0.26 3.79 0.82 0.07 0.65 0.91 0.67 23.36 0.91 
904 0.26 3.32 0.64 0.07 0.37 0.58 0.68 25.91 0.92 
904 0.20 2.36 0.54 0.02 0.17 0.66 0.78 27.57 0.84 
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The equilibrium adsorption capacity data for the CO2+CH4+N2 ternary mixture at (a) 333 K, 

(b) 303 K and (c) 273 K are shown in Figure 33 where no saturation in adsorption capacity is 

observed.  
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Figure 33. Equilibrium Adsorption Capacity for a ternary mixture of CO2+CH4+N2 at (a) 333 K, (b) 

303 K and (c) 273 K. 
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the absence of CO2. For example CH4 adsorption capacity in pure form at a pressure of 300 

kPa is 1.87 mmol/g whereas its adsorption capacity at similar partial pressure of 304 Kpa (In a 

ternary mixture of 38% CH4, 16% N2 and 46% CO2 in total pressure of 800 kPa) is 3.32 mmol/g. 

Similarly, N2 adsorption capacity in pure form at a pressure of 205 kPa is 0.51 mmol/g whereas 

its adsorption capacity at the same partial pressure of 200 Kpa (In a ternary mixture of 25% 

N2, 48% CH4 and 27% CO2 in total pressure of 801 kPa) is 0.76 mmol/g.  

 

 

 

 

Figure 34. Adsorption capacity of ternary gas mixture of (CH4+N2+CO2) and representative isotherm 
model (IAST based on LJMP Toth) for gas mixture at 258K. 
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Figure 35. Deviation plot of IAST-LJMP and experimental data as a percentage of the experimental 
value for CO2 in a CO2+CH4+N2 ternary mixture at 258 K. (Using IAST as the baseline). 
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absence of CO2. The presence of nitrogen in the MOF structure expansion was found to be 

negligible. 

The prediction modelling for these series of data is performed at the lowest recorded 

temperature of 258 K where the highest saturation in adsorption capacity was achieved. In 

order to represent the gas mixture data, the applicability of IAST model for gas mixture data 

using a new model (LJMP) was investigated for MOF-177 and an excellent match was obtained 

with the majority of data on average within 10% of the model’s predictions for the binary and 

ternary gas mixture data. The results indicate that IAST could be applied to a heterogeneous 

adsorption systems with different strengths and adsorbents within a heterogeneous surface. 

These results show clearly that even for highly non-linear isotherms characteristic of strong 

adsorption interactions such as those between CO2 and MOF-177, the Ideal Adsorbed Solution 

Theory based on the new LJMP model  provides a reasonably accurate description of mixture 

sorption for industrially relevant natural gas compositions and conditions. 

A comparison between the adsorbents discussed in Chapters 2 to 4 is presented in the 

Conclusions chapter. 
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5 Conclusions and Future Research 

5.1 Conclusions 

The adsorption equilibria of carbon dioxide, methane and nitrogen are particularly important 

to the development of industrial PSA processes intended to separate CO2 and N2 from a variety 

of conventional as well as unconventional natural gas sources. Many different experimental 

techniques can be used to obtain such data, and in this work the Dynamic Column 

Breakthrough method was adopted. More than 700 experiments were conducted covering pure 

component, binary & ternary gas mixtures of CO2, CH4 and N2 on commercial and novel 

adsorbents (two forms of Zeolites and a Metal Organic Framework adsorbent) in the operating 

range of (258 to 333) K and (25 to 900) kPa pressure. The obtained pure gas adsorption data 

were regressed with different adsorption isotherm models, and the most appropriate isotherm 

model was identified for each of the adsorbent. The obtained gas mixture adsorption data were 

compared with the prediction from the Ideal Adsorption Solution Theory (IAST) that were 

implemented with the pure gas isotherm model parameters for each adsorbent. The adsorption 

performance and the applicability of specific adsorption isotherm models for each of the three 

adsorbents are summarised as follows:  

For zeolite 13X APG III, the adsorption data of pure CO2, CH4 and N2 were measured at 

different pressures in the range of 25 kPa to 900 kPa and three different temperatures (273 K, 

303 K and 333 K). The adsorbent demonstrated significantly higher affinity towards CO2 

compared to N2 or CH4 under identical experimental conditions. Toth isotherm could describe 

the pure gas adsorption data through regression of the respective key parameters with 

experimental data. Binary and ternary adsorption equilibria experiments were subsequently 

conducted for the CO2, CH4 and N2 in the same temperature and pressure range, and compared 
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to IAST predictions based on the Toth model parameters from pure gas adsorption. The 

predictions of binary and ternary gas mixtures adsorption were well within the measurement 

uncertainty with corresponding maximum deviations being 0.055 mmol/g and 0.3 mmol/g 

respectively. The results confirm that the IAST predictions of CO2, CH4 and N2 mixture gas 

adsorption on zeolite 13X are reliable and IAST can be utilised with reasonable confidence for 

process design calculations using this adsorbent.  

For the novel ILZ, ILZ-TMA-Y adsorbent, equilibrium adsorption capacities of pure CO2, CH4 

and N2 were measured at pressures ranging from 25 kPa to 900 kPa at three different constant 

temperatures (273 K, 303 K and 333 K). The data were well represented using Langmuir 

isotherm model. Binary and ternary equilibrium adsorption capacities for mixtures of the above 

gas components were measured under the same pressure and temperature conditions. Similar 

to Zeolite 13X, the given adsorbent (TMAY) demonstrated a high affinity for CO2 adsorption. 

The analysis of the results showed that the adsorption capacity of both N2 and CH4 is negatively 

impacted when these gases are in competition with CO2. Nevertheless, the presence of nitrogen 

and methane in the gas mixture, when their molar compositions are relatively high compared 

to that of CO2, reduces the adsorption capacity of CO2. This analysis suggests that the bonding 

of CO2 and ILZ-TMA-Y is not as strong when compared to its bonding with Zeolite 13X since 

in this instance it is impacted by change in feed gas composition. A decline in adsorption 

capacity of CO2 is recorded when in a mixture compared to its corresponding adsorption 

capacity in pure form. This decline is minimal when the CO2 feed composition is greater than 

~70%. The experimental data were compared to the Extended Langmuir model for prediction 

of gas mixture adsorption and the deviation between the model and experimental data were 

confirmed to be within the measurement uncertainty of the instrument. The results validate the 

use of this model for prediction of gas mixture adsorption of the above gases on ILZ-TMA-Y.  
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For MOF-177, adsorption data of pure CO2, CH4 and N2 were measured at different pressures 

in the range of 25 kPa to 900 kPa at a range of temperatures from a low temperature of 258 K 

to 333 K. For a given temperature, the framework expands at a certain pressure in presence of 

CO2 due to the formation of links with the organic compounds within the framework resulting 

in a sharp increase in the adsorption capacity. The adsorption capacity of CO2 in ternary gas 

mixtures at the point of inflection was found to be higher than its corresponding adsorption 

capacity in pure form at the same partial pressure due to the interaction of CH4 molecules with 

the metal sites within the framework. The same phenomenon was recorded in the binary 

mixture of CO2+CH4. A higher adsorption capacity for CH4 or N2 in binary mixture with CO2 

was recorded compared to their pure form where no MOF breathing occurs due to the absence 

of CO2. Prediction modelling was performed only at the lowest recorded temperature of 258 K 

where the highest saturation in adsorption capacity was achieved. For gas mixture isotherm 

representation, the applicability of IAST model using a new model (LJMP) was investigated 

and an excellent match was obtained with the majority of data on average within 10% of the 

model’s predictions for the binary and ternary gas mixture data. These results show that even 

for highly non-homogenous isotherms characteristic depicting strong adsorption interactions 

and step changes in equilibrium adsorption capacity, the Ideal Adsorbed Solution Theory based 

on the new LJMP model provides a reasonably accurate description of mixture sorption for 

industrially relevant natural gas compositions and conditions. 
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5.2 Recommendations for Future Research  

The data in this thesis could be a robust baseline for further research into the separation through 

adsorption processes. The set-up and experiment methodology for measuring gas mixtures 

equilibrium adsorption can be used for other gas mixture with different feed components. 

Besides condensable steam and heavy hydrocarbons, the gaseous impurities (e.g. S-containing 

compounds) also exist in nature gas, which could have important impacts on the selection of a 

commercial adsorbents for removing CO2 and N2 from natural gas. A suggestion is to include 

a low level of these impurities in the tests that could be complementary to the above research. 

The models and parameters can be used for design and simulation of DR-PSA which is an 

extremely useful unit in gas separation process. By introducing characterization of different 

adsorbents with different affinity toward various components, we can choose the appropriate 

adsorbent for DR PSA, hence potentially increasing process efficiency.  

Currently the initial regeneration which is using a GC oven exposes the adsorbent to the 

atmosphere while it is being transferred to the DCB column. This exposure is not ideal as it 

may contaminate the adsorbent and hence in our experiments, the adsorbents were subjected 

to high temperatures for a prolonged period of time after loading in DCB in order to flush any 

contaminant from the adsorption column. Whilst this procedure resolves the issue of sample 

contamination, it adds substantial amount of time to the duration of experiments. An integrated 

and automated system within the DCB that can regenerate the adsorbent material at high 

temperatures in a vacuum would be a significant and useful enhancement to the current design. 

As one of the three important properties, the regeneration performance of the adsorbents need 

to be intensively evaluated in the next work 

We can continue research at higher pressures using gravimetric instrument to see the behaviour 

of the adsorption isotherm of different components on interesting adsorbents such as MOFs. 

This would enable us to see the difference of step changes at different temperatures we may be 
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able to expand the LJM model as a global model covering different temperatures to predict gas 

mixture isotherms. 

For such micro-porous materials which have high capacity and affinity for CO2, it would be 

useful to measure the adsorption of CO2 with other components at higher pressure and see the 

impact of CO2 in the gas mixture when all components have reached their equilibrium capacity. 

Measurement in higher pressure also would confirm the isotherm type for each component. 

Measurements at higher pressures could also confirm if we can observe a further restructure or 

step change in adsorption at higher pressures which means there is a possibility to achieve even 

higher capacity for a component. This may mean new enhanced models need to be used to 

describe such complex adsorption behaviour. It may be also useful to define a maximum 

operating pressure beyond which the adsorbent does not behave optimally with respect to 

physical adsorption. It would be useful to confirm if such materials are stable and can be 

regenerated after being subjected to such high pressures and temperatures. In this work, the 

IAST-LJM modelling on gas mixtures is defined using an excel-based approach. Future 

enhancements could utilize other analytical software to automate the process.  

This study can also be further enhanced through future kinetics investigations. The dynamic 

investigations could complement the equilibrium results. In this way, better picture of 

separation performance for ternary gas mixture can be obtained. 
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